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Perovskites are currently on everyone’s lips and have made it in high-impact scientific journals
because of the revolutionary hybrid organic–inorganic lead halide perovskite materials for solar
cells. The mixed metal oxide counterparts have received equal interest in a variety of technological
applications for decades. The interest for perovskite-type oxides lies in their vast compositional and
structural variability that can be exploited to tailor physico-chemical properties such as oxygen mobility
and vacancies, redox, as well as electronic and ionic conductivities for specific technical applications.
Besides oxygen mobility and the variety of element combinations adopting the perovskite-type
structure, a further property is interesting for catalytic applications—the possibility to exploit them
as a precursor of active catalysts upon exsolution of transition metals in the form of particles at their
surface. Transition metals have been shown to experience reversible segregation: Reduced metal
nanoparticles are exposed at the moment they need to be used for a catalytic process. The reversible
segregation allows their protection from poisoning and growth, thus regenerating the original mixed
oxide structure. The interaction between exsolved particles and defective mixed metal oxides also
results in potentially new material properties that are difficult to obtain by material synthesis or by
combination of the same transition element and other metal oxide supports.

In this Special Issue, various aspects of the synthesis, structure, as well as sorptive and catalytic
properties of perovskite-type mixed oxides are presented for a wide range of catalytic processes,
demonstrating once more the versatility of this class of materials.

Rojas-Cervantes and co-workers review the utility of perovskite-type oxide-based oxidation
catalysts for the treatment of wastewater using various oxidants, as well as ultraviolet-visible irradiation
to promote photocatalysis [1]. The authors analyze physico-chemical properties of perovskite-type
oxides such as mobility of lattice oxygen and oxygen vacancy formation, stabilizing unusual oxidation
states of the contributing elements that can be exploited to enhance advanced oxidation processes
(AOP), making use of radicals.

In the contribution of the PrBaCo2(1−x)Fe2xO6−δ layered double perovskite used as an electrocatalyst
for the oxygen evolution reaction (OER) in alkaline media, Kim et al. [2] demonstrate the promoting
effect of Fe using X-ray absorption spectroscopy. Fe introduction into PrBaCo2O6−δ forces Co to adopt
a lower oxidation state to allow for charge compensation. This stabilizes Co and the layered double
perovskite against dissolution under the reaction conditions but sustains the formation of the active
surface Co oxyhydroxide layer.

Guo et al. [3] demonstrate the feasibility of using LaCoyGa1−yO3 mixed oxides to catalyze the
synthesis of alcohols (methanol/ethanol predominantly) from syngas. La1−xKxCo0.65Ga0.35O3 is used
as the precursor of segregated Co nanoparticles that are embedded within the La-Ga-O composite
oxide, thus improving their stability in the reaction atmosphere. The role of K is found to increase
the atomic dispersion of Co and improve the coking resistance of the composite catalyst by formation
of La2O3.

In the work by Steiger et al. [4], the reversible segregation of Ni as an active element for the
water gas shift reaction, and a second transition metal is studied to explore the sulfur tolerance in
solid oxide fuel cells. Only Fe out of Mn, Mo, Cr, and Fe is found to increase the sulfur tolerance of
La0.3Sr0.55Ti0.95Ni0.05O3±δ. The simultaneous segregation of Fe and Ni at high temperature does not
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hamper the reversible segregation–reintegration of the two metals within the perovskite mixed oxide
upon oxidation, allowing for long-term use at high temperature.

Wark and co-workers present the photocatalytic activity of LaFeO3 toward Rhodamine B
decomposition and screen the optimal conditions to obtain the highest performance [5]. Besides
textural characterization, photoelectrochemical characterization was exploited to explain the different
behavior with calcination temperature, showing that lower temperatures promoted the photo-induced
charge carrier transfer and separation efficiency.

A density functional theory study by Glisenti et al. [6] shows that substitution of La by Sr at the
A-site of LaCoO3 lowers the formation energy of oxygen vacancies that is beneficial for CO oxidation
in three-way catalysts. Similar effects can be obtained at the B-site only by substitution of Co by Cu.
Substitution effects appear to be greater in SrTiO3.

The effect of partial substitution of Ti in BaTiO3 used as a lean NOx trap catalyst is studied by
Aldridge et al. [7] with respect to the influence on NOx storage capacity. Especially, the use of Cu
is beneficial as it promotes the segregation of Ba2TiO4 and NOx storage. BaTi0.8Cu0.2O3 exhibits
the highest amount of oxygen vacancies and a storage capacity in the range of highly active noble
metal-based catalysts.

A series of LaCo1–xMnxO3 and LaCo1–yNiyO3 catalysts are tested by Rønning and coworkers for
NO oxidation to NO2 that is a crucial step in the production of nitric acid [8]. While LaCoO3 exhibits
the highest activity amongst the undoped perovskites, LaCo0.75Ni0.25O3 and LaCo0.75Mn0.25O3 are
found to be optimum in substituted catalysts, showing that perovskites are promising catalysts for NO
oxidation in industrial conditions.

Finally, a three-step reactive grinding process including solid-state synthesis, high-energy ball
milling, and low-energy ball milling in wet conditions followed by calcination at 400 ◦C is used to
prepare LaMnO3 and LaFeO3 by Heidinger et al. [9]. In both cases, the catalytic performance for
toluene oxidation increases after each synthesis step of the process in line with the increase in specific
surface area that reaches ca. 19 m2·g−1 for LaFeO3.

I take the opportunity to thank the principal investigators and all authors of the contributed
publications for their effort and for willing to make this Special Issue on perovskite-type oxides possible.
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Abstract: Advanced oxidation processes (AOPs), based on the formation of highly reactive radicals
are able to degrade many organic contaminants present in effluent water. In the heterogeneous AOPS
the presence of a solid which acts as catalyst in combination with other systems (O3, H2O2, light) is
required. Among the different materials that can catalyse these processes, perovskites are found to
be very promising, because they are highly stable and exhibit a high mobility of network oxygen
with the possibility of forming vacancies and to stabilize unusual oxidation states of metals. In this
review, we show the fundaments of different kinds of AOPs and the application of perovskite type
oxides in them, classified attending to the oxidant used, ozone, H2O2 or peroxymonosulfate, alone or
in combination with other systems. The photocatalytic oxidation, consisting in the activation of the
perovskite by irradiation with ultraviolet or visible light is also revised.

Keywords: perovskites; advanced oxidation processes (AOPs); Fenton-like; peroxymonosulfate;
heterogeneous photocatalysis

1. Introduction

Advanced oxidation processes (AOPs) are based on the generation of radical intermediates, mainly
hydroxyl radicals (HO•), in amount enough to be able to attack and oxidize either partially or fully most
of the recalcitrant chemicals present in the effluent water, such as pesticides, dyes, pharmaceuticals
and so on [1]. The processes based on the free radicals occur at higher rates of degradation than
those based on other chemical oxidation technologies and are not highly selective [2,3]. The high
oxidation potential of hydroxyl radicals (2.80 v) make them capable of attacking organic compounds
by abstracting a hydrogen atom or by adding to the double bonds, carrying out their mineralization by
transformation into more oxidized intermediates, carbon dioxide, water and inorganic salts. These
reactions of hydroxyl radicals with organic compounds can be written as follows:

HO• + R-H → H2O + R• (1)

HO• + C=C → HO-C-C• (2)

HO• + Ph-H → Ph-H(OH)• (3)

AOPs can be classified in several categories, depending on the different reagent systems
used for the generation of hydroxyl radicals. Attending to the reaction medium, these advanced
oxidation processes can be classified either as homogeneous or heterogeneous [4]. The first ones
can be subdivided in turn in those using energy (ultraviolet or visible radiation, ultrasound energy,
electrical energy) and those not involving energy (ozone (O3) in alkaline medium, O3/H2O2 and
H2O2/homogeneous catalyst, generally Fe2+, known as Fenton process). The heterogeneous processes
can be classified in four main groups: (i) catalytic ozonation, which uses the combination of O3 and a

Catalysts 2019, 9, 230; doi:10.3390/catal9030230 www.mdpi.com/journal/catalysts5
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solid catalyst; (ii) photocatalytic ozonation, under the action of O3/light (UV or visible)/solid catalyst;
(iii) Fenton-like processes, which are produced by the action of H2O2/solid catalyst, containing mainly
the Fe2+/Fe3+ couple but also other transition metal ions with multiple oxidation states; when they
are combined with the action of light they are called Photo-Fenton processes; and iv) photocatalytic
oxidation, by combination of light (UV or visible) and a solid catalyst.

It must be remarked that the single ozonation or the use of only H2O2 belong to the class of
chemical oxidation technologies, as they work on the direct attack of the oxidants, not being considered
as AOPS, because they do no generate hydroxyl radicals by themselves [5]. Only when O3 and H2O2

are combined between them or its individual action is supplemented by other dissipating energy
components, such as UV/visible light or ultrasound or by activation with a catalyst, the formation of
free radicals occurs and they can be considered AOPs.

In the last fifteen years some reviews in literature have devoted to show the state of art of AOPS for
wastewater treatment [4–7] and in particular Fenton and photo-Fenton processes [8,9]. Most of these
oxidation technologies are usually expensive and in addition, they are unable to completely degrade
the organic compounds present in real wastewater and they cannot process the large volumes of waste
generated. However, AOPs can degrade the residue up to a certain level of toxicity and then the
intermediate can be furtherly degraded by the conventional methods. Furthermore, the combination
of AOPs (as a pre-treatment or post-treatment stage) with a biological treatment contributes to reduce
operating costs of the global process [10].

As mentioned above, the heterogeneous advanced oxidation processes generally use solid
catalysts in combination with other systems (O3, H2O2, light) to carry out the degradation of organics.
The main advantage of heterogeneous catalysts with respect to the homogeneous ones is the facility of
separation of the product and of the recovery of the catalyst. However, to be applied in the industry,
heterogeneous catalysts must satisfy some specifications, such as high activity, thermal, mechanical,
physical and chemical stability and resistance to the deactivation.

Perovskite-type oxides of the general formula ABO3, where A is a rare earth metal and B a
transition metal, have attracted the attention of many scientists because of their unique structural
features. They have a well-defined structure, which allows the introduction of a wide variety of
metal ions in both A and B positions [11,12]. Its structure is represented in Figure 1. The partial
substitution of these cations by other foreign leads to changes in the oxidation states of metal ions and
to the formation of oxygen vacancies. The thermal and hydrothermal stability of perovskites is quite
high and as a result, they can be applied to gas or solid reactions carried out at high temperatures or
liquid-phase reactions occurring at low temperatures [13,14]. The high mobility of network oxygen and
the stabilization of unusual oxidation states confer them a diversity or properties, which allows their
application as solid oxide fuel cells [15], magnetic and electrode materials [16], chemical sensors [17],
adsorbents [18] and heterogeneous catalysts in industrial reactions [11,14,19]. One of the potential
applications of perovskites is as catalysts in carbon-based electrodes, which has incited many scientists
to study the mechanism of the catalytic decomposition of H2O2 by perovskites [20–22].

Catalysts used in oxidation technologies can be classified as follows: (i) metal catalysts, usually
supported on a metal oxide surface (TiO2, Al2O3, ZrO2 and CeO2) or on active carbon; (ii) metal oxide
catalysts and (iii) organometallic catalysts. Different heterogeneous catalysts have been applied in
some AOPs. As an example, the use of several heterogeneous systems containing iron species stabilized
in a host matrix, such as oxides [23–26], clays [23,27–30], zeolites [29,31,32] or carbon materials [33–37]
in the Fenton and the Fenton-like processes has been reported. In the last years perovskites have been
applied as Fenton catalysts because of their versatile composition and high stability [19]. Furthermore,
the existence of redox active sites in B cations and oxygen vacancies may facilitate the transformation
of H2O2 into HO• [38–40].

There are some reviews in literature describing the employment of clays and mineral oxides,
mainly of iron, in Fenton-like processes [23,25,26]. However, until our knowledge, there is no any
review reporting the use of perovskites in AOPs. In the present paper we describe the utilization of
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perovskites and like-perovskite oxides in this kind of processes, classified as a function of the oxidant
reactant responsible for generating the free radicals, by alone or combined with other systems, giving
place to the hybrid methods. Thus, in first place, in Section 2, we report the processes based on ozone,
O3, including catalytic ozonation (O3/catalyst) and photocatalytic ozonation (O3/catalyst/light).
In the following section we revise the use of H2O2 as oxidant in three kinds or systems: (i) Fenton-like
reactions (H2O2/catalyst); (ii) photo Fenton-like reactions (H2O2/catalyst/light); and (iii) catalytic
wet peroxide oxidation, CWPO, (H2O2/catalyst/air). In the last fifteen years a new chemical oxidant,
peroxymonosulfate (PMS), has aroused a great interest as alternative to others as H2O2 or O3. For that
reason, the fourth section is devoted to describing the use of PMS, activated by a catalyst (perovskite)
or by the combination of both a catalyst and light irradiation. The photocatalytic oxidation, consisting
in the activation of perovskite by irradiation with UV or visible light, is revised in Section 5. Finally,
a short section devoted to the degradation under dark ambient conditions, show some examples in
which perovskites catalyse the oxidation of organics in the absence of light and without additional
chemical oxidant. Although these processes should not be considered strictly AOPS, because radicals
are not formed, some authors consider them as novel advanced oxidation technologies for low cost
treatment of wastewaters.

Figure 1. Unit cell of perovskite centred on A.

2. Processes Based on Ozone

Heterogeneous catalytic ozonation is getting an enormous attention in the treatment of drinking
and waste water, because of its capacity to improve the mineralization and degradation of organic
pollutants, its manufacturing simplicity and economic nature. There are many advantages to the use
of ozone compared to other conventional technologies due to its high oxidizing power (2.07 V). Ozone
can degrade organic pollutants by direct electrophilic attack with molecular ozone or by indirect
attack with hydroxyl radicals HO•, which are generated through its decomposition process. Single
ozonation has been widely used in water and wastewater because is an effective oxidation process.
However, several disadvantages can limit its application such as slow and incomplete oxidation or
mineralization (the intermediates are not totally oxidised to CO2 and water) and the low solubility
and stability of ozone in water. At first sight, heterogeneous catalytic ozonation does not present these
drawbacks although much research is still needed. Catalytic ozonation utilizes solid catalysts in order
to improve the decomposition of ozone and to enhance the production of hydroxyl radicals, HO•.
In general, the heterogeneous catalysts decompose the ozone into caged or free radicals or simply
they adsorb reactants facilitating their reaction. To date, several types of heterogeneous ozonation
catalysts such as metal oxides, supported metal oxides and carbon materials have been tested with
promising results. Perovskites-type metal oxides constitute undoubtedly an interesting alternative due
to the high stability under aggressive conditions, high degree of stabilization of transition metals in
their oxidation states and high oxygen mobility. However, the catalytic ozonation mechanism with
perovskites is still a challenge for chemists and not many detailed studies are available. Most of the
studies have been carried out by the same research group [41–44].
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The first studies concerning catalytic ozonation with active perovskites appeared in 2006 [41].
The authors studied the ozonation decomposition of pyruvic acid, a refractory substance typically
produced after oxidation of phenol-like compounds, in the presence of LaTi0.15Cu0.85O3 perovskite.
This perovskite was active and stable in the ozonation process being oxalic and acetic acids the only
intermediates formed. Experimental results clearly indicated that typical operating parameters like
ozone concentration, mass of catalyst or temperature, performed a key role on the pyruvic acid
ozonation. The catalyst exhibited high stability and its catalytic activity improved after the first use.
For instance, after 150 min of reaction the pyruvic acid had practically been eliminated, in contrast to the
67% of conversion achieved with fresh catalyst for the same period. Regarding kinetic considerations,
authors proposed a Langmuir–Hinshelwood mechanism derived from bi-adsorption of pyruvic acid
and ozone on different active sites and successive reaction of pyruvic acid with the O• radicals on the
surface through reactions 1 and 2, before occurring the desorption of formed products (see Scheme 1).

Scheme 1. Mechanism of catalytic ozonation of piruvic acid in the presence of LaTi0.15Cu0.85O3. With
permission from [41].

8
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Carbajo et al. [42] extended the study of the removal of pyruvic acid from water through catalytic
ozonation to other perovskites, LaTi1-xCuxO3 and LaTi1-xCoxO3, which were compared with other
catalysts, such as Ru-Al2O3, Ru-CeO2, FeO(OH) and MCM-41, this last impregnated with copper or
cobalt. The results showed that only perovskites and Ru-CeO2 catalysts increased significantly the
pyruvic acid depletion with respect to the produced in the absence of catalyst. Conversion values of
80% were reached after 2 h of catalytic ozonation. Due to the low adsorption capacity of the catalysts
to adsorb the pyruvic molecules, authors concluded that the catalytic ozonation mechanism was
governed by surface reactions involving adsorbed ozone and dissolved pyruvic acid.

Another pioneering work with LaTi0.15Cu0.85O3, the same catalyst used in Reference [41],
was carried out to eliminate gallic acid, a primary intermediate of benzoic acid oxidation [43]. The role
of different operating variables was studied. Whereas the catalyst and ozone doses exerted a positive
influence in the ozonation rate, the increment in the initial acid gallic concentration diminished
the conversion. The activity of the catalyst in terms of acid elimination was kept for consecutive
cycles. However, the catalyst displayed a partial deactivation in terms of total organic carbon (TOC)
elimination after the second reuse. In any case, the TOC degree was still higher than the one achieved
in the non-catalytic system.

Finally, Carbajo et al. [44] went a step further in analysing the activity of the same catalyst,
LaTi0.15Cu0.85O3, in the ozonation of four real phenolic wastewaters coming from agro-industrial
field, a wine distillery industry, olive debittering and from olive oil production. The main goal was to
study the activity and stability of the catalyst together with the influence of the different operating
variables. The results suggested that if enough time was allowed the catalytic ozonation of the phenolic
mixture achieved 100% of mineralization. Moreover, the increment of temperature promoted the
mineralization level.

Some of the compounds that cannot be easily removed from drinking water or wastewater
by classical treatments are pharmaceutical compounds. Catalytic ozonation allows high removal
of organic carbon of these compounds being the most appropriate process. As a first approach
Beltran et al. [45] tested two copper and cobalt perovskites, LaTi0.15Cu0.85O3 and LaTi0.15Co0.85O3, as
catalysts to remove in the presence of ozone sulfamethoxazole, a synthetic antibiotic usually found in
municipal wastewaters. Some experiments were also carried out in the presence of activated carbon,
as promoter of the activation of ozone. The results showed that catalytic or promoted ozonation
were not necessary to eliminate sulfamethoxazole from water, because it can be removed only by the
action of ozone. However, from a practical point of view, the combined ozone processes are clearly
recommended in order to remove the resulting total organic carbon (TOC). The catalytic ozonation of
two pharmaceutical compounds, the drug diclofenac and the synthetic hormone 17-ethynylstradiol,
was also conducted on the same perovskites by the same authors [46], obtaining similar results to those
observed in their previous work. Both compounds can be eliminated by direct ozonation; however,
when copper perovskite was used, the TOC removal reached the 90% after 2 h of reaction.

To date, the main advantage of catalytic ozonation is the ability to improve the mineralization
degree achieved at the end of the process. In this sense, non-substituted perovskites type LaBO3 (B=Fe,
Ni, Co and Mn) and substituted perovskites type LaBxCu1-xO3 (B=Fe and Al), have been proposed
as effective catalysts in ozonation processes of oxalic acid and dye C.I. Reactive Blue 5 [47]. Most of
perovskites tested showed better performances in the catalytic ozonation of oxalic acid than single
ozonation. On the contrary, in the case of the removal of dye, conversion values reached through
single ozonation were slightly higher than in catalysed systems. However, the results in terms of TOC
removal were better in the presence of catalyst and LaCoO3 allowed almost complete mineralization
of dye after 3 h of reaction under the conditions tested. A key factor in the removal of contaminants
seems to be the presence of lattice oxygen vacancies, which are able to activate adsorbed species.

In general, the catalytic activity seems to be enhanced by high surface area and easy access of
reactants to the active sites. Then high surface area could be of interest to improve the activity of
catalysts. Concerning to that, Afzal et al. [48] studied the behaviour of high surface area perovskites
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for catalytic ozonation of 2-chlorophenol. A nanocasting technique (NC), using SBA-15 as a template,
was employed for the synthesis of NC-LaMnO3 and NC-LaFeO3 catalysts, with high surface area.
Authors compared these catalysts with the same perovskites synthesized by conventional citric acid
(CA) assisted route, CA-LaMnO3 and CA-LaFeO3, as well as with Mn3O4 and Fe2O3. They found that
NC-perovskites, containing easily accessible active sites, showed higher catalytic activity (80% of TOC
removal) than their counterpart CA-perovskites (35% of TOC removal). Mn3O4 and Fe2O3 were the
worst catalysts.

Bromide, Br−, is usually present as micro-emerging pollutant in some water matrixes to be
degraded. The ozonation treatment leads to the formation of bromate, BrO3

−, which is considered
a potential carcinogen to humans by the World Health Organization, therefore being necessary its
removal from the water. Zhang et al. [49] tested two perovskites, LaCoO3 and LaFeO3, as catalysts for
the simultaneous removal of BrO3

− and benzotriazole (BZT) in the presence of ozone. 71% of BrO3
−

was eliminated and BZT was completely degraded in only 15 min when LaCoO3 was used. LaFeO3

resulted in being inactive for BZT degradation; however, it reduced BrO3
− to HOBr/OBr− efficiently.

The surface hydroxyl groups present in both perovskites were key in the involved reactions.
When the catalytic ozonation does not lead to a high degree of mineralization, it is necessary to

combine it with other oxidation systems. The integration of catalytic ozonation and photocatalysis
seems to be the most appropriate solution [50]. Photocatalytic ozonation is an advanced ozonation
route allowing high removal of organic carbon by combining the beneficial effects of ozonation with
the generation of hydroxyl radicals via electron hole formation (free radical oxidation). Considering
that perovskites have been successfully used in catalytic ozonation, some authors studied the
O3/UVradiation/perovskites system. Thus, Rivas et al. [51] carried out the advanced oxidation
of pyruvic acid in presence of LaTi0.15Cu0.85O3 with several oxidation systems: O3, UV radiation,
O3/UV radiation, O3/perovskite, UV radiation/perovskite, O3/UV radiation/perovskite, H2O2/UV
radiation, H2O2/UV radiation/perovskite, being O3/UV radiation/perovskite the system investigated
in more detail. The efficiency of the oxidation systems was examined in terms of the economic cost
as a function of removal percentage of pyruvic acid and TOC. As expected, ozone was not able of
eliminating pyruvic acid, displaying conversion values around 20% after 3 h of reaction. In contrast,
application of UV radiation led to 40% of pyruvic acid elimination. Finally, for the combined O3/UV
radiation/perovskite system, the pyruvic acid removal reached 100%, while the mineralization degree
obtained was 80%. Therefore, under the operating conditions investigated, the photocatalytic ozonation
seems to be the best option.

3. Processes Based on Hydrogen Peroxide

3.1. Fenton-like Reactions (H2O2/catalyst)

The homogeneous Fenton system implies the reaction of Fe2+ with H2O2 to generate hydroxyl
radicals (Equation (4)), with a high reactivity and high oxidant power, capable of oxidize organics
according to Equations (1)–(3).

Fe2+ + H2O2 → Fe3+ + HO• + HO− (4)

The generated HO• radicals can re-combine with Fe2+:

Fe2+ + HO• → Fe3+ + HO− (5)

The ferric ions formed may decompose the hydrogen peroxide into water and oxygen, following
the Equations (6)–(10), in which ferrous ions and radicals are also generated. The reaction of H2O2

with Fe3+ is referred in literature as Fenton-like reaction [52].

Fe3+ + H2O2 → Fe-OOH2+ + H+ (6)
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Fe-OOH2+→ HO2• + Fe2+ (7)

Fe2+ + HO2• → Fe3+ + HO2
− (8)

Fe3+ + HO2• → Fe2+ + O2 + H+ (9)

HO• + H2O2 → H2O + HO2• (10)

Other reactions involving radicals in the Fenton process are:

H2O2 + HO• → HO2• + H2O (11)

HO2• + HO2• → H2O2 + O2 (12)

Notice that by reaction (11) H2O2 acts as sink for HO•, diminishing the oxidizing power of the
Fenton reactants.

The homogeneous Fenton system, which implies the reaction of Fe2+/Fe3+ in solution with H2O2,
has several drawbacks. By one hand, the chemical reactivity of iron is strictly dependent on the pH
and only at pH ≈ 3, all three Fenton-active species of Fe2+, Fe3+ and Fe(OH)2+ coexist together. On
the other hand, the final effluent contains high metal concentrations, which have to be recovered by
additional treatment. In the heterogeneous systems Fe2+ and Fe3+ are part of a solid, which results in
different advantages, especially related to recovery of the catalyst and the low leaching of ions.

The Fenton-like reactions involved in a heterogeneous system are the following:

S-Fe2+ + H2O2 → S-Fe3+ + HO• + HO− (13)

S-Fe3+ + H2O2 → S-Fe2+ + HO2• + H+ (14)

S-Fe2+ + HO• → S-Fe3+ + HO− (15)

S-Fe3+ + HO2• → S-Fe2+ + O2 + H+ (16)

Organic + HO• → R• + H2O → . . . → CO2 + H2O (17)

where S represents the surface of the catalyst. The reaction (14) is rate-limiting since its rate constant is
ca. four orders of magnitude lower than that of reaction (13).

Although the classical Fenton system is based on the use of Fe2+/H2O2, other elements with
multiple redox sates (like chromium, cerium, copper, cobalt, manganese and ruthenium) can directly
decompose H2O2 into HO• through conventional Fenton-like pathways [53]. Therefore, perovskites
containing these elements, mainly in B position, can be used in this kind of reaction.

Rhodamine B (RhB) is one of the most studied organic pollutants in water in the Fenton-like
reactions [54–58]. The first study reporting the use of perovskites as catalysts for the removal of RhB in
Fenton-like reactions was carried out by Luo et al. [54]. In this work, BiFeO3 magnetic nanoparticles
(BFO MNPS) prepared by sol-gel method were tested in the degradation of RhB in the presence of H2O2

at 25 ◦C and pH = 5. According to the isoelectric point of BFO MNPs (I.P. = 6.7), under these conditions,
the anionic form of the dye (pKa = 3.7) interacts easily via electrostatic forces with the positively
charged catalyst particles. By selecting initial H2O2 and catalyst concentrations as 10 mM and 0.5 g/L,
respectively, 95.2% of RhB was degraded in 90 min and a TOC removal of 90% was achieved within 2 h,
in contrast to the removal of only 10% of RhB in the presence of Fe3O4 nanoparticles. By Montecarlo
(MC) simulations authors concluded that after the adsorption of H2O2 molecules on the surface hollow
sites of BFO MNPs facets, they are activated to generate HO• radicals, which then decompose RhB into
other smaller organic compounds and CO2. BFO MNPs showed excellent chemical stability during
reaction (as checked by XPS), being reusable for at least five cycles, without a significant loss of activity.
BFO MNPs were also tested in the degradation of methylene blue and phenol, leading to 79.5% and
82.1% of removal, respectively.
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Zhang et al. [55] synthesized a series of Cu-doped LaTiO3 perovskite (LaTi1−xCuxO3, x = 0.0–1.0)
by a sol-gel method, which resulted be very efficient for the degradation of RhB with H2O2 in a pH
range of 4–9. In contrast to the absence of activity of sample containing only titanium, the coexistence
of Ti3+/Ti4+ and Cu+/Cu2+ in the perovskite structure of partially substituted samples allowed the
degradation of 8 mg/L of RhB through redox cycles involving the transformation of H2O2 into HO•
and HO2•/O2•−. For a H2O2 concentration of 10 mM, about 84% of RhB was decolorized within 2 h in
the presence of 1.4 g/L of LaTi0.4Cu0.6O3. Notice that the amount of RhB degraded was slightly lower
than the observed by Luo et al. [54]; although the catalyst amount used in Reference [55] was almost
three times higher, the initial concentration of RhB was approximately the double. The reduction of
H2O2 to O2, which is carried out by oxygen vacancy [22], was not observed in this reaction.

The surface area of perovskites is low and as a consequence, the interaction between the
contaminants and the active sites is limited. In order to improve the catalytic efficiency of
perovskite-like oxides by increasing their surface area, some strategies have been developed, such as
their supporting on mesoporous silica supports [56–58] or in honeycombs [59] and the formation of
nanocomposites [60,61].

In this sense, La-FeO3/SBA-15 [56] was more efficient than non-supported LaFeO3 for catalysing
RhB oxidation in the presence of H2O2 under ambient conditions due to a synergic effect between the
large capacity of mesoporous SBA-15 for RhB adsorption and the high number of active sites exposed
in LaFeO3 nanoparticles for reacting with H2O2. The best catalyst was the sample containing many
oxygen vacancies (as deduced from XPS results), which are a key factor influencing the performance
of these catalysts in oxidation reactions. The catalyst was efficient in a wide pH range (2–10). Under
the optimum conditions, a degradation of RhB of 87% was achieved after 3 h. No leaching of Fe3+

was observed in the solution after reaction, the contribution of homogeneous Fenton reaction being
discarded. The stability of La-FeO3/SBA-15 was also confirmed by carrying out four cycles of
reutilization, which showed no deactivation of the sample. The catalyst was also applied for the
degradation of other organic dyes, achieving a decomposition of 66% for methylene blue and 42% for
brilliant red X-3B and direct scarlet 4BS.

The good synergy between the support and the LaFeO3 perovskite was explored by the same
authors [58], who tested different supports based on mesoporous silica, such as SBA-15, SBA-16 and
MCF and on nanosized silica powders (NSP). Different factors influence on the catalytic behaviour for
degradation of RhB. By one hand, the RhB adsorption on the support is a crucial step of the reaction
and as a result, the combination of LaFeO3 with a non-porous support showing a low capacity of
adsorption decomposed the RhB in a little extent. On the other hand, a network of pores with short
length is necessary to allow the transportation of RhB to the active sites of LaFeO3. In this sense, the
shorter the pore length, the faster the RhB molecules reached the catalytic centres and were oxidized
(see the transport process in Figure 2). Authors concluded that LaFeO3 supported on MCF containing
randomly distributed pores with short length was the best catalyst for oxidative degradation of RhB in
aqueous solution, achieving a removal of the contaminant of 97% in 2 h.

SBA-15 was also used by the same authors as support of a perovskite-type oxide La2CuO4

containing a few amounts of CuO [57]. The solid was tested in the degradation of RhB and organic
dyes, including reactive brilliant red X-3B, direct scarlet 4BS and methylene blue under ambient
conditions. The catalyst was active in a wide pH range (2–10) and depletion of RhB between 85% and
95% was produced after 3 h, depending on the amount of catalyst. The mineralization of RhB into CO2

was completed and the catalyst could be recycled. Although the activity decreased in ca. 14% in the
fifth cycle, it could be recovered after a treatment of the used catalyst in air at 500 ◦C for 2 h.
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Figure 2. A proposed scheme of transporting RhB from the solution to the pore and then to the
surface-active site over LaFeO3 catalysts supported on porous SBA-15, SBA-16 and MCF. With
permission from [58].

Another approach for modifying the surface properties and reactivity of perovskites is the
formation of nanocomposites [60,61]. In this regard, a novel 3D perovskite-based composite
BiFeO3/carbon aerogel (BFO/CA) prepared by sol-gel method led to a 95% of degradation of
ketoprofen in 150 min and a TOC removal of 60% after 5 h [60]. These activities values were significantly
higher than those obtained for bulk BFO and nano BFO, due to the higher reducibility of Fe3+ and Co3+

species in the composite, as deduced from TPR studies and to the dispersion of active sites not only on
the surface of CA support but along the 3D structure of CA. Furthermore, the catalyst was active in a
wide pH range of 3–7 and the leaching of iron was low.

A La1+xFeO3 (L1+xFO, 0 ≤ x ≤ 0.2) nanocomposite formed between LaFeO3 and an inert La2O3,
resulted to be twice more active for degradation of methyl orange that the pristine LaFeO3 [61].
The modification of surface properties, such as surface Fe2+ concentration, surface defects, H2O2

adsorption capacity and charge-transfer rate led to an enhanced Fenton-like activity in the composite.
The most notorious aspect of this work was that the major reactive species were not hydroxyl radicals
but singled oxygen (1O2), as deduced from in situ electron paramagnetic resonance analysis and
radical scavenging experiments. Authors proposed the corresponding mechanism of 1O2-based
composite/H2O2 system. 100% of contaminant was degraded in 90 min at pH = 3 and a total organic
carbon (TOC) removal of 96% was achieved after 4 h.

Other contaminants degraded by LaFeO3 perovskite, in this case auto supported, were different
pharmaceutical and herbicides [62]. Among them, sulfamethoxazole (SMX) was completely removed in
LaFeO3–H2O2 system after 2 h at neutral pH. By formation of a surface complex between LaFeO3 and
H2O2, the O-O bond in H2O2 is weakened and chemical environment of iron changes, the Fe3+/Fe2+

redox potential decreasing significantly, which accelerates the cycle of Fe3+/Fe2+ and produces more
HO• and O2•−/ HO2• radicals, enhancing the Fenton-like removal of organic compounds. The TOC
removal was 22% in 2 h and SMX was transformed into simpler aliphatic acids, mostly biodegradable.

Due to its abundance in most of wastewater effluents and its toxicity, phenol is a usual organic
compound model in developing methods for water remediation, including AOPs. The removal of
phenol and phenolic compounds has been tested in Fenton-like reactions on different perovskites,
mainly containing iron or copper in B position [63–65]. LaFeO3 and BiFeO3 were tested by
Rusevova et al. [63] in the degradation of phenol. The influence of reaction temperature, catalyst and
H2O2 concentrations and pH, on the catalytic behaviour was studied. The rate constant for phenol
degradation, which increased with temperature, was 3-fold higher when initial reaction pH diminished
from 7 to 5. Conversion values of phenol of 90–95% were achieved after 6 h and leaching of metals was
negligible. The most new-fangled aspect of the study was that in order to settle the nature of the active
oxidizing species authors used compound specific stable isotopic analysis (CSIA) as alternative to other
conventional techniques. Based on their results, authors concluded that the major species involved in
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phenol degradation were hydroxyl radicals. They extended the application of both LaFeO3 and BiFeO3

to the removal of methyl terc-butyl ether (MTBE), for which a depletion of 80% was obtained after 6 h.
Different perovskite-like oxides LaBO3 (B = Cu, Fe, Mn, Co, Ni) synthesized using the Peccini

method were tested in Fenton-like degradation of phenol but only LaCuO3 and LaFeO3 were active [64].
Authors studied the recyclability of the catalysts during 3 cycles for LaCuO3 and 40 cycles for
LaFeO3.The induction period observed in the first cycle for LaFeO3 was significantly shortened
for the second and successive cycles. In this sense, a degradation of phenol of 75% was produced in 5 h
in the second cycle, in contrast to the 22% observed in the first one. The reasons for this improvement
in the activity were an increase in the surface concentration of oxygen containing species (water and
carbonate) involved in the transformation and the formation of dispersed particles of iron oxides on
the surface. The TOC conversion of 21–22% after 10 h did not change for the different cycles.

Hammouda et al. [65] prepared ceria perovskite composites CeO2-LaCuO3 and CeO2-LaFeO3,
which were more active for the degradation of bisphenol than non-doped perovskites, especially at
short reaction times. Furthermore, CeO2 improved the stability of perovskites towards leaching of
metals. Authors attributed the enhancement in the activity to the fact that, as observed by XPS, more
Ce3+ ions were formed in the ceria-perovskite catalysts, due to an electron transfer from the transition
metal of perovskites to the CeO2. As a result, more oxygen radicals were formed by interaction of
H2O2 with Ce3+, favouring the Fenton-like degradation of the contaminant. By following the evolution
of the intermediates formed, authors proposed a mechanism of reaction and a degradation pathway.

In order to improve the catalytic ability of BiFeO3 nanoparticles to degrade recalcitrant pollutants,
some authors have proposed an in-situ surface modification by using chelating agents [66,67]. In this
regard, the bisphenol A (BPA) degradation in a wide pH range (4–9) was accelerated when the
nano-BiFeO3 were modified by adding different ligands to the Fenton solution, such as tartaric acid,
formic acid, glycine, nitrilotriacetic acid and ethylenediaminetetraacetic acid (EDTA) [66]. EDTA
was the most efficient chelating agent, mainly because of a higher HO• formation from the H2O2

decomposition. Under the optimum conditions 91.2% of BPA was removed within 2 h, in contrast
to the 20% of BPA degraded with unmodified BFO. Although the use of chelating agents increased
the contribution of Fenton homogeneous reaction by formation of soluble iron complexes, the trend
observed in the BPA degradation for reactions carried out with different ligands did not follow the order
of leached ions, indicating the irrelevant contribution of homogenous reaction to BPA degradation.
As EDTA was the most efficient chelating agent, it was also used by same authors [67] as ligand for
BiFeO3 in the degradation of triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol), a broad-spectrum
antibacterial agent widely used in personal and health care products. When pristine BFO were used,
triclosan was mainly transformed into 2,4-dichlorophenol, a carcinogenic compound. The addition
of EDTA modified significantly the dechlorination ratio of triclosan, which increased from 26.4% for
H2O2-BFO sample up to 97.5% in the chelated system. Triclosan was degraded almost completely in
3 h under the optimal conditions.

Another strategy to improve catalytic activity of perovskites in AOPs is the hetero-doping in
order to produce more active sites of the low-valence B-site transition metals (i.e., Fe2+, Cu+ and Ti3+)
or to introduce oxygen vacancies, which can facilitate the transformation of H2O2 into HO• [39,40].
In this sense, some perovskites containing partially substituted manganese in B position, have been
tested in Fenton-like reactions for the degradation of methylene blue (MB) [68], different dyes [69] and
paracetamol [70].

Maghalaes et al. [68] tested LaMn1-xFexO3 and LaMn0.1-xFe0.9MoxO3 perovskites in the
decomposition of H2O2 to O2 and in the oxidation of MB. The presence of manganese in the perovskites
seemed to play an important role on the H2O2 decomposition rate, which decreased with the amount
of Mn substituted by Fe and/or Mo. However, LaMnO3 was not active for the MB discoloration, which
suggested that it was able to transform the H2O2 into O2 but it was unable to form the HO• radicals,
necessary to degrade the dye molecules. On the contrary, samples substituted by Mo degraded MB up
to 20% in 1 h.
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Jahuar et al. [69] synthesized a series of manganese-substituted lanthanum ferrites having
compositions LaMnxFe1-xO3 (x = 0.1–0.5) by a sol–gel auto-combustion method, which were used
as catalysts in the removal of anionic dyes (Remazol Turquoise Blue, Remazol Brilliant Yellow) and
cationic dyes (MB, Safranine-O) by the action of H2O2, in the absence and presence of visible-light.
The initial pH of solution was fixed in all cases to the value of 2. Unsubstituted LaFeO3 produced a
low dye degradation for long time periods, exhibiting a poor catalytic activity under dark conditions.
However, the partial substitution of iron by manganese led to catalysts able to degrade over 90% of
dye in time periods of 150–300 min, due to the Fenton-like activity of manganese ions, capable of
existing in various oxidation states. In the presence of light, an enhancement in the catalytic activity
was produced and degradation times were reduced to 25–70 min.

The contribution of manganese ions to Fenton-like reaction was, on the contrary, discarded by
Carrasco-Díaz et al. [70] in the decomposition of paracetamol by H2O2 under mild reaction conditions
(25 ◦C and pH ≈ 6) in the presence of LaCuxM1-xO3 (0.0 ≤ x ≤ 0.8, M = Mn, Ti) perovskite-like
oxides prepared by amorphous citrate decomposition. Degradation values of paracetamol between
80% and 97% were achieved after 5 h. XPS studies of the catalysts allowed authors to conclude that
Cu2+/Cu+ were the catalytically active species, the catalysts containing a higher amount of copper at
the surface, mainly as Cu2+, being the most active. The titanium and manganese species seemed not
to be responsible of the enhanced activity observed in some of the substituted samples with respect
to that of LaCuO3. The catalysts were recyclable for at least three cycles and a negligible leaching of
metals was produced. TOC values of 47–54% were achieved.

Finally, some mathematical analysis of the heterogeneous oxidations of contaminants by
perovskites have been carried out. More concretely, mathematical modelling of photo-Fenton-like
oxidation of acetic acid by LaFeO3 has been reported [71,72]. From the experimental results authors
concluded that the main reactions occurring in the system were the complete mineralization of acetic
acid by H2O2 due to the presence of the catalyst and the decomposition of H2O2 into water and O2 in
the homogeneous phase. Therefore, this kind of reaction should not be considered as an AOP, because
no hydroxyl radicals were formed.

Table 1 summarizes the conversion values and reaction conditions for the use of perovskites in
the degradation of different organics by Fenton-like reactions and photo Fenton-like reactions, these
last being revised in the following section.
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3.2. Photo Fenton-Like Reactions (H2O2/Catalyst/Light)

In the photocatalytic oxidation processes, the electron–hole pairs in the catalyst are produced via
the irradiation of the UV light and the oxidative radicals are formed between the catalyst and water
interface [82]. The formation rate of HO• radicals in photo-Fenton processes is higher than in Fenton
processes. While the Fenton reaction is governed principally by Equation (4) leading to the formation
of HO• radicals, in the Photo-Fenton process occurs, in addition, the photolysis of H2O2:

H2O2 + hν → 2 HO• (18)

and the photo reduction of Fe3+:

Fe3+ + H2O + hν → HO• + Fe2+ + H+ (19)

Different perovskite oxides, non-supported [69,73–76], supported on monoliths [59,77–80] or in
form of composites [81], have been used as catalysts for the degradation of several organics in the
presence of H2O2 under light irradiation conditions.

A LaMnO3 perovskite prepared by co-precipitation method resulted to be an excellent
photo-Fenton catalyst of oxidation of phenol [73]. The phenol conversion (99.92% in 4 h) obtained
when LaMnO3 was activated by UV radiation in the presence of stoichiometric amount of H2O2

necessary to degrade phenol, was even higher than the achieved when using TiO2 as catalyst (98% in
4 h). Furthermore, LaMnO3 could be regenerated by calcination after reaction, yielding to similar
catalytic performance to that of the first cycle.

In Reference [75] a series of iron perovskites containing europium in B position, EuFeO3 (EFO),
calcined at different temperatures, was used for the photodegradation of RhB by combination of visible
light and H2O2. By the action of visible light, electron-hole pairs were formed in EFO nanoparticles
and electrons were easily trapped by H2O2, leading to the formation of HO• radicals. In addition,
a complex between Fe3+ at the surface (≡Fe3+) and H2O2 was formed and ≡Fe3+ was transformed
into ≡Fe2+, generating HO• and HO2•, which decomposed RhB. Authors studied the effect of the
calcination temperature of the catalysts on the band gap, microstructure and photocatalytic activity.
The perovskite calcined at 750 ◦C showed the best catalytic behaviour, due to the combination of good
crystallinity and appropriate BET surface area and band gap. The photodegradation of 37% of RhB
after 3 h increased up to the 71% when H2O2 was added, which proves the Fenton-like activity of
EFO nanoparticles.

One strategy to improve photocatalytic activity of ABO3 perovskites is the substitution of the
element in A or B position, which leads to the introduction of defects into the narrow band gap and
to the formation of oxygen vacancies, which inhibit the recombination between the photogenerated
electrons and the holes. In this regard, 2-chlorophenol (2-CP), was degraded in the presence of
three metal doped BiFeO3 (BFO) nanoparticles, H2O2 and visible light [74]. BiFeO3 perovskite was
substituted either in A position (Bi0.97Ba0.03FeO3) or B position (BiFe0.9Cu0.1O3) and in both (Bi0.97Ba0.03

Fe0.9Cu0.1O3). After only 70 min of visible light irradiation, Cu-doped BFO and Ba-Cu co-doped BFO
almost completely removed 2-CP. The mineralization degree reached was of 68% and 73%, respectively.
Authors concluded that in addition to the participation of Fe2+/Cu+ couple active for the formation of
HO•, the oxygen vacancies on the surface can also participate by activating H2O2 molecules to form a
lattice oxygen, which is furtherly desorbed as O2.

More recently Phan et al. [76] studied the efficiency of LaFeO3 (LFO) perovskites, doped with Cu
in B position (LaFe1-xCuxO3), in the photo-Fenton decolorization of methyl orange (MO). Interestingly,
the substitution of Cu into Fe-site in LFO modified the light absorption property of perovskite, as noted
in the UV–vis absorption spectra and the corresponding band gap energy of LFO and LaFe1-xCuxO3

shown in Figure 3a,b, respectively. Notice that all the samples had suitable band gap energy for organic
pollutant degradation under visible light irradiation. When Fe was substituted by 15 mol% of Cu
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(LFO-15Cu), the MO degradation rate was improved in ca. 60% and 92.9% of MO was removed in
only 1 h at an initial solution pH of 6. Under the optimum conditions, the photocatalytic performance
of LFO-15Cu was also evaluated for two cationic dyes, rhodamine B (RhB) and methylene Blue (MB),
obtaining even better results: 99.4% of degradation for RhB and 98.8% for MB in 60 min.

 
Figure 3. (a) UV–vis absorption spectra and (b) corresponding band gaps of LFO and LaFe1-xCuxO3.
With permission from [76].

LaFeO3 or Pt/LaFeO3 perovskites supported on honeycomb monoliths have been tested in the
degradation of tartrazine, a not-biodegradable dye used in food industries [59] by continuous flow of
H2O2 in the presence of UV light at different pH values. The natural pH of solution (near 6) was the
best operating condition, under which 100% of tartrazine was discoloured after 30 min of irradiation
and mineralization was complete after 40 min. On the contrary, the discoloration was 50% under acidic
condition (pH 3) and 55% under basic condition (pH 9), after 30 min of irradiation. In the first case, the
excess of H+ could react with HO• and produce water subtracting hydroxyl radicals necessary for the
decomposition of tartrazine [83]. In the second one, H2O2 was accumulated in liquid medium because
under alkaline conditions H2O2 has a very high stability [84] and as a consequence, the production of
hydroxyls radicals was limited.

Supported LaMeO3 (Me= Mn, Co, Fe, Ni, Cu) perovskites were prepared by impregnation of thin
wall of monolithic honeycomb cordierite support with different active phase loadings and tested in the
photo-Fenton oxidation of acetic acid [77]. In the case of LaMnO3 sample, the honeycomb was also
impregnated with 0.1% of Pt. Photo-Fenton activity was closely related to the amount of active phase
supported on monolithic carrier and LaFeO3 and Pt/LaMnO3 perovskites were the best catalysts in
terms of reaction rate. The addition of Pt enhanced the initial rate of acetic acid degradation, achieving
the highest TOC removal, 18% in 1 h; however it did not enhance the catalytic performance after 5 h.

Different loads of LaFeO3 perovskites supported over corundum monoliths were studied by the
same authors in the photo-Fenton degradation of several organics [78] under UV irradiation. 97%
of TOC removal was attained in the degradation of acetic acid after 4 h with the catalyst containing
10.64 wt% of LaFeO3 and values of 53, 62 and 95% were achieved when ethanol, acetaldehyde and
oxalic acid, respectively, were used as model pollutant.

The excellent catalytic behaviour of this catalyst was extended to other contaminants, as methyl
terc-butyl ether (MTBE) [79]. About 100% of TOC removal and complete mineralization of MTBE
into CO2 and water was achieved if H2O2 was continuously dosed during irradiation time of 2 h at
solution pH of 6.7. Although the TOC removal obtained by the combination of H2O2 and UV light in
the absence of catalyst was quite high (about 97%), a very significant formation of CO was observed,
indicating the importance of LaFeO3 for the improvement in the mineralization of MTBE.

The degradation of methylparaben was studied in the presence of four ABO3 perovskite catalysts
(A: La, Bi and B: Fe, Ti-Fe) supported on a monolithic structure [80]. BiFeO3 was the best catalyst and
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under the optimum conditions 82.8% of pollutant was degraded in only 90 min. In the absence of UV
light, only 10% of methylparaben was removed. An interesting aspect of this work was the study of
toxicity carried out by cress seed, showing an inhibition of only 1.09% in the growing of roots, which
demonstrated the low toxicity of the products of degradation.

The combination of photocatalytic activity and oxidizing power of H2O2 was also applied for the
degradation of tetrabromobisphenol A (TBBPA) with a graphene-BiFeO3 composite as catalyst [81].
The catalytic activity was influenced by calcination temperature, pH, presence or not of EDTA, dosage
of H2O2 and load of catalyst. The degradation of TBBPA approximately followed a kinetics of pseudo
first order. Under the most favourable conditions and in the presence of EDTA the rate constant of
TBBPA degradation with the graphene-BiFeO3 was 5.43 times higher than that of BiFeO3 and 80%
of TBBPA was removed in 15 min. This enhancement in the catalytic activity was attributed to the
increasing of the adsorption capacity (due to a large surface area) and to the high electron transfer
ability of graphene in the composite, which favoured the generation of reactive species. The composite
was stable and could be reused for five cycles without loss of catalytic activity.

3.3. Catalytic Wet Peroxide Oxidation (H2O2/Catalyst/Air)

Catalytic wet peroxide oxidation (CWPO) processes are based on the degradation of contaminants
by the combined action of a solid catalyst, hydrogen peroxide and air in aqueous solution. In a certain
extent, they are similar to Fenton-like processes, because they use H2O2 as oxidant; however CWPO
processes are carried out in the presence of a flow of air or under pressurized air. They can work with
high oxidation efficiency in a wide range of pH without leaching or production of sludge.

Apart from Fenton-type catalysts, including zeolitic materials or composite metal oxides,
a reduced number of perovskites has also been tested for CWPO applications. It is important to
note that very little theoretical and experimental information is available and there are only a few
examples of CWPO using perovskites as heterogeneous catalysts.

The first application of a perovskite in CWPO was carried out by Ovejero et al. [85], who compared
the activity of LaTi0.45Cu0.55O3 with that of other catalysts containing Fe or Cu in the degradation
of phenol. The reactions were carried out at 100 ◦C in a system pressurized with air at 1 MPa. The
perovskite led to a complete elimination of phenol and a TOC removal of 92% in 45 min. The leaching
of copper was 22%; however it was significantly lower than the leaching measured for other catalysts
(between 64 and 74%). Considering the fact of the high stability of copper ions in perovskite structures,
it is probable that most of the leached copper proceeded from La2CuO4 oxide, phase detected by XRD
together with the perovskite phase. LaTi0.45Cu0.55O3 was reused in a second cycle, the TOC removal
decreasing only to 90%.

Three years later, the same authors extended the study of the CWPO degradation of phenol to
other perovskites, in order to elucidate the influence of different reaction conditions (temperature,
H2O2 peroxide concentration, catalyst concentration and air pressure) on the performance [86]. Three
perovskites of LaTi1–xCuxO3 composition, with different substitution degree, were tested in the
reaction. TOC removal values comprised between 88 and 94% were achieved at 100 ◦C under air
pressure (1 MPa) and stoichiometric amount of H2O2 after 2 h. The temperature exerted a significant
effect on the activity and only a 15% of TOC removal was reached when reaction was developed at
40 ◦C. The catalysts could be easily regenerated by calcination in air, leading to similar activity in the
second run.

Less drastic operation conditions that the reported above were applied by Faye et al. [87] for the
degradation of the same contaminant, phenol, by the action of several LaFeO3 perovskites, synthesized
by self-combustion method by varying the glycine/NO3

− molar ratio. Thus, authors used a flow of air
at atmospheric pressure and mild temperatures, 25 or 40 ◦C. Depending on synthesis conditions, strong
differences in the structural, textural and reducibility characteristics were observed. The perovskite
having the highest surface area exhibited the highest TOC abatement (76%) and very low iron leaching
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(0.27 wt%) after 4 h of reaction at 40 ◦C. The perovskites were better catalysts than Fe2O3, for which a
TOC removal of only 10% was reached after 4 h.

4. Processes Based on Peroxymonosulfate

4.1. Peroxymonosulfate Activated by Perovskites (PMS/catalyst)

The peroxymonosulfate ion (PMS) can be considered as a derivate of hydrogen peroxide by
replacing one H-atom by a SO3

− and is stable as triple potassium salt (2KHSO5·KHSO4·K2SO4),
known by the commercial names of Oxone (from DuPont) and Caroat (from Evonik). PMS is quite
stable in water solution and over a wide pH range and shows great potential for generating both
sulphate and hydroxyl radicals. Sulphate radicals have a higher half-life than hydroxyl radicals
(30–40 ls vs. 20 ns) and they are more selective to react with organics containing unsaturated bonds
or aromatic rings during electron transfer, having some operation advantages. Recently, a review of
AOPs based on sulphate radicals generated from PMS and persulfate has been published [88]. PMS
in an unsymmetrical oxidant that, in the absence of any activator, can partially oxidize some organic
compounds according to the redox potential of 1.82 V of reaction (Equation (20)).

HSO5
− + 2H+ + 2 e− → HSO4

− + H2O (20)

In order to generate sulphate radical, the decomposition of PMS must be carried out in presence
of an activator, such as transition metals, ultraviolet irradiation (UV), microwave (MW), ultrasound
(US), electron conduction and homogeneous and heterogeneous catalysts. The different methods for
activation of PMS as well as their application for the removal or persistent organics have been recently
revised by Ghanbari et al. [89]. Several nanostructured oxides and carbon materials have been tested
as heterogeneous catalysts for PMS activation [90,91]. In spite of the high reactivity of nanostructured
oxides, their low recyclability is a problem to be solved. Carbon materials show in general low activities
and stabilities. Among heterogeneous catalysts used for PMS activation, materials based on cobalt
play an important role. Thus, cobalt oxides, Co-metal oxide and Co-carbon-based supports have been
applied for the degradation of different pollutants in presence of PMS. The mechanism for oxidation
of organics by Co-assisted decomposition of PMS has been proposed as follows [92–94]:

Co2+ + HSO5
− → Co3+ + SO4•− + OH− (21)

Co2+ + H2O → CoOH+ + H+ (22)

CoOH+ + HSO5
−→ SO4•− + CoO+ + H2O (23)

CoO+ + 2H+ → Co3+ + H2O (24)

Co3+ + HSO5
− → Co2+ + SO5•− + H+ (25)

Co2+ + SO4•− → Co3+ + SO4
2- (26)

SO4•− + OH−→ SO4
2- + HO• (27)

SO4•− (SO5•−, HO•) + organics → . . . ..→ CO2 + H2O (28)

Therefore, three types of reactive radicals including sulphate (SO4•−), peroxy-sulphate
(SO5•−) and hydroxyl radicals HO• can be generated during PMS activation by cobalt, although
peroxy-sulphate radical is less efficient to attack the organic compounds due to its weak oxidizing
ability (E(SO5•−/ SO4

2−) = 1.1 V).
Transition mixed metal spinels, iron-based heterogeneous catalysts and other transition metal

oxides have also been studied in this system [89]. However, the use of perovskites for activation
of PMS has not been revised. In the present review we show some examples of the application of
oxide-like perovskites as activators of PMS for the degradation of organics in waters (Table 2).
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As cobalt is catalogued as one of the best transition metals in the homogeneous activation of PMS,
most of the described examples for the heterogeneous activation by perovskites are based on those
containing cobalt in B position, alone [95–97] or partially substituted by other cations [98–101]. And as
occurred in the Fenton-like reactions, phenol is again one of the most studied pollutant [95,96,98–101].

A series of cobalt-perovskite catalysts, ACoO3 (A = La, Ba, Sr and Ce) was tested by Hammouda
et al. [95] in the degradation of phenol by action of PMS. LaCoO3 and SrCoO3 showed the best
catalytic performance, leading to a depletion of 95% of phenol in 3 h and a TOC removal of 65% in 6 h,
in contrast to the 80% of removed phenol and 35% of mineralization degree reached with BaCoO3 and
CeCoO3. Phenol degradation followed the pseudo first order kinetics and the intermediate formed
were identified as catechol, hydroquinone and benzoquinone. Only between 7 and 12% of phenol
was removed by physical adsorption. The activity was not related to the textural properties but to the
content of cobalt of samples, the removal of phenol increasing with cobalt amount. The degradation of
phenol by PMS in absence of perovskite was only of 10% after 3 h, which indicated the low oxidation
power of PMS as compared to sulphate radicals formed in the presence of catalyst.

Su et al. [96] found that both hydroxyl and sulphate radicals were responsible for the degradation
of phenol and methylene blue (MB) in the presence of PMS and a mixed ionic−electronic conducting
(MIEC) double perovskite, PrBaCo2O5+δ (PBC) over a wide pH range, although the sulphate were
the major radicals for promoting the degradation of organics. In addition, the oxygen vacancies in
perovskite structure played a key role in the activation of PMS and in facilitating easier valence-state
changes of the cobalt ions. The PBC catalysed the phenol oxidation with a TOF that was ∼196-fold
higher than that of the classical Co3O4 spinel and 100% phenol was removed in 30 min. In the case of
MB only 15 min were necessary to produce the complete degradation.

Zirconia-supported LaCoO3 perovskite, LaCoO3/ZrO2 and its corresponding LaCoO3 powder,
were used to degrade RhB in the presence of PMS [97]. The nanocomposite showed a much higher
catalytic activity than LaCoO3 to activate PMS, in spite of the fact that it contained only 12.5 wt% of
LaCoO3. RhB was completely degraded in only 60 min and the nanocomposite could be reused for
several cycles without activity loss.

Different perovskites of cobalt in B position partially substituted by Ti, Fe, Cu or Mn have been
tested in the degradation of phenol [98–101]. In this sense, SrCo1−xTixO3−δ (SCTx, x = 0.1, 0.2, 0.4, 0.6)
perovskites exhibited an excellent activity for phenol degradation under a wide pH range, leading
to a faster oxidation than Co3O4 and TiO2 [98]. The order of activity was SCT0.2 ≈ SCT0.1 > SCT0.4
> SCT0.6, therefore the rate of phenol oxidation decreasing with the content of cobalt. The effects
of operating conditions and initial pH on the catalytic activity were studied for the SCT0.4/PMS
system. At pH ≥ 7 the catalyst led to an optimized performance in terms of higher TOC removal,
minimum Co leaching and good catalytic stability, which can overcome the common problems of
Fenton reaction and provide a promising application for real wastewater treatments under neutral or
alkaline conditions. Less than 5% of phenol was removed by adsorption during the 90 min period and
the same amount was degraded by PMS in 90 min in the absence of catalyst.

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) perovskite was very effective for PMS activation to produce free
radicals and the subsequent degradation of phenol [99]. On the contrary, it was not active in the
production of radicals from activation of other peroxides, such as H2O2 or peroxydisulfate (PDS).
Authors found that the oxygen vacancies and the metal ions in A position with a less electronegativity
than cobalt in the perovskite structure play a key role by conferring cobalt sites a high charge density
for interacting with PMS via a rapid charge transfer process and to produce free radicals, resulting in a
higher activity when compared to a Co3O4 spinel. Thus, 100% of phenol was removed in 30 min with
BSCF, in contrast to the 45% of degradation reached with Co3O4. Authors concluded that the PMS
activation by BSCF gave rise to the generation of both hydroxyl and sulphate radicals.

LaCo1-xCuxO3 (x = 0–1) perovskites prepared via sol-gel method with citric acid as organic
complexing agent were also tested in the PMS-phenol system [100]. LaCo0.4Cu0.6O3 was the best
catalyst, showing a removal efficiency of 100% in only 12 min and a TOF value of 1 h−1, which
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was 2.5 times higher than that obtained by Duan et al. (0.4 h−1) [99] for the same concentrations
of catalyst and pollutant, although the PMS dosage used in the first case was ten times lower. No
significant change on surface of the catalyst was observed after the oxidation reaction, proving the
high stability of LaCo0.4Cu0.6O3, although an activity loss of 20% was produced after fourth cycle,
due to the poisoning of active sites by adsorption of degradation intermediates. The redox species
involved in the mechanism were not only the Co2+/Co3+ pair but also the Cu+/Cu2+ couple, which
reacted with both SO4•− and HO•.

Miao 2018 [101] synthesized a series of LaCo1−xMnxO3+δ (LCM, x = 0, 0.3, 0.5, 0.7 and 1.0)
perovskites, calcined at different temperatures, showing over stoichiometric oxygen. Authors found
that the interstitial oxygen plays a key role in the catalytic activity for degradation of phenol, in such
way that a proper amount of interstitial oxygen promotes the electron transfer rate of the perovskite
but an excess hinders this process. The most active catalyst was that containing only cobalt in B
position, that is, LaCoO3, which led to a complete depletion of phenol in only 20 min. Among all the
substituted catalysts, LaCo0.5Mn0.5O3.053, calcined at 900 ◦C, exhibited the best performance, due to its
high interstitial oxygen ion diffusion rate. Furthermore, its stronger relative acidity contributed to an
enhanced stability. Phenol was completely degraded with this catalyst after 40 min. Considering that
manganese ions are much cheaper and less toxic than cobalt ions, these substituted perovskites are an
appropriate alternative for the activation of PMS.

LaCoO3 perovskite has proved to be very efficient for the activation of PMS in the
degradation of different organic pollutants [102–104]. The degradations of aqueous solutions of
2-phenyl-5-sulfobenzimidazole acid (PBSA) using PMS activated with LaCoO3 perovskites prepared
by three different methods was investigated by Pang et al. [102]. LaCoO3 was prepared by a normal
precipitate method (sample named as LCO), by introduction of cetyltrimethylammonium bromide
(CTAB-LCO) and by a hydrothermal method with the adding of silicon (LCO-SiO2). LCO-SiO2 was
active in a wider pH range (4–8), leading to a complete removal of PBSA in 30 min and showing a
very low leaching of metal ions. On the contrary, LCO and CTAB-LCO presented a contribution of
the homogeneous reaction to the total activity, due to the leached metals, which resulted in the PBSA
depletion of 100% in only 5 min. From studies with radical quenchers and from identified intermediates
authors concluded that for LCO-SiO2 the activation of PMS resulted from the combination of SO4•−
and electronic transfer reaction. However, in the case of LCO and CTAB-LCO, both SO4•− and HO•
radicals were involved.

More recently, Solís et al. [103] have reported the combination of LaCoO3 and PMS for the removal
of various aqueous herbicides (metazachlor, tembotrione, tritosufuron and ethofumesate). The catalyst
amount exerted a positive influence on herbicides conversion, which increased when the load of
catalyst did from 0.5 to 1.5 g/L. An increment in the pH values reduced cobalt leaching and decreased
PMS depletion. As the point of zero charge (PZC) value of LaCoO3 was 9.08, at acidic or neutral pH
the catalyst surface is positively charged and as a result it interacts more easily with the anions from
PMS. With respect to the influence of PMS concentrations, those equal or above 0.5 mM produced the
instantaneous removal of metazachlor, tembotrione and ethofumesate while tritosulfuron required
almost one hour to be completely degraded when 0.5 mM of PMS was used.

The high activity of cobalt ions for PMS activation was confirmed by Lin et al. [104], who tested a
series of LaMO3 perovskites (M=Co, Cu, Fe and Ni) in the removal of RhB. Once more, LaCoO3 was
the most active, followed by LaNiO3, LaCuO3 and LaFeO3. The mechanism of reaction was studied
by addition of different scavengers or radical inhibitors. Authors found that both Co3+/Co2+ and
La3+/La4+ ions decomposed PMS yielding mainly sulphate radicals and hydroxyl radicals in lesser
extent. By comparison of the obtained rate constants with other from literature, authors concluded that
LaNiO3, LaCuO3 and LaFeO3 were no competitive with other existing catalysts, because of the low
activity of Ni, Cu and Fe for PMS activation, in contrast to LaCoO3, which exhibited a rate constant
comparable or even higher than those reported for other catalysts.
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Iron in B position of perovskites has resulted to be also an efficient cation for the PMS
activation [105,106]. The oxidative degradation of diclofenac (DCF), a non-steroidal anti-inflammatory
drug, was carried out in the presence of LaFeO3 and PMS [105]. DFT studies allowed authors to
conclude that a strong interaction occurs between the Fe (III) sites on LaFeO3 surface and PMS, with
the formation of an inner-sphere complex and the transfer of electrons from PMS to Fe (III). Sulphate
radicals were identified as the major responsible for DCF degradation by the LaFeO3 /PMS system.
Although 100% of DCF was removed in only 1 h, the mineralization was only of 50% and fifteen
different intermediates were formed.

La0.8Ca0.2Fe0.94O3-δ and Ag-La0.8Ca0.2Fe0.94O3-δ were tested by Chu et al. [106] in the removal
of phenol, MB and rhodamine 6G. From electrochemical impedance spectra, authors concluded that
Ag nanoparticles and lattice oxygen vacancies improve the p-type conductivity of the perovskite.
Furthermore, the O2 of solution is adsorbed on the oxygen vacancies and as a consequence, in order to
replace the lost oxygen, more SO5•− react generating more sulphate radicals. Under the optimum
conditions, around 84–90% of MB was degraded in only 45 min. When using Ag-La0.8Ca0.2Fe0.94O3-δ

rhodamine 6G and phenol were completely removed in 15 and 10 min, respectively. This perovskite
was also very efficient for the removal of Escherichia coli.

4.2. Peroxymonosulfate Activated by the Combination of Perovskites and Light Irradiation
(PMS/Catalyst/Light)

The combination of PMS activation by a perovskite and light irradiation has been applied for
the degradation of different pollutants [107–109]. Rhodamine B (RhB) was used as model of organic
pollutant for studying the PMS activation by a BiFeO3 microsphere in presence of visible light [107].
To confirm the contribution of the oxidizing radical species, ethanol (EtOH), t-butanol (t-BuOH) and
1,4-benzoquinone (BQ) were employed as radical scavengers. The results indicate that the main
generated radical species during the activation of PMS by BiFeO3 were HO• and SO4•− radicals.
However, the O2•− radicals, which are formed at longer reaction times, also play an important role
in the degradation of RhB. Authors explained the reaction mechanism as follows. BiFeO3, with
narrow band gap energy (1.92 eV), can be easily excited by visible light and the electrons and holes
generated by action of light can react with Fe3+ and RhB, respectively. Simultaneously, Fe3+ and
Fe2+ can also activate PMS to yield SO4•− and SO5•− radicals, which degrades RhB. About 63% of
RhB was degraded in 40 min by BiFeO3/PMS/vis light system, in contrast to 43% of removal in the
absence of perovskite. The catalyst was used in three consecutive cycle runs without significant loss of
photocatalytic activity.

The combination of a cobalt perovskite (LaCoO3) with a photocatalyst (TiO2) in different molar
ratios (Co:Ti = 0:1–1:0) was used to activate PMS for the oxidation of a mixture of four herbicides
(metazachlor, tembotrione, tritosulfuron and ethofumesate) [108]. Same authors had previously tested
LaCoO3/PMS system for the degradation of the same herbicides [103]. In general, LaCoO3-TiO2

with Co:Ti ratios in the range 0.1:1 to 0.5:1 showed a higher activity than the rest of solids tested,
although a Co/Ti ratio of 0.1:1 was enough to reach enhanced degradation rates when compared
to pristine titania or pure perovskite. The number of degraded herbicides by LaCoO3-TiO2/PMS
system was 3.5–5 times higher in the presence of UVA-light and the reaction followed a second order
kinetic, depending of concentration of both PMS and herbicides. As complete mineralization was
not achieved, authors carried out studies to assess the potential phytotoxicity of the accumulated
intermediates, concluding that all samples did show no phytotoxicity after 180 min of treatment for
PMS concentrations ≥ 0.15 mM.

A double cobalt perovskite, Sr2CoFeO6, was tested in the mineralization of bisphenol F (BPF)
in neutral medium by activation of PMS under UV irradiation [109]. Neither direct UV photolysis
nor PMS alone degraded the BPF and Sr2CoFeO6 exhibited higher activity (75% of BPF degradation
in 2 h) than the corresponding single perovskites, SrCoO3 (60%) and SrFeO3 (35%), caused probably
by an accelerated reduction of Fe3+ in the presence of cobalt ions. UV irradiation also improved the
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mineralization degree of BPF and values of TOC removal in 6 h increased from 65% to 90% when
Sr2CoFeO6/PMS system was irradiated. As a novel aspect of this work, authors studied the influence
of chemicals co-existing in the natural water matrix, such as humic acid and inorganic anions (Cl−,
HCO3

− and CO3
2-), on the inhibition of degradation of bisphenol.

5. Photocatalytic Oxidation (Light/catalyst)

Within AOPs, photocatalyst-based degradation methods represent an interesting research field
where there has been continuous development. Heterogeneous photocatalysis is widely recognized as
an effective technology for treating waters containing some refractory organic compounds through the
photogeneration of oxidizing radicals such as HO• and O2−•. It is a green technology with broader
application prospect and compared with the traditional chemical oxidation, photocatalysis is usually
non-toxic, non-corrosive and harmless to the environment. The photocatalytic oxidation is based on the
use of a semiconductor and ultraviolet-visible (UV-vis) radiation (see Figure 4). The fundamental step
of the process is generation of electron-hole pairs, which requires absorption of photons with adequate
energy and promotion of electrons from the valence band to the conduction band. The photogenerated
charge carriers participate in a series of reactions producing highly reactive radicals. One of the most
relevant applications of this technique is the degradation of environmental pollutants in aqueous
wastewater into less harmful products. These treatments are very appropriate because of their on-place
use and because they do not have extra energy consumption. The degradation of organics is normally
accomplished of semiconductors such as zinc oxide (ZnO) or titanium dioxide (TiO2). The latter is
currently the most popular photocatalyst due mainly to its specific photocatalytic properties like
for example strong oxidizing power, high chemical stability and relative inexpensiveness. Recently,
different photocatalytic materials capable of efficiently working with sunlight, based mostly on TiO2

and their combination with solar collectors, have been revised [110].

Figure 4. Schematic illustration of a model photocatalytic system showing the contribution of
hole-electron couples to the formation of radicals.

Unfortunately, the use of TiO2 catalysts is limited by the large band gap of TiO2 (Eg = 3.2 eV),
being active only under UV light. Considering that the sunlight is composed mainly of visible light
(43%) while only 4% of the spectrum is UV light, visible-light photocatalytic performance is desirable in
order to effectively utilize the sunlight. In this sense, considerable effort is being devoted to developing
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alternative heterogeneous photocatalysts, which are active under visible light. Among the various
materials, some perovskites have been considered as a promising photocatalysts, since they present
high activity in the long band of visible-light. They can be used alone or combined with TiO2 in form
of composites, with the aim of narrowing the bandgap of this oxide.

One of the perovskites more widely studied as photocatalyst is LaFeO3 [111–122], due to
its narrow band gap (often less than 3.0 eV), which can be excited easily under visible light or
UV light irradiation. It can be used auto supported or in form of composites and rhodamine B
(RhB) has been tested by different authors as model molecule in the evaluation of its photocatalytic
activity [111,112,114,119–122].

In Reference [111] LaFeO3 particles prepared by sol-gel method were able to degrade RhB in 24%
under visible irradiation, showing a higher activity than that of international P-25TiO2. Authors found
a reverse correlation between crystallite size and photocatalytic activity, the most active sample being
that exhibiting the smallest size. Values of degradation comprised between 15 and 50% were reached
when LaFeO3 nanoparticles were prepared by using silica SBA-16 as template [112]. The high surface
area and crystallinity of samples were responsible for the adsorption and photocatalytic degradation
of RhB, respectively.

Li et al. [114] prepared different samples containing LnFeO3 (Ln = La, Sm) nanoparticles by sol–gel
method at different calcination temperatures. 80% of RhB was degraded in 2 h by LaFeO3 under
visible light, in contrast to the 20% obtained with SmFeO3. When H2O2 was added to the reaction
media, the photocatalytic activity improved due to the synergistic effect between the semiconductor
photocatalysis and Fenton-like reaction. Complete degradation of RhB was achieved after 3 h of
reaction when microspheres composed of perovskite LaFeO3 nanoparticles, prepared by hydrothermal
method, were used as photocatalysts [119]. In this case, the hydrothermal reaction conditions and
the concentration of citric acid played an essential role in the development of LaFeO3 microspheres.
The efficiency of LaFeO3 microspheres was higher than that of LaFeO3 prepared by microwave assisted
method [120] (95% of degradation of RhB in 3 h).

As an alternative way to obtain perovskite-type nanoparticles, graphitic carbon nitride (g-C3N4)
has been combined with LaFeO3 by using a solvothermal method [121] according to the scheme of
preparation shown in Figure 5. The synergistic interaction between LaFeO3 and g-C3N4 improved
the separation efficiency of photogenerated electron-hole pairs. Then the photocatalytic activity for
the degradation of RhB was 19 times higher than that of LaFeO3 under visible light irradiation. In
addition, the catalysts kept excellent stability after four cycles.

 
Figure 5. Schematic illustrating the synthesis of the LaFeO3/g-C3N4 heterojunction. With permission
from [121].

To achieve more homogeneous LaFeO3 nanoparticles, Ren et al. [122] used reduced graphene
oxide as template. They obtained nanoparticles anchored on graphene oxide by combining the sol-gel
method and high-temperature annealing. The LaFeO3–rGO can work under visible-light irradiation
as an efficient catalyst for the degradation of RhB and MB, the bandgap of LaFeO3 nanoparticles on
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reduced graphene oxide being of 1.86 eV. The oxidation process was dominated by the electron transfer
since the presence of rGO facilitated the electron-hole separation.

Methylene blue (MB) has been degraded under the photocatalytic reactions with LaFeO3

perovskites [116,117] and LaFeO3 doped in A position [115,118], whose activity is strongly influenced
by the process of synthesis. There are many methods to prepare LaFeO3 such as sol-gel, co-precipitation,
electro-spinning, citric acid complex, stearic acid solution combustion or glycine combustion at
high temperature. Among these methods, the sol-gel process has been proven to be one of the
most effective [116] and MB and methyl orange were completely degraded after visible light
irradiation for 4 h of LaFeO3 synthesized by sol-gel method and calcined under vacuum microwave.
The photodegradation process of MB on LaFeO3 followed a pseudo-first-order kinetic process.

However, sol-gel method and solid-state reactions need annealing at a high temperature which
results in short homogeneity and high porosity of the samples without control on the particle size.
As an alternative way, the microwave assisted synthesis allows preparing nanoparticles with small
size, narrow size distribution and high reactive ability in a time-saving process. In this regard, LaFeO3

with high crystallinity and sphere-like shape was able to decolorize a MB aqueous solution in only
90 min of exposure to visible light [117].

A strategy to improve the photocatalytic efficiency of perovskites is by doping in A
position [115,118]. Thus, a series of LaFeO3 perovskites doped with Li, La1-xLixFeO3 (with x = 0,
3, 5 and 7%) were active under light irradiation for the degradation of MB and arcylon effluents,
La0.97Li0.03FeO3 showing the highest activity [115]. LaFeO3 and Ca-doped LaFeO3, synthesized via
reverse microemulsion without additional high temperature calcination process [118] were active in
the photocatalytic degradation of MB under the action of visible light. When La0.9Ca0.1FeO3 was used
instead of LaFeO3, the degradation rate of MB improved 30%.

LaFeO3 and its corresponding double perovskite, La2FeTiO6, have also been tested in the
degradation of p-chlorophenol [113] under visible light. Authors correlated the photocatalytic activity
with differences in structure or surfaces properties. Thus, the optical property in the visible light region
and the inferior symmetry at the Fe nucleus of La2FeTiO6 resulted in a better performance with respect
to that of LaFeO3.

Apart from LaFeO3 other perovskites have been used as photocatalysts. In this regard, the fact that
LaCoO3 hollow nanospheres exhibit a band gap of 2.07 eV makes this compound a promising candidate
material for photocatalytic applications. Fu et al. [123] studied the photocatalytic degradation of MB,
methyl orange and neutral red under UV irradiation. UV–vis analysis showed that LaCoO3 hollow
nanospheres exhibited excellent photocatalytic activity, reaching degradation values near 90% in
100 min for the three contaminants. Moreover, the authors discussed the influence of temperature and
time of calcination on the structures of LaCoO3 and its formation mechanism.

Alkali earth titanates, such as SrTiO3, are perovskite-type oxides based on a Ti-O polyhedron,
showing a similar energy band structure to that of TiO2. Furthermore, SrTiO3 shows a wide absorption
band in the ultraviolet region in the 300–400 nm range. As a result it can be used as photocatalyst,
whose activity can be improved by incorporation of CeO2 to the structure, which shows strong
UV absorption in the 300–450 nm range. In this sense, a SrTiO3/CeO2 composite was used in the
photodegradation of two azo dyes, C.I. Reactive Black 5 [124] and C.I. Direct Red 23 [125]. The influence
of pH on the photoactivity was studied in the first case. Authors extended the study to the influence
of other parameters, such as catalyst dose, concentration of dye, pH value, irradiation intensity and
use of KI as scavengers, in the second one. Under the optimum conditions, a complete degradation of
C.I. reactive black 5 and C.I. direct red 23 was achieved in 120 min and 60 min, respectively. Authors
proposed a tentative degradation pathway based on the sensitization mechanism of photocatalysis.

Recently, bismuth-based perovskites have also attracted interest as photocatalysts due to their
particular electronic structure that reduces the charge mobility and the band gap to ∼2 eV [126–129].
BaBiO3 powders with a base centred monoclinic structure exhibited good activity for the water-splitting
reaction and the degradation of rhodamine B dye under visible light [126]. Authors demonstrated
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that the catalytic activity strongly depended on the crystallinity of the materials, BaBiO3 prepared
by solid state being the catalyst with the highest crystallinity, the lowest resistance to the charge
transfer and the greatest photocatalytic performance. Another bismuthate, KBiO3, was investigated
as a visible-light-driven photocatalyst in the degradation of organic pollutants, such as RhB, crystal
violet, MB and phenol [127]. The difference between the degradation mechanisms of these organic
pollutants under the action of KBiO3 depended on competition of the photocatalysis, redox reaction
and adsorption mechanisms. In the case of RhB and crystal violet, the redox potentials are higher
than that of KBiO3 (1.59 eV) but lower than its band gap energy (2.04 eV), thus only the adsorption
and photooxidation controlled the reactions. MB presents a redox potential lower than the band
gap of KBiO3 and in this case the reaction was controlled by both the photooxidation and chemical
oxidation. In the case of phenol, photooxidation was observed at the end steps of the process whereas
quick adsorption and chemical oxidation were determined at the initial stage. A double Bi-perovskite,
Bi2Fe4O9, composed of nanoplates, which behaves as a multiband semiconductor [128] was tested in
the photocatalytic oxidation to aqueous ammonia oxidation and phenol under visible light irradiation.
The catalyst displayed a higher activity when compared to its bulk material. The improvement of
photocatalytic performance of Bi2Fe4O9 could be due to the efficient electron-hole separation that
may act as electron-hole recombination centres. The photocatalytic performance for phenol oxidation
enhanced when an appropriate amount of, H2O2, was added, which can act as a strong electron
scavenger and also as a promoter of the Fenton-like reaction.

LaMnO3 perovskite is another promising photocatalyst owing to its catalytic and electrical
properties, price, nontoxicity and high stability. However, a high combination rate of electron/hole
pairs and the agglomeration of particles are some of the perovskite limitations. Semiconductor coupling
with carbon materials is believed to induce cooperative o synergistic interactions retarding the fast
recombination of the charge carriers and getting better the photocatalytic activity. In this sense,
Huang et al. [130] observed a higher efficiency for photodegradation of acid red C-3GN over a series
of LaMnO3-diamond composites than for LaMnO3. In the composites, the perovskite particles are
uniformly distributed on the diamond surface creating a network structure, which increases the active
sites and the absorption of dye molecules. The composite showed the best photocatalytic activity when
the mass ratio was 1LaMnO3/2diamond.

AuNP/KNbO3 have shown photocatalytic activity in the photooxidation of sec-phenethyl alcohol
to acetophenone under the action of visible light in the presence of H2O2 [131]. Photophysical
properties of KNbO3 and TiO2 are fundamentally similar, with band gaps near 3.2 eV; however, the
particle size of KNbO3 presents advantages over TiO2 since small particle size of TiO2 make difficult
its separation from reaction solutions. The activity of this AuNP-decorated KNbO3 was superior to
that of undecorated KNbO3.

In recent years most researchers have concentrated their attention on modifying perovskite by
doping with a transition metal or non-metal to improve the catalytic activity. The doping allows the
recombination of centres of electron-hole pairs in the semiconductor particles. For instance, the doping
with C and S atoms improved the photocatalytic activity of SrTiO3 for oxidation of 2-propanol [132],
because a new absorption edge in the visible light region was produced.

Several articles report the benefit of using nanostructures to improve the photocatalytic activity
with respect to the bulk samples [129,133,134]. Thus, perovskite-type BiFeO3 nanoparticles showed
increased degradation ability of methyl orange under visible light irradiation with respect to bulk
BiFeO3, probably due to the higher surface area of the nanoparticles [129]. As a result, more than 90%
of MO was decolorized after 8 h under UV-vis irradiation and after 16 h under visible light when
BiFeO3 nanoparticles were used. In contrast, only 70% of dye was degraded after 16 h by the action of
UV-vis light in the presence of bulk BiFeO3. Dong et al. [133] found that LaCoO3 nanofibers prepared
at different temperatures presented better photocatalytic activity for the degradation of RhB than
LaCoO3 particles. Nanofibers exhibited an increased surface, providing more photocatalytic active
sites on the inner/outer surfaces that led to a complete degradation of RhB in only 50 min for the
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best catalyst, which resulted to be that with a high degree of crystallinity of LaCoO3 nanofibers and
containing some residual carbon. PrFeO3 porous nanotubes showed high optical absorption in the
UV-visible region and an energy band gap of 1.97 eV [134], displaying a higher photocatalytic activity
in the degradation of RhB than PrFeO3 nanofibers or PrFeO3 nanoparticles. Thus, 46.5% RhB was
degraded by the nanotube sample in 6 h, whereas decolorization efficiency was 29.5% and 15.7% for
nanofibers and nanoparticle samples, respectively. PrFeO3 nanotubes were used for three cycles of
photodegradation, showing a slight deactivation.

Silver orthophosphate (Ag3PO4) has been extensively studied due to its good activity as
photocatalyst for organic pollutants degradation under the action of visible light [135]. However,
the photocorrosion together with the formation of metallic Ag in the surface of catalyst limit the stability
and cause a decrease in the activity and reusability. Several strategies have been proposed to improve
the photostability of Ag3PO4, among them, the synthesis of composites perovskite-type (ABO3) has
attracted considerable attention due to its high catalytic activity. Guo et al. [136] synthesized and
characterized several Ag3PO4/LaCoO3 composites with different ratios, which were evaluated in
the photocatalytic degradation of bisphenol A. For the composite containing 10% of LaCoO3, the
contaminant was completely degrader after 40 min, achieving a TOC removal of 77.3%. Furthermore,
the authors investigated in detail the degradation intermediates and the photocatalytic mechanism.

It has been also found that by introducing perovskites in a TiO2 matrix, a beneficial effect in
the photocatalytic activity of TiO2 can be obtained. Thus, Gao et al. [137] synthesized multi-modal
TiO2-LaFeO3 composite films by a two-step method, which exhibited high photocatalytic activity in the
degradation of MB aqueous solution (60% of degradation in 1 h). In comparison with TiO2 and LaFeO3

materials, the composite obtained exhibited good microstructural properties and high specific surface
area. The introduction of LaFeO3 not only improved the photocatalytic activity and the hydrophilicity
but also influenced the interfacial charge transfer process. The same composite, TiO2-LaFeO3, was
prepared by Dhinesh et al. [138] by a hydrothermal method and tested in the degradation of methyl
orange in aqueous solution under visible light irradiations. TiO2-LaFeO3 composite exhibited enhanced
visible light photocatalytic properties in comparison with LaFeO3 nanoparticles due to a synergetic
effect.TiO2 causes the inhibition of the recombination between photoinduced electron and hole pairs
and LaFeO3 perovskite played an important role in extending light absorption into the visible region.
Halide perovskite CsPbBr3/TiO2 composites [139] also showed an enhanced activity in the selective
oxidation of benzyl alcohol to benzaldehyde under visible light irradiation. Action spectra and electron
spin resonance studies showed that photo-excited electrons generated within CsPbBr3 were transferred
to the conduction band of TiO2, forming, via the reduction of oxygen, superoxide radicals. 50% of
benzyl alcohol was oxidized after 20 h of irradiation.

Table 3 summarizes the applications of perovskite-like oxides synthesized by different methods
as photocatalysts for the degradation of different organics.
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6. Processes under Dark Ambient Conditions

As shown above, to date, great success has been achieved for producing visible-light
photocatalysts by doping perovskites or designing composites. Other perovskites have been proven
active in AOPS involving an additional chemical oxidant, such as ozone, hydrogen peroxide or
peroxymonosulfate. Nevertheless, both kinds of processes using or light or chemical oxidant are
expensive, thus limiting their practical applications. Therefore an effort has to be made to find new
catalysts capable of working under dark ambient conditions, as potential low-cost alternative for
the remediation of waters. A few examples of the application of perovskites for the degradation of
organics in waters in dark ambient conditions are shown next.

A layered perovskite La2NiO4 crystal [140] can act as a round-the-clock photocatalyst and
efficiently degrade phenolic pollutants in the dark. This photocatalyst can produce photoelectrons
not only by visible light irradiation but also from some reactant molecules in the dark leading to
the degradation of 4-chlorophenol (4-CP). 4-CP− anions can donate electrons to La2NiO4, what is
followed by the reaction with dissolved oxygen to generate O2-• and reaction with H+ to form HO•
radicals, which can oxidize 4-CP• radicals into CO2. LaCoO3-x (x= 0-0.075) [141] calcined at different
temperatures also displayed activity for the degradation of methyl orange in the dark. 17% of dye
was removed with the best catalyst in 45 h in the absence of light. The degradation rate improved
under the visible light due to the optical property of LaCoO3-x, achieving degradation values of
40%. Sr0.85Ce0.15FeO3-δ [142] can also work in the dark after thermal activation. SrFeO3 is known as
photocatalyst since the bandgap energy values are comprised between 1.80 and 3.75 eV; however,
the doping with Ce improves its redox properties and exerts a positive role in oxidation reactions.
The catalyst was applied to remove RhB and Orange II from aqueous solution. In the first case the
degradation after 7 h only increased from 40 to 60% in the presence of visible light. On the contrary,
for the degradation of Orange II it was necessary to irradiate the catalyst, because only 5% was removed
in the dark.

Other examples of the use of perovskites as catalysts for degradation of contaminants in aqueous
solution in the absence of an oxidant or light have been described. In this regard, methyl orange (MO)
was degraded by a layered perovskite, La4Ni3O10, without additional reagents or external energy [143].
The dye degradation occurred via electrons transfer from the dye molecules to the perovskite and
then to the dissolved oxygen, which acted as electrons acceptor. The same dye, MO, was degraded
by LaNiO3-δ under dark ambient conditions (room temperature and atmospheric pressure) [144].
Under the optimum conditions 94.3% of MO was degraded after 4 h. Authors concluded that MO was
decomposed by two synergic effects derived from nickel present at the surface of LaNiO3-δ and the
formation of lanthanum carbonate.

SrFeO3-δ perovskite synthesized by a combined high temperature and high-energy ball milling
process was active in the degradation or bisphenol A (BPA) and Acid Orange 8 under dark ambient
conditions [145]. The complete degradation of BPA was produced after 24 h, with a TOC removal
of 83%. In the case of dye, the full decolorization was attained in only 1 h. By last, more recently,
Chen et al. [146] tested a series of CaxSr1-xCuO3-δ (x= 0-1) perovskites in the removal of Orange II
dye, widely used in the textile industry. Samples containing a higher amount of Ca were more active
for the degradation of Orange II in dark conditions. A depletion in concentration of dye of 80% was
reached in only 10 min, which increased to 95% after 1 h. However the mineralization was partial only
and some by-products were formed, reaching a TOC removal of 60%. The catalysts were stable after
9 cycles of reusing.

7. Summary and Perspectives

In this paper we have summarized the applications of perovskites as catalysts in heterogeneous
advanced oxidation processes for the degradation of pollutants present in waters. Processes have
been classified and revised according to the oxidant employed in the process, that is, ozone, hydrogen
peroxide and peroxymonosulfate, which can be used alone or combined with light irradiation.
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The photocatalytic oxidation, consisting in the activation of a catalyst, in this case, a perovskite,
by irradiation with UV or visible light, has also been revised.

The various systems described here using perovskites were shown to effectively degrade and
remove specific pollutants from waters. Phenol has been the most studied but other pollutants, such
as dyes (especially rhodamine B and methylene blue), phenolic compounds, herbicides and some
drugs have also been reported. Although single ozonation (in the absence of catalyst) has been
widely used in water and wastewater because is an effective oxidation process, the use of a catalyst
improves the decomposition of ozone and the production of hydroxyl radicals and overall increases
the degree of mineralization of the contaminants. However, the use of perovskites in this type of
processes is very limited and only a few studies have been carried out. Significantly higher is the
number of papers related to the application of perovskites in Fenton-like processes, using H2O2 as
producer of radicals. The stabilization of cations with unusual oxidation states and redox properties
in the perovskite network make these oxides good candidates for this type of reaction. Thus, most
of reported perovskites contain iron (Fe2+/Fe3+), the Fenton reactant by excellence, in B position but
other transition metals, such as copper, manganese or titanium have also been resulted active for the
Fenton-like degradation of contaminants. When the H2O2/perovskite system is combined with the
irradiation of light (photo-Fenton process) the degradation of contaminant and TOC removal generally
increase because the rate of production of HO• radicals is higher.

Several examples of perovskites as activators of peroxymonosulfate (PMS) for the production of
radicals able to degrade organics present in waters have been presented. It should be remarked that
the treatment with PMS is more expensive than other AOPs, due to the price of the reagents. As cobalt
is catalogued as one of the best transition metals in the homogeneous activation of PMS, most of the
described examples for the heterogeneous activation by perovskites are based on those containing
cobalt in B position, alone or substituted by other cations.

It should be pointed that one of the AOPS in which perovskites have been more extensively
applied is the heterogeneous photocatalysis, because they present high activity in the long band of
visible-light. These processes generally lead to higher TOC removal than processes based on a chemical
oxidant. Perovskites have been used in photocatalytic degradation or organics alone or combined
with TiO2 in form of composites, in this way narrowing the bandgap of this oxide. Additionally, the
main strategy to improve the photocatalytic activity has been the substitution of the element in A or B
position, which leads to the introduction of defects into the narrow band gap and to the formation
of oxygen vacancies, which inhibit the recombination between the photogenerated electrons and the
holes. Again, as in Fenton-like processes, perovskites containing iron in B position have been the
most studied.

Perovskites have resulted been active by alone in the revised AOPs. However, majority of
studies were carried out in semi-batch and batch reactors, while continuous fixed bed reactors, which
are promising from the practical point of view, have not extensively studied for treatment of real
wastewaters. In this sense it can be expected that in the future more studies will be devoted to them.

The low surface area of perovskites implies a limited interaction with the contaminants. In order
to increase the surface area, new synthesis methods have been applied and some strategies have been
developed, such as their supporting on mesoporous silica supports, honeycombs or the formation of
composites. Another strategy to improve catalytic activity of perovskites in AOPs is the hetero-doping
in order to produce more active sites of the low-valence B-site transition metals (i.e., Fe2+, Cu+ and
Ti3+) or to introduce oxygen vacancies, which can facilitate the transformation of H2O2 (or PMS) into
HO•. Furthermore, the use of nanostructures improves the catalytic behaviour with respect to the
bulk samples. Considering all of this, we think that research of forthcoming years will be addressed to
design new synthesis methods which allow the obtaining of perovskites in form of nanostructures,
nanoparticles or nanofibers and also to search new materials based on perovskites containing other
different active cations and exhibiting higher surface areas, which can be extended to the removal of
other persistent contaminants present in waters.
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By last, it should be remarked the high cost of AOPs, involving light or chemical oxidants,
which usually have to been constantly fed to keep the process operative. Recent studies reporting
promising results of the application of perovskites for degradation of some organics under dark
ambient conditions, should encourage researchers in a short-term future to the search of similar
systems capable of degrading other contaminants without necessity of using energy or reagents, which
would considerably reduce the cost of the process.
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Abstract: Perovskite oxides have been gaining attention for its capability to be designed as an ideal
electrocatalyst for oxygen evolution reaction (OER). Among promising candidates, the layered double
perovskite—PrBaCo2O6-δ (PBC)—has been identified as the most active perovskite electrocatalyst for
OER in alkaline media. For a single transition metal oxide catalyst, the addition of Fe enhances its
electrocatalytic performance towards OER. To understand the role of Fe, herein, Fe is incorporated in
PBC in different ratios, which yielded PrBaCo2(1-x)Fe2xCo6-δ (x = 0, 0.2 and 0.5). Fe-doped PBCF’s
demonstrate enhanced OER activities and stabilities. Operando X-ray absorption spectroscopy (XAS)
revealed that Co is more stable in a lower oxidation state upon Fe incorporation by establishing charge
stability. Hence, the degradation of Co is inhibited such that the perovskite structure is prolonged
under the OER conditions, which allows it to serve as a platform for the oxy(hydroxide) layer
formation. Overall, our findings underline synergetic effects of incorporating Fe into Co-based layered
double perovskite in achieving a higher activity and stability during oxygen evolution reaction.

Keywords: Fe-substitution; operando X-ray absorption spectroscopy; oxygen evolution reaction;
double perovskite catalysts; oxy(hydroxide)

1. Introduction

Today, modern society is evolving to become more energy dependent. As the awareness
of environmental impact from current energy systems is elevating, more efforts recently have
been devoted towards mainstreaming renewable energy sources. However, the implementation
of renewable energy technologies is challenging, as it requires an efficient energy storage system to
mediate the intermittent generation and consumption of energy. The electrochemical splitting of water
(i.e., water electrolysis) offers an effective method to produce large amounts of hydrogen (H2), which
can be stored and used as an energy vector [1]. Therefore, an efficient oxygen evolution reaction (OER)
is essential since it is the key reaction in water electrolysis. During the past decade, the members of the
perovskite oxide family (ABO3) have been gaining vast attention for their promising activities as OER
electrocatalysts under alkaline conditions, and thereby relieving the need of expensive precious metals
such as iridium [2–7]. Generally, perovskite oxides are composed of rare-earth (e.g., lanthanides) or
earth alkaline metals (e.g., Ba) in the A-site and 3D transition metals in the B-site (e.g., Ni, Co and/or
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Fe). The perovskites intrinsic properties can be tailored through partial cation substitution [2,8,9].
This substitution can transpire in both A- and B-sites of the perovskite (i.e., A’1-nA”nB’1-mB”mO3;
0 ≤ n, m ≤ 1) either in ordered or random arrangement [10]. Likewise, cation ordering plays an
important role in engineering the intrinsic properties of a perovskite such as electronic structure, ionic
conductivity, and magnetic properties, all of which may change its electrocatalytic behavior [3,10,11].
The recently proposed OER mechanism emphasizes that the formation of oxy(hydroxide) layer at
metal oxide surface is essential along the path of lattice oxygen evolution reaction (LOER) [12,13].
In this context, developing perovskite oxides as OER catalyst is advantageous, owing to its ability to
exhibit high oxygen vacancy concentration upon cation substitution and ordering it so as to activate
the LOER [14,15]. In contrast to the conventional OER mechanism [16,17], in the case where the lattice
oxygen is directly involved (i.e., LOER), the high surface OH− coverage from the alkaline media is no
longer necessary as loosely bonded lattice oxygen atoms act as the reaction intermediates itself; as a
result, the overpotential is lowered [12,18]. In this regard, the use of layered double perovskite oxides
(A’2(1-n)A”2nB’2(1-m)B”2mO6; 0 ≤ n, m ≤ 1) is beneficial as they tend to localize the oxygen vacancies
into layers through A-site ordering and promote high oxygen mobility [14]. Among the layered
double perovskite family, PrBaCo2O6-δ (PBC) has been appraised for its high OER activity [19–24].
Nevertheless, past studies point out the instability of PBC under OER conditions [2,13,23,25–27],
raising queries regarding its degradation mechanism. In our recent study [2], we highlighted that the
degradation is a kinetic process and every catalyst varies in how it reaches the end of its service life
depending on the inherent properties.

In a different perspective, a single randomly ordered perovskite oxide, Ba0.5Sr0.5Co0.8Fe0.2O3-δ

(BSCF), has been identified as another highly active OER catalyst [5,22,27,28]. More recently, we have
reported that highly oxygen deficient BSCF prepared via flame spray synthesis would lead to the
participation of lattice oxygen atoms (i.e., LOER) coupled with the OER process. Based on operando
X-ray absorption spectroscopy (XAS) results [2,24,27] and density-functional theory (DFT) based
calculations [2,24], BSCF is capable of facilitating the formation of a self-constructed oxy(hydroxide)
surface layer during OER, owing to its thermodynamic nature of meta-stability under the OER
condition. Intriguingly, in the means to understand each individual chemical component of BSCF,
recent findings highlight the vital role of Fe in its B-site so as to pertain to the thermodynamic
meta-stability, and provide charge stability [24]. Likewise, many studies have reported constructive
effect of incorporating Fe into 3D transition metal oxide catalysts for OER [29–38].

Therefore, in this study, we incorporate Fe into the B-site of PBC in different ratios to yield
PrBaCo2(1-x)Fe2xCo6-δ (x = 0.2 and 0.5; denoted as PBCF82 and PBCF55, respectively) for the purpose
of tailoring the electrocatalytic performance with respect to OER activity and stability. Nanoparticles of
all the materials under study are attained via flame spray synthesis [39]. Operando XAS is used to gain
insights into changes in local electronic and geometric structures of the layered double perovskites
upon Fe-doping. Combined with the thermodynamic nature inferred from DFT calculations, the roles
of Fe in the layered double perovskite as OER catalyst are highlighted. Based on our findings, we
underline the synergetic effect that Fe conveys and elucidate the enhanced OER performance of layered
double perovskite catalyst upon Fe incorporation.

2. Results and Discussion

2.1. Physcial Characterization

All perovskite catalysts—PrBaCo2(1-x)Fe2xCo6-δ (x = 0, 0.2, and 0.5; denoted as PBC, PBCF82, and
PBCF55, respectively)—are prepared via flame spray synthesis from which nano-scaled particles are
obtained (Figure 1). Metal precursors are dissolved in combustible solution and injected into the flame
at high temperature (possible up to ≈3000 ◦C) and the resulting precipitates are collected. Previously,
we have established the benefits of this particular synthesis of perovskites for the electrocatalytic
performance [2,27]. The physical and structural traits of such nanoparticles are observed using
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transmission electron microscopy (TEM) (Figure 1). Figure 1a–c show the TEM images of the prepared
nanoparticles of PBC, PBCF82, and PBCF55, respectively. All of the prepared nanoparticles are in
sizes that range from 5–30 nm. Each inset of Figure 1a–c shows high-resolution (HR) TEM images of
PBC, PBCF82, and PBCF55, respectively, and each reveals clear fringes, indicating the formation of
crystalline structures.

 
Figure 1. Transmission electron microscopy (TEM) images of (a) PBC; (b) PBCF82; and (c) PBCF55.
Each inset shows high-resolution TEM images revealing fringes.

Figure 2 shows the comparison of X-ray diffraction (XRD) patterns of the prepared layered double
perovskite catalysts. The comparison of the overall XRD patterns (Figure 2a) of PBC, PBCF82, and
PBCF55 reveal peaks that are well indexed to those characteristics of PrBaCo2O6-δ (P4/mmm) (JCPDS
00-053-0131) with a minor amount of side oxide phases. The broad XRD peaks render convolution of
nearby peaks, and confirms the presence of nanoparticles as observed in TEM images. Apart from being
in the same crystalline structure, the XRD peaks of PBCF82 and PBCF55 appear at a lower 2-theta value
(Figure 2b) than PBC, which highlights that the perovskite structure exhibits larger lattice parameters
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upon the incorporation of Fe. The peaks of PBCF55—the one with the most Fe composition—appears
at the lowest 2-theta value, suggesting that it exhibits the largest lattice parameters among them.
Considering the nature of ordered perovskites, and which cations are oriented in layers, the partial
substitution of Co with Fe may lead to B-site cation octahedral tilting, which is difficult to separate
from cation ordering [8]. Overall, the comparison of XRD patterns confirms that the layered double
perovskite structure is withheld upon Fe incorporation while lattices may expand.

 
Figure 2. (a) comparison of X-ray diffraction (XRD) patterns of PBC (black), PBCF82 (red), and PBCF55
(blue). The XRD patterns are well indexed to those of PrBaCo2O6-δ from literature (JCPDS 00-053-0131);
(b) magnified view of the main XRD peak.

2.2. Electrochemical Study

Systematic electrochemical characterizations are conducted in order to assess the functional role of
Fe in activity and stability of the layered double perovskite catalysts during the OER process. Figure 3a
shows constructed Tafel plots from measured steady-state currents from series of chronoamperometry
studies of the prepared catalysts. In the presence of Fe, PBCF82 and PBCF55 revealed different Tafel
slopes as compared to the non-doped PBC. PBCF82 and PBCF55 both showed similar Tafel slopes
(~50 mV dec−1) that are lower than that of the non-doped PBC (72 mV dec−1) (summarized in Table 1;
CVs and steady-state current recorded during the series of chronoamperometry measurement is shown
in Figure S1). Our recent study investigated the functional role of Fe in single randomly ordered
Co-based perovskites, Ba0.5Sr0.5CoO3-δ and La0.2Sr0.8CoO3-δ, where remarkable enhancements in their
OER activities were reported when doped with ~5 wt.% of Fe [24]. However, in this previous study,
comparable Tafel slopes were observed for both non-doped and Fe-doped perovskites [24]. In contrast,
here, the observed lower Tafel slope indicates that the catalyst would follow a different OER mechanism
upon Fe incorporation, which may attribute to certain degree of changes of intrinsic physicochemical
properties. PBCF82 and PBCF55 reveal higher current densities at 1.55 VRHE (17.1 and 19.7 A g−1,
respectively) than compared to the non-doped PBC (13.8 A g−1). Likewise, lower Tafel slopes have
been observed for Co based catalysts with increasing Fe composition in other studies [29,31,40]. All of
the prepared layer perovskites revealed similar Brunauer–Emmett–Teller (BET) surface areas (Table S1),
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which shows that their differences in electrochemical activities are independent of their differences in
surface area.

 
Figure 3. Electrochemical study comparing (a) Tafel plot of oxygen evolution reaction activities and (b)
change in current densities with respect to the initial current density at every 25 cycles over 500 cycles
between 1.0 and 1.6 VRHE of PBC (black), PBCF82 (red), and PBCF55 (blue).

As previous studies emphasize the importance of understanding the stabilities of electrode
materials [2,41–43], the potential stability test was conducted during which steady-state currents are
recorded as potential is stepped from 1.0 VRHE to 1.6 VRHE holding for 10 seconds at each potential for
500 cycles (Figure 3b). Here, the Fe-doping also showed a beneficial effect in functional stability where
PBCF55 revealed the least amount of current density loss over the period of cycles (lost 32% of its
initial current density), while PBC lost about 74%. PBCF82, which comprises less than half of Fe that is
in PBCF55, demonstrated capability to retain about half of its initial current density at the end of the
cycle (see Table 1). In this comparison, the most outstanding activity and stability are demonstrated by
PBCF55 containing one-to-one ratio between Co:Fe in the B-site.

Table 1. Summary of electrochemical study results on oxygen evolution reaction activity and stability:
apparent mass specific exchange current density (j0), Tafel slope (b), activity expressed as mass specific
current density at 1.54 V, and stability expressed as percent of initial mass-specific current density after
the 500 cycles of stepping between 1.0 VRHE and 1.6 VRHE.

Catalysts
OER Stability

j0 Tafel slope j @ 1.55 VRHE � J

(A g−1) (mV dec−1) (A g−1) (%)

PBC 1.47 72 13.8 −73%
PBCF82 1.49 50 17.1 −52%
PBCF55 1.48 50 19.7 −32%

The functional stability of perovskite catalyst is described based on the ability to sustain its
initial electrocatalytic activity. In relation to the structural integrity, the catalyst should demonstrate
capabilities to serve as a suitable substrate for the prospect of surface oxy(hydroxide) layer
formation [24]. In this regard, Pourbaix diagrams are constructed based on density-functional theory
(DFT) calculations to assess the thermodynamically stable phases of PBC and PBCF in aqueous solution
(Figure S2a,b, respectively). The Pourbaix diagrams of PBC and PBCF suggest the dissolution of A-
and B-site cations. In fact, the cation dissolutions of perovskites are pointed out to be inevitable as
governed by thermodynamics under the necessary OER conditions [41]. Nevertheless, it is essential to
highlight that the degradation mechanism is also driven by kinetics. Hence, each perovskite catalyst
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would reach the end of its service life through different pathways based on the defect chemistry under
the OER conditions [2,12,43]. In the light of above findings, the incorporation of Fe seems to impede
the rate of degradation, where the one with the highest Fe composition (i.e., PBCF55) showed the
most enhanced potential stability. Nonetheless, it should be noted that a higher composition of Fe
(i.e., Fe-rich; x > 0.5) may compromise the role of Co as the active center and intrinsically undergo a
different OER mechanism than Co-rich PBCF (i.e., x < 0.5) which would dim the assessment of the
functional role of Fe-doping [31,40].

2.3. Operando X-ray Absorption Spectroscopy Study

The results of electrochemical studies revealed increasing OER activity and stability with
increasing Fe composition in the domain of 0 ≤ x ≤ 0.5. As mentioned, PrBaCo2(1-x)Fe2xCo6-δ with
different Co to Fe composition ratios would follow different reaction pathways as they undergo
different degradation processes under the OER condition. Therefore, operando X-ray absorption
spectroscopy study is conducted in order to monitor the changes in local electronic and geometric
structures of the prepared layered double perovskites during the OER process, through which the
functional effects of Fe were highlighted.

In Figure 4a, Co K-edge energy positions of normalized X-ray absorption near edge structure
(XANES) spectra of as-prepared double perovskites reveal that PBC and PBCFs have Co oxidation
state between +2 and +3, for which the Co K-edge position of PBCF55 is positioned at the lowest
energy level. Through comparison, PrBaCo2(1-x)Fe2xCo6-δ show reduced Co oxidation states with
increasing Fe composition (i.e., x) in the following descending order: PBC > PBCF82 > PBCF55, each
with ~0.3 eV difference in their Co K-edge energy position. With this information, the concentration
of oxygen vacancy can be relatively estimated as listed in ascending order: PBC < PBCF82 < PBCF55
(refer to Figure S3). Note that all edge energy positions were determined at the half of the edge step.
Figure 4b shows the comparison of the Fourier-transformed (FT) k3-weighted Co K-edge extended
X-ray absorption fine structure (EXAFS) spectra of as-prepared PBC, PBCF82, and PBCF55. The peaks
of FT-EXAFS spectra signify the presence of neighboring atomic shells at specific radial distances
from the absorbing atom (i.e., Co). In Figure 4b, the first two major peaks at ~1.9 Å and ~2.8 Å
are ascribable to the backscattering contributions from the nearest Co–O and Co–Co/Fe ligands,
respectively. Here, it is noteworthy that the second peak is ascribable to Co–Co/Fe coordination shell
of the edge-sharing polyhedra typically found in highly oxygen deficient perovskite oxides prepared
by flame spray synthesis (see Figure S2) [2,44,45]. Inconveniently, this Co–Co/Fe ligand distance of
edge-sharing polyhedra of PrBaCo2(1-x)Fe2xCo6-δ is in close vicinity to that of Co/Fe-oxy(hydroxide)
(refer to Supplementary Information S5 for detailed explanation). The next appearing peaks located at
~3.5 Å corresponds to Pr/Ba neighbors. All of the FT-EXAFS profiles of PBC, PBCF82, and PBCF55
show similar peak locations to one another, suggesting that a similar local structure is maintained upon
Fe incorporation. In Figure 4b, the first peak amplitude is observed to be decreased in the presence of
Fe; listed in the descending order of amplitude: PBC > PBCF82 > PBCF55. Given that the first peak
is ascribable to Co–O coordination shell, Co of the layered double perovskite seems to be bound to
less oxygen atoms at that radial distance in the presence of Fe. This is further verified by the best fit
of the Co–O peak of FT-EXAFS spectra of as-prepared catalysts, which shows the decrease in Co–O
coordination number with a higher amount of Fe-doping (refer to Figure S10). Together with the
comparison of XANES spectra, these findings lead to assert that more oxygen vacant sites are created
with a higher amount of Fe-doping, and therefore reduces Co oxidation state in PrBaCo2(1-x)Fe2xCo6-δ.
Moreover, the decrease of scattering intensities at farther radial distances observed in the FT-EXAFS
spectra of both PBCF82 and PBCF55 is rationalized by octahedral distortions induced by doping of
Fe (+3) into the B-site replacing Co (~+2.7) cations, which then weakens the backscattering from the
neighboring atoms [35,46–53].

Furthermore, Figure 4c,d display comparisons of normalized XANES and FT-EXAFS spectra,
respectively, of PBCF82 and PBCF55 recorded at the Fe K-edge. In Figure 4c, the edge energy positions
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of Fe K-edge XANES spectra of PBCF82 and PBCF55 indicates that their Fe oxidation states are similar
(between +3 and +4). More precisely, the Fe K-edge of PBCF55 is positioned at about ~0.1 eV lower
energy than PBCF82, but this insignificant difference would make the comparison trivial. Figure 4d
shows Fe K-edge FT-EXAFS spectra of both PBCF82 and PBCF55 with similar scattering patterns as
those of Co K-edge FT-EXAFS spectra. This confirms that Fe is indeed well integrated into the B-site of
perovskite structure.

Figure 4. Comparison of as-prepared PBC, PBCF82, and PBCF55 Co K-edge (a) X-ray absorption near
edge spectra (XANES) spectra; (b) Fourtier-transformed extended X-ray absorption fine structure
(FT-EXAFS) spectra; and Fe K-edge; (c) XANES spectra; and (d) FT-EXAFS spectra.

When a neutral oxygen vacancy is created during synthesis, the left behind electrons would
be distributed to either to Co and/or Fe, which would lower their oxidation states. However, the
electrons are not evenly distributed among them but rather more accepted by Fe [40,48]. Based on
above evidence, the addition of Fe seems to aid Co to be stable in a lower oxidation state by providing
charge stabilization through balancing oxygen non-stoichiometry, and therefore promotes formation of
oxygen vacancies. In the presence of higher oxygen vacancy concentration, the lattice oxygen within
the perovskite structure is more inclined to participate in the water oxidation reaction (i.e., LOER) and
develops the OER active oxy(hydroxide) layer at the surface [3,27].

Figure 5a shows a shift of the Co K-edge XANES spectra to higher energy positions of PBC,
PBCF82, and PBCF55 during the operando flow cell test, among which PBCF55 reveals the greatest
extent of energy shift of ~0.7 eV at the highest potential, while PBC and PBCF82 display ~0.3 eV of
edge shifts. Our previous studies showed that the positive Co K-edge shift during the OER process is
attributed to the construction of the OER active oxy(hydroxide) layer, since the Co oxidation state of
Co-oxy(hydroxide) layer is higher than those inherent in the perovskite oxide [2,27]. This also agrees
with other DFT based studies [46,47,51]. Therefore, revisiting Figure 3a, the high OER activity of
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PBCF55 can be explained by the large extent of increase in the Co oxidation state reading from the shift
of the Co K-edge position. At this point, we emphasize that the rate of dissolution (i.e., degradation) of
a perovskite oxide catalyst during the OER process is controlled by its kinetics; thereby, each catalyst
would reach its end-of-service life at a different rate. In this context, Figure 5b shows Co K-edge shifts
at each increasing applied potential with respect to the energy positions recorded at 1.2 VRHE during
the anodic polarization in flow cell test. In Figure 5b, Fe-doped PBCF82 and PBCF55 reveal rapid
positive Co K-edge shifts when polarized into the oxygen evolution regime (> 1.4 VRHE). The edge shift
translates proportionally to the increase of Co oxidation state. This sudden increase of Co oxidation
state when polarized above the OER onset signifies formation of the OER active oxy(hydroxide) layer,
which is potential-induced. Meanwhile, in the absence of Fe, PBC shows a consistent increase even
at potentials below the oxygen evolution regime, indicating that the oxidation of its Co species is
triggered by chemical dissolution [2].

Particularly, even though the extent of Co K-edge shift of PBCF82 is smaller than that of PBCF55,
PBCF82 demonstrated a similar OER activity as PBCF55. Nevertheless, PBCF82 showed a rapid yet
subtle increase of the Co oxidation state when polarized above the OER onset as similar to PBCF55
(Figure 5b). This may suggest the development of Co oxy(hydroxide) layer occurs but still less than
in the case of PBCF55. Based on these observations, PBCF82 and PBCF55 both show different Co
oxidation behaviors than compared to PBC, suggesting that the catalyst would undergo a modified
degradation pathway during the OER process upon Fe incorporation. Referring to the Tafel plot
(Figure 3a), the difference in their Tafel slopes, where lower Tafel slopes are observed upon Fe-doping,
may suggest that PBCF’s would undergo different mechanism during OER than the non-doped
PBC. Also referring to the stability test (Figure 3b), the inhibited degradation mechanism upon
Fe incorporation is further supported by the improved current stabilities of PBCF82 and PBCF55.
Although thermodynamics anticipate the dissolution of PrBaCo2(1-x)Fe2xCo6-δ, it is intriguing to
observe an enhanced ability to retain the initial current density upon Fe-doping, where PBCF55
demonstrated the highest retention of current density over the course of 500 cycles. The above
findings point out that Fe plays an important role in improving the stability owing to the retardation of
degradation mechanism, where the potential-induced increase of Co oxidation state is more attributable
to the development of Co-oxy(hydroxide) species. However, this does not mean that deterioration of
the perovskite structure is completely avoided as the decreasing trend of current densities are observed
during the stability test. In brief, while the rate of chemical dissolution is lagged upon the addition of
Fe, the layered double perovskite can be sustained as a substrate for the development of OER active
oxy(hydroxide) species.

Despite the clear indications as to which the construction of Co-oxy(hydroxide) is displayed
by positive edge shifts in their Co K-edge XANES spectra, this development—along with other
concurrent local structural changes—are not clearly manifested in the comparison of FT-EXAFS spectra
collected at potentials below and above the OER onset (1.2 and 1.54 VRHE, respectively) (Figure S6a–c).
Here, it is important to recapitulate the coinciding Co–Co radial distances between the edge-sharing
polyhedra of PrBaCo2(1-x)Fe2xCo6-δ and that of the Co-oxy(hydroxide) layer, both of which are at the
proximity of ~2.8 Å from their primary Co atoms. In this respect, the FT-EXAFS profiles with these
concurring signals would confound the precise interpretation of local structural changes. Considering
these challenges, only the first peak is fitted in order to verify the changes in the Co–O coordination
during the OER process (summarized in Table S3 and Figure S10). The best fits show increased Co–O
coordination numbers for all catalysts at the highest anodic potential (1.54 VRHE) and therefore further
consolidates the increase of Co oxidation states during the OER process.

While the increase of Co oxidation states is evident, Fe K-edge XANES spectra collected during
the operando measurement (Figure 5c) reveal insignificant edge shifts (~0.1 eV) throughout the course
of anodic polarization. The Fe in both PBCF82 and PBCF55 are in a higher oxidation state (between
+3 and +4) than Co (< +2.7), which allows Co to be in a more reduced state and thereby being more
flexible in accommodating charge transfers [48]; this justifies the insignificant shift in the Fe K-edge.
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In this context, the formation of the active oxy(hydroxide) layer would therefore be accommodated
more by Co polyhedra, and thereby less changes would be manifested in their Fe K-edge FT-EXAFS
profiles (Figure S6).

 
Figure 5. (a) comparison of Co K-edge XANES spectra of PBC, PBCF82, and PBCF55 recorded at 1.2
and 1.54 VRHE; and (b) Co K-edge energy shift measured with respect to the edge position at 1.2 VRHE

at each potential during operando flow cell tests; (c) comparison of Fe K-edge XANES spectra of
PBCF82 and PBCF55 recorded at 1.2 and 1.54 VRHE.
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In light of our findings, the Fe incorporation into the layered double perovskite catalyst leads
to stabilizing Co in a lower oxidation state by providing a better charge distribution and promoting
the formation of oxygen vacancies. Consequently, the degradation mechanism is inhibited such that
the oxidation of Co is more induced by the increase of potential while its chemical dissolution is
decelerated yet still unavoidable. The potential-induced Co oxidation behavior upon Fe-doping is
indicative of the development of the OER active Co-oxy(hydroxide) surface layer. Despite these
enhancements, no significant electronic and structural changes were detected with respect to Fe.
Overall, the addition of Fe seems to enable the layered double perovskite catalyst to improve its
structural integrity (similar as previously observed for NixFe1-xO2) [37] as a more suitable substrate
for the construction of oxy(hydroxide) layer leading to enhanced OER activity and stability.

3. Materials and Methods

3.1. Material Synthesis

The flame spray synthesis setup is described by Heel et al [54]. For the preparation of the
PrBaCo2O5+x (PBC) and PrBaCo2-yFeyO5+x (y = 0.4 and 1.0) precursor solutions, stoichiometric
amounts of praseodymium oxide (Pr6O11, 99.9%, Auer Remy, Hamburg, Germany), barium carbonate
(BaCO3, ≥99%, Sigma-Aldrich, Darmstadt, Germany), cobalt nitrate hexahydrate (Co(NO3)2·6H2O,
99.9%, Sigma-Aldrich, Darmstadt, Germany) and iron nitrate nonahydrate (Fe(NO3)3·9H2O, ≥98%,
Sigma-Aldrich, Darmstadt, Germany) were dissolved in a mixture of solvents composed by
N,N-Dimethylformamide (DMF, ≥99.8%, Roth, Frankfurt, Germany), acetic acid (HAc, ≥99.0%,
Sigma-Aldrich, Darmstadt, Germany), nitric acid (HNO3, 70%, Sigma-Aldrich, Darmstadt, Germany)
and water in 45:25:5:25 volume ratio, respectively. Firstly, the Pr6O11 was dissolved in the mixture
of water and nitric acid at 80 ◦C; when a clear green solution was obtained, the BaCO3 was added
and then, when no more CO2 bubbles were observed, the Co and Fe (only for PBCF solutions) metal
precursors. When all dissolved, the HAc and the DMF were added, obtaining a final total metal
concentration of 0.1 M. The precursor solutions were pumped into the flame by using a three piston
pump (C-601, Büchi, Flawil, Switzerland) with a flow controller (C-610, Büchi, Flawil, Switzerland),
using a constant flow free of pulsations of 20 mL min−1. Pure oxygen (99.95%, Carbagas, Bern,
Switzerland) was used as dispersion gas with a flow rate of 35 L min−1. The combustion gas was
formed by acetylene (99.6%, Carbagas, Bern, Switzerland), with a flow rate of 13 L min−1, and pure
oxygen (17 L min−1). Finally, the powders were collected in a baghouse filter on four ashless paper
filters (Whatman, Buckinghamshire, UK).

3.2. Material Characterizations

Phase characterization of prepared materials was performed using powder X-ray diffraction
(XRD, Bruker (Billerica, MA, USA) D8 system in Bragg–Brentano geometry, Cu K-α radiation
(λ = 0.15418 nm)). Specific surface area was calculated by Brunauer–Emmett–Teller (BET) analysis
of N2 adsorption/desorption isotherms (AUROSORB-1, Quantachrome, Boynton Beach, FL, USA).
Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX) (TECNAI
F30 operated at 300 kV) were used to study the surface morphology and composition of the
prepared materials.

For ex situ and operando X-ray absorption spectroscopy (XAS) measurements, catalyst powders
were dispersed in a mixture of isopropanol and Milli-Q water in the equal ratio sonicated for 30 min.
The ink was then spray coated on Kapton film. XAS spectra at the Co K-edge and Fe K-edge were
recorded at the SuperXAS beamline of the Swiss Light Source (PSI, Villigen, Switzerland). The incident
photon beam provided by a 2.9 T superbend magnet source was collimated by a Si-coated mirror at
2.5 mRad (which also served to reject higher harmonics) and subsequently monochromatized by a Si
(111) channel-cut monochromator. A Rh-coated toroidal mirror at 2.5 mRad was used to focus the X-ray
beam to a spot size of 1 mm by 0.2 mm maximal on the sample position. The SuperXAS beamline [55]
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allowed for the rapid collection of 120 spectra during a measurement time of 60 sec (QEXAFS mode),
which were then averaged. The spectra of samples were collected in transmission mode using N2

filled ionization chambers, where a Co foil (of Fe foil) was placed between the second and third
ionization chamber as a reference to calibrate and align collected spectra. Extended X-ray absorption
fine structure (EXAFS) spectra were analyzed using the Demeter software package (0.9.26, Bruce Ravel,
Washington D.C., USA) [56], which included background subtraction, energy calibration (based on the
simultaneously measured Co reference foil) and edge step normalization. The resulting spectra were
converted to the photoelectron wave vector k (in units Å−1) by assigning the photoelectron energy
origin, E0, corresponding to k = 0, to the first inflection point of the absorption edge. The resulting
χ(k) functions were weighted with k3 to compensate for the dampening of the EXAFS amplitude.
These χ(k) functions were Fourier transformed over 3–12 Å−1 and plotted. The scattering paths used
for the EXAFS fittings of all catalysts were generated from the structure of CoOOH [57] for the first
Co–O coordination shell using the FEFF6.2 library. Refer to Supplementary Information S6 for detailed
description of FT-EXAFS fittings.

3.3. Electrochemical Characterization

The electrochemical activities of the prepared catalysts were evaluated in a standard
three-electrode electrochemical cell with the thin-film rotating disk electrode (RDE) [58]. The setup
for OER and cyclic voltammetry (CV) consists of a potentiostat (Biologic VMP-300, Cary, NC, USA)
and a rotation speed controlled motor (Pine Instrument Co., AFMSRCE, Grove City, PA, USA). All the
electrochemical measurements were performed at standard room temperature using a reversible
hydrogen electrode (RHE) as the reference electrode in 0.1 M KOH. A gold mesh was used as the
counter electrode. A Teflon cell was used to contain the electrolyte with the electrodes immersed
under potential control. A porous thin film electrode was prepared by drop-casting a catalyst ink on a
polished glassy carbon electrode (5 mm OD/0.196 cm2) [58]. The catalyst ink was prepared from a
catalyst suspension made from sonicating (Bandelin, RM 16 UH, 300 Weff, 40 kHz, Berlin, Germany)
10 mg of catalyst in a solution mixture of 4 mL isopropyl alcohol (Sigma-Aldrich, 99.999%, Darmstadt,
Germany) and 1 mL of Milli-Q water (ELGA, PURELAB Chorus, High Wycombe, UK), and 20 μL
of Na+-exchanged Nafion [4]. The 0.1 M KOH electrolyte was prepared by dissolving KOH pellets
(Sigma-Aldrich, 99.99%, Darmstadt, Germany) in Milli-Q water.

First, 25 reverse potentiostatic sweeps of CV were conducted in synthetic air-saturated electrolyte
from 1.0 to 1.7 VRHE at a scan rate of 10 mV s−1. Then, chronoamperometric measurements were
carried out holding each potential step for 30 seconds to obtain steady-state currents at each potential
from 1.2 to 1.7 VRHE while rotating the working electrode at 900 rpm. The potential stability of catalyst
materials was conducted using the same setup, by stepping potential between 1.0 and 1.6 VRHE

500 times holding 10 seconds at each potential to collect currents at steady-state. Five cycles of CV and
electrochemical impedance spectroscopy (EIS) were carried out after every 100 cycles. All measured
currents were normalized by the mass of catalyst loading, and potentials were corrected for the ohmic
drop obtained from EIS.

3.4. Operando Flow Cell Study

The homemade operando XAS electrochemical flow cell used in this study was extensively
described previously [59]. As explained in Section 3.2, electrode materials were spray coated at the
center of Kapton films. Black pearl-2000 (Cabot Corp., Boston, MA, USA) was used as the counter
electrode material. A silver chloride electrode (Ag+/AgCl) (Hugo Sachs Elektronik, March, Germany)
was used as the reference electrode. During electrochemical testing, the electrolyte was drawn into the
cell and collected in a syringe at the flow rate of 0.1 mL min−1. The chronoamperometry measurement
was carried out holding for 120 sec at each anodic potential step from 1.2 VRHE to 1.54 VRHE, and again
during the reverse sequence back to 1.2 VRHE. At each potential step, both transmission XAS spectra at
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the Co and Fe K-edges were collected simultaneously for 60 seconds. The energy position of Co and Fe
K-edge were read with respect to the half of the edge-step.

3.5. Density-Functional Theory—Pourbaix Diagrams

Density-functional theory (DFT) calculations are used to help understand the experimental
data. In the first set of calculations, the stability of the perovskites in an aqueous environment was
investigated by means of Pourbaix diagrams. This method has been previously used to investigate the
stability of Ru-based perovskites in water as a descriptor for the stability in water to identify novel
light harvesting materials [60]. Pourbaix diagrams show the phase diagram of solid and dissolved
species as a function of pH and applied potential (VSHE). DFT provides the total energies for the
solid bulk for the perovskites and the other solid competing phases as described in the Materials
Project database [61]. Experiments provide the dissolution energies for the dissolved species [62,63].
This method is implemented in the Atomic Simulation Environment (ASE) package [64], and more
details about the methodology can be found in the literature [65,66]. All the bulk structures have been
fully relaxed using the Quantum ESPRESSO code [67], PBEsol as exchange-correlation functional [68]
and the pseudopotentials from the Standard Solid State Pseudopotential library (SSSP accuracy) [69].
We used Hubbard U+ correction of 4 eV and applied to Co, Fe, and Pr elements.

4. Conclusions

In here, a systematic study is conducted to assess the role of Fe in the highly OER active layered
double perovskite catalyst, PrBaCo2(1-x)Fe2xCo6-δ, by comparing different compositions of Fe: PBC
(x = 0), PBCF82 (x = 0.2), and PBCF55 (x = 0.5). These layered double perovskite catalysts are prepared
via flame spray synthesis, where Fe is indeed incorporated into the B-site as verified by XRD and
FT-EXAFS profiles. In comparison to PBC, Fe-doped PBCF82 and PBCF55 revealed enhanced OER
activities and improved current stabilities as to better retain the initial current density. In the basis of
our findings, such enhanced electrocatalytic performance is attributed to the addition of Fe, which
provides charge stability as to compensate for the oxygen non-stoichiometry and allows Co to be
in a lower oxidation state. This leads to alteration in the oxidation behavior of the layered double
perovskite catalyst upon anodic polarization so that its Co oxidation is predominantly provoked by
the increase of applied potential. In addition, the potential-induced Co oxidation upon Fe-doping is
attributed to the formation of OER active oxy(hydroxide) layer at the surface. This also implies that the
perovskite structure is prolonged under the OER conditions so that it serves as a substrate longer for
the construction of oxy(hydroxide) layer at the surface. It should be noted that, even in the presence of
Fe, the catalyst is not exempted from the inevitable cation dissolution under the OER conditions as
governed by its thermodynamic nature. All of these effects lead to highlighting the constructive role of
Fe in the layered double perovskite as an OER catalyst, which is evident from lower Tafel slopes and
enhanced current density stabilities of PBCF82 and PBCF55. Particularly, PBCF55—with the highest Fe
composition—demonstrated the greatest enhancement in both activity and stability as OER catalyst.

In summary, these results lead to concluding that a layered double perovskite catalyst is
intrinsically modified upon Fe-doping so that it becomes more resilient to the cation dissolution,
and thereby better supports the development of an oxy(hydroxide) surface layer. Such changes
contribute to enhancements in the activity towards oxygen evolution reaction. As conventionally
seen from many transition metal oxide catalysts, such electrocatalytic performance enhancements
are attributed to the synergy between Fe and Co. In this regard, it should be emphasized that the
incorporation of Fe would modify the degradation mechanism of the host transition metal. Thus,
it should be generalized that the electrocatalytic performance of a doped-metal oxide would rely on
the interaction between the host transition metal and the dopant metal. These findings present a
systematic study method to engineer and design an ideal perovskite oxide as OER catalyst.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/3/263/s1,
Figure S1: The initial cyclic voltammetry scanned at 10 mV sec−1 from 1.0 to 1.7 VRHE, and the series of
chronoamperometry measurements recording steady-state current at each step of potential: (a–b) PBC; (c–d)
PBCF82; and (e–f) PBCF55; Figure S2: Density-functional theory (DFT) calculated Pourbaix diagrams of (a)
PrBaCo2O6-δ and (b) PrBaCo2(1-x)Fe2xO6-δ (i.e., PBCF82 and PBCF55). Red lines mark the ranges of the working
potential (on standard hydrogen electrode (SHE) potential scale) for the oxygen evolution reaction (OER) in at
pH 13 used during the operando XAS study; Figure S3: Comparison of XANES spectra of PBC prepared via
sol-gel (SG) method (black) and PBC (red), PBCF82 (blue), and PBCF55 (green) prepared via flame spray synthesis;
Figure S4: Illustration of Co–Co distances in (a) Co octahedra, surrounded by six oxygen atoms in an octahedral
structure sharing a single oxygen corner in a typical stoichiometric perovskite (ABO3/A’A”B’B”O6); and (b)
B-site cation surrounded by less oxygen than stoichiometry (ABO3-δ/A’A”B’B”O6-δ); therefore, the network of
polyhedra would stabilize by pivoting to share two oxygen atoms; Figure S5: Comparison of Fourier transformed
(FT) k3-weighted EXAFS profiles at Co K-edge of γ-Co-O(OH) [3] with as-prepared layered double perovskite
catalysts: PBC (black), PBCF82 (red), and PBCF55 (blue); Figure S6: Comparison of FT Co K-edge EXAFS spectra
collected at 1.20 and 1.54 VRHE during the operando XAS measurements of (a) PBC, (b) PBCF82, and (c) PBCF55.
Simultaneously collected Fe K-edge EXAFS spectra of (d) PBCF82 and (e) PBCF55; Figure S7: Fourier transformed
k3-weighted Co K-edge EXAFS spectra of PBC (a) as-prepared, (b) at 1.2 VRHE anodic, and (c) 1.54 VRHE anodic.
Black line is the FT-EXAFS spectrum, red line is the fitted spectrum, and blue is the window of the fitting; Figure S8:
Fourier transformed k3-weighted Co K-edge EXAFS spectra of PBCF82 (a) as-prepared, (b) at 1.2 VRHE anodic, and
(c) 1.54 VRHE anodic. Black line is the FT-EXAFS spectrum, red line is the fitted spectrum, and blue is the window
of the fitting; Figure S9: Fourier transformed k3-weighted Co K-edge EXAFS spectra of PBCF55 (a) as-prepared, (b)
at 1.2 VRHE anodic, and (c) 1.54 VRHE anodic. Black line is the FT-EXAFS spectrum, red line is the fitted spectrum,
and blue is the window of the fitting; Figure S10: Comparison of coordination number (NCo–O) of the first peak of
FT-EXAFS spectra of PBC (black), PBCF82 (red), and PBCF55 (blue). Filled markers and empty markers represent
NCo–O of the as-prepared catalysts and at 1.54 VRHE during the anodic polarization, respectively; Table S1:
Summary of Brunauer–Emmet–Teller (BET) surface areas of the prepared layered double perovskite catalysts;
Table S2: Lattice parameters of PBC, PBCF82, and PBCF55 calculated from Rietveld refinement of their X-ray
diffractions. With the estimated lattice parameter, the Co–Co distance of edge-sharing polyhedron is calculated;
Table S3: Summary of best fit parameters of the FT k3-weighted Co K-edge EXAFS spectra of as-prepared and at
1.20 and 1.54 VRHE during the anodic polarization of (a) PBC, (b) PBCF82, and (c) PBC55.
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Abstract: Owing to the outstanding catalytic performance for higher alcohol synthesis, Ga-Co
catalysts have attracted much attention. In view of their unsatisfactory stability and alcohol selectivity,
herein, K-modulated Co nanoparticles trapped in La-Ga-O catalysts were prepared by the reduction
of La1−xKxCo0.65Ga0.35O3 perovskite precursor. Benefiting from the atomic dispersion of all the
elements in the precursor, during the reduction of La1−xKxCo0.65Ga0.35O3, Co nanoparticles could
be confined into the K-modified La-Ga-O composite oxides, and the confinement of La-Ga-O could
improve the anti-sintering performance of Co nanoparticles. In addition, the addition of K modulated
parts of La-Ga-O into La2O3, which ameliorated the anti-carbon deposition performance. Finally,
the addition of K increased the dispersion of cobalt and provided more electron donors to metallic
Co, resulting in a high activity and superior selectivity to higher alcohols. Benefiting from the above
characteristics, the catalyst possesses excellent activity, good selectivity, and superior stability.

Keywords: perovskite-type oxide (PTO); cobalt; gallium; potassium; higher alcohols; syngas

1. Introduction

Due to their sufficient combustion and release of less harmful substances during combustion,
higher alcohols with 2–6 carbon atoms are regarded as a kind of clean energy [1]. In addition, due
to the high octane number, higher alcohols can also be used as a high-quality fuel additive. After
separation, a series of basic chemicals with very high economic value, such as ethanol, propanol, and
butanol, can be obtained [2–4]. Currently, ethanol is mainly produced by fermentation and ethylene
hydration, while other alcohols are refined from petroleum. Obviously, in the long run, the above
synthesis routes for higher alcohol would be restricted by increasingly depleted petroleum and food [5].
Recently, the synthesis of higher alcohols from syngas has attracted much attention, while this process
is usually restricted by the low selectivity to higher alcohols and the poor stability of the catalyst.

Nowadays, four kinds of catalysts for higher alcohol synthesis (HAS) from syngas have been
reported. Among them, the Rh-based catalysts show good activity and superior selectivity to ethanol,
while the high price of Rh limits its industrial applications [6,7]. The harsh reaction conditions usually
restrict large-scale applications for Mo-based catalysts [8,9]. For modified methanol synthesis catalysts,
the main product is still methanol [10,11]. Fortunately, modified Fischer–Tropsch catalysts, mainly
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the modified Co and modified Fe catalysts, exhibit good activity and high selectivity for HAS at
milder reaction conditions. However, the modified Fe catalysts are more beneficial to the water
gas shift reaction (WGSR), generating lots of CO2; and the typical Cu modified Co catalysts usually
show poor stability because of the phase separation of cobalt and copper [12–14]. Therefore, it has
become an important issue for researchers to explore new catalysts for HAS from syngas with better
catalytic performance.

Recently, Ga-modified Co catalysts were reported and showed excellent catalytic performance for
higher alcohol synthesis [15–17]. He et al. prepared a series of Co-Ga catalysts by using Co-Ga-LDHs
(layered double hydroxides) and found that Ga was beneficial to the non-dissociative adsorption
of CO [15,16]. Gao et al. reported that gallium oxide can reduce the reduction degree of CoO and
generate some Co2+ in the reduced catalysts, which act as non-dissociative CO adsorption sites for
HAS, resulting in the high selectivity to alcohols for the Ga-Co/AC catalyst [17]. While the stability of
Co-Ga catalysts should be further improved.

Here, considering the good activity and high selectivity on Co-Ga catalysts, K doped Co-Ga
catalysts are explored by the reduction of La1−xKxCo0.65Ga0.35O3. The results show that the addition
of K modulates the composition of La-Ga-O, enhances the dispersion of Co, and adjusts the electronic
structure of Co, and as a result the catalysts possess excellent catalytic performance. Typically,
an outstanding selectivity of 43.6% to the higher alcohols, and a stable catalytic performance during
the 200 h reaction can be obtained.

2. Results and Discussion

2.1. X-ray Powder Diffraction (XRPD)

The X-ray powder diffraction (XRPD) patterns of the three catalysts for LCG (LaCo0.65Ga0.35O3)
and LKCG-x (La1−xKxCo0.65Ga0.35O3, x = 0.1 and 0.2, where x is the K content in perovskite) (see
3.2 catalysis synthesis) are shown in Figure 1a. The diffraction peaks at 2θ = 23.2, 33.3, 40.6, 47.4 and
58.8◦ are attributed to the characteristic diffraction peaks of perovskite-type oxide (PTO). For LKCG-0.1
catalyst, with the addition of K ions into LCG, the perovskite diffraction peaks move to lower 2θ
values (seen from the illustration of Figure 1a), for that the ion radius of K+ (0.155 nm) is larger than
that of La3+ (0.136 nm) [18]. The existence of perovskite structure after calcination is beneficial to the
interaction and the even dispersion of all the elements.

For the LKCG-0.2, a new Co3O4 diffraction peak in Figure 1a can be seen. Since the amount of
K entering the perovskite is limited, when the K doping amount is more than 0.1, part of potassium
cannot incorporate into the perovskite structure and cover the surface of the catalyst in the form of
oxide [18]. The presence of K2O disrupted the dispersion of elements in the catalyst precursor, resulting
in the formation of Co3O4. It is worth noting that a part of LaCoyGa1−yO3 and La1−zKzCo1−mGamO3

should also exist accompanied by the formation of Co3O4.
Meanwhile, Ga-containing oxides among the three samples cannot be detected, indicating that

Ga entered into the structure of perovskite. The uniformly dispersed Co and Ga ions in the LKCG-0.1
catalyst are advantageous for the synergism between them, favoring the catalytic performance.

The XRPD profiles of three catalysts reduced at 750 ◦C (see 3.4 Catalysts’ Performance) are
presented in Figure 1b. As for LCG, the perovskite structure disappears and transfers to Co and
La4Ga2O9. As for the reduction of LKCG-0.1, phases of La2O3, Co, LaGaO3, and a small amount of
La4Ga2O9 can be observed. The existence of the characteristic diffraction peak of LaGaO3 and La2O3

indicated that the adding of K weakened the interaction between lanthanum and gallium. In other
words, the addition of K in the perovskite modulated the composition of La-Ga-O, resulting in the
change of La-Ga-O from La4Ga2O9 to LaGaO3 and La2O3.

Based on the above discussion in Figure 1a, parts of K cannot be doped into perovskite,
resulting co-exist of LaCoyGa1−yO3 and La1−zKzCo1−mGamO3 in LKCG-0.2. During reduction,
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La1−zKzCo1−mGamO3 would be reduced into LaGaO3 while LaCoyGa1−yO3 to La4Ga2O9, as a result,
the LKCG-0.2 are reduced to Co/LaGaO3-La4Ga2O9, as can be seen in Figure 1b.

 

 

 
Figure 1. X-ray powder diffraction (XRPD) patterns of catalysts after (a) calcination, (b) reduction and
(c) reaction.
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Figure 1c shows the XRPD profiles of the three catalysts after reaction and LKCG-0.1 after 200 h
reaction. After reaction, part of La2O3 transferred to LaCO3OH and La2O2CO3, for that La2O3 and
CO2 can react to generate La2O2CO3, and the further reaction between La2O2CO3, H2O and CO2 can
generate LaCO3OH [19,20]. Since XRPD in this work was carried out ex situ, the catalysts containing
La2O2CO3 could readily absorb H2O and CO2 in air, and then LaCO3OH formed. The co-existence
of La2O3 and La2O2CO3 in the catalysts after reaction illustrated the feasibility of reaction of CO2 +

La2O3 → La2O2CO3
C→ 2CO + La2O3, which can help the catalysts eliminate carbon.

For the LCG catalyst after reaction, it should be noted that the catalyst was still Co/La4Ga2O9,
which is the same as that after reduction. La2O2CO3 and La2O3 cannot be detected, indicating the
above reaction of eliminating carbon deposition may be hard to occur due to a strong interaction
existing between lanthanum and gallium.

It should be noted that no Co2C was observed in all the used samples, suggesting that the
existence of gallium can prevent the formation of Co2C and stabilize the catalyst composition in the
process of reaction. This is in accordance with the literature, which illustrated that the existence of
gallium could improve the catalyst’s stability [21].

2.2. Temperature-Programmed Reduction (TPR)

Figure 2 and Table 1 illustrates the temperature-programmed reduction (TPR) and the hydrogen
consumptions values of LCG and LKCG-x (x = 0.1 and 0.2) catalysts. Seen from the Figure 2, all the
three catalysts contain two major hydrogen-consuming peaks, one at 400–500 ◦C and the other at
600–800 ◦C. According to the literature, the H2-consuming peak of LaCoO3 at 500 ◦C can be attributed
to Co3+ → Co2+, while that above 500 ◦C to Co2+ → Co0 [22–25]. Herein, seen from Table 1, the area
ratio of the low temperature peak to the high temperature peak (TL/TH) is 1/2. Therefore, we believe
that the peak of 400–500 ◦C in all the three catalysts is classified to Co3+ → Co2+, and the peak of
600–800 ◦C can be assigned to Co2+ → Co0. At the same time, the similar theoretical and experimental
H2-consumption also confirmed the attribution of the above reduction peak.

 
Figure 2. The temperature-programmed reduction (TPR) curves of catalysts after calcination.

Compared to the TPR results of LaCoO3 in the literature, the H2-consuming peak of Co2+ → Co0

migrates to higher temperatures in the LCG catalyst, suggesting that the existence of Ga in LaCoO3

will restrain the conversion of Co2+ to Co0 and a strong effect between Co and Ga exists for LCG [16].
Seen from Figure 2, with the addition of K ions in LCG, the H2-consuming peaks at around 750

◦C moved to lower temperature, illustrating the addition of K promotes the reduction of Co2+ →
Co0. While for LKCG-0.2, a shoulder peak around 620 ◦C appeared. According to XRPD, the catalyst
contains Co3O4. Therefore, this small shoulder can be attributed to the reduction of Co2+ → Co0 in
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Co3O4. The presence of the small shoulder also confirms the XRPD results. For the other samples,
no shoulders can be observed, which indicates that all the Co ions have entered into the crystal lattice
of the perovskite.

Table 1. Theoretical and experimental H2 consumption value of the LKCG-x (x = 0.1 and 0.2) and
LCG catalysts.

Catalysts
Experimental Measure a,b Theoretical Measure

TL TH Co3+ → Co2+ Co2+ → Co

LCG 0.064 0.132 0.065 0.130
LKCG-0.1 0.067 0.133 0.068 0.135
LKCG-0.2 0.069 0.136 0.070 0.140

a Calculated from the TPR results. b The unit of H2 consumption value is mmol H2/50 mg. TL and TH represent
low and high temperature, respectively.

2.3. N2 Adsorption and Desorption Curves

Figure 3 and Table 2 show the N2 physical adsorption curves and the physical properties of the
investigated catalysts. Seen from the Figure 3, the curves are typical type II isotherms accompanying
with a H3 type hysteresis loop, which indicates that mesoporous exits in the catalysts. The presence of
mesoporous can also be seen from the pore size distribution curves.

 
Figure 3. (a) The N2 physical adsorption curves and (b) Barrett–Joyner–Halenda (BJH) pore size
distribution of catalysts.

Table 2. The physical properties of all the investigated catalysts.

Catalysts
SBET

(m2 g−1)
Pore Size

(nm)

VBJH

(cm3 g−1)

Crystal Size (nm) a

D Co (%) e d Co (nm) f

PTO Co b

LCG 8.6 14.9 0.03 17.4 15.9 7.3 b (6.1) c 13.2 b (15.7) c

LKCG-0.1 11.7 12.6 0.04 16.2 8.3 13.7 b (11.4) c (9.9) d 7.0 b (8.4) c (9.7) d

LKCG-0.2 15.0 9.8 0.04 13.4 7.4 15.5 b (12.6) c 6.2 b (7.6) c

a Calculated from X-ray diffraction results with the Scherrer equation. b The reduced catalysts. c The catalysts
after reaction. d The 200 h stability test. e The degree of dispersion. f The crystal size calculated by hydrogen
temperature-programmed desorption (H2-TPD).

For LKCG-x (x = 0.1 and 0.2) catalysts, with the addition of K, the hysteresis loop increases and
moves to lower P/P0, illustrating the investigated catalysts have bigger BET surface area. The larger
surface area results in the higher dispersion of metal cobalt nanoparticles (see in Table 2).
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2.4. X-ray Photoelectron Spectroscopy (XPS)

Figure 4 and Table 3 summarized the binding energies (BEs) and the X-ray photoelectron
spectroscopy (XPS) profiles of La 3d, Co 2p, and Ga 3d for the reduced LCG and LKCG-0.1 catalysts.
All XPS profiles showed almost similar peak patterns except the different value of binding energies
of each element. The binding energy of Co in the both samples is similar to that of metal cobalt,
illustrating that Co exists in the form of Co0 in the catalyst, which is the same as the XRPD results.

 
Figure 4. X-ray photoelectron spectroscopy (XPS) profiles of La 3d, Co 2p and Ga 3d of the reduced
(a) LCG and (b) LKCG-0.1.

Table 3. The binding energies of the reduced LCG and LKCG-0.1 catalysts.

Catalysts La 3d5/2 Co 2p3/2 Ga 3d5/2

LCG 835.2 838.6 778.3 17.6 19.7
LKCG-0.1 834.9 838.4 778.1 17.7 19.8

According to the reported literature, the binding energies of La 3d5/2 are 834.4 and 837.8 eV for
pure La2O3, 834.7 eV and 838.1 eV for LaGaO3 [26–28]. Herein, the binding energies of La 3d5/2 for
LCG are 835.2 eV and 838.6 eV, which is larger than that of pure La2O3 and LaGaO3. The binding
energies of Ga 3d5/2 are 17.6 and 19.7 eV, which is also a little larger than that of LaGaO3 at 17.4
and 19.4 eV [28]. The binding energies of Co 2p3/2 is 778.3 eV, which is less than 778.5 eV for metal
cobalt [29]. The higher binding energies of La 3d5/2 and Ga 3d5/2, and the lower binding energies of
Co 2p3/2 illustrate that an interaction among La, Ga, and Co existed. At the same time, La and Ga
could donate elector to Co.

Compared to the reduced LCG catalyst, it was found that the binding energy of La in LKCG-0.1
decreased, suggesting that the doping of K modulated the interaction between La and Ga, which
agrees with the above XRPD results. In addition, the binding energy of Co is lower, which means that
the K could donate electron to Co. The enhanced electron for Co is beneficial for the selectivity to
higher alcohols.

2.5. Transmission Electron Microscopy (TEM)

Figure 5a–h shows the transmission electron microscopy (TEM) images, the line scans profiles,
the energy dispersive spectrometer (EDS) mapping scans image, and the elements distribution of
the reduced LKCG-0.1 catalyst. In Figure 5a, 5–11 nm Co nanoparticles are uniform dispersed in the
reduced LKCG-0.1 catalyst even after 750 ◦C high temperature reduction. In Figure 5b, the lattice
spacing of [112] and [011] planes for La2O3, [200] and [111] planes for metal Co, [220] planes for
La4Ga2O9 and LaGaO3 can be clearly seen. That is to say, the composition of the reduced LKCG-0.1
catalyst is Co/La2O3-La4Ga2O9-LaGaO3, which is consistent with the XRPD. In addition, as seen from
Figure 5b, the metal cobalt nanoparticles are encircled and located between La-Ga-O oxides. And this
confinement effect result in the highly dispersion of Co nanoparticles in Figure 5a.
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Figure 5. Transmission electron microscopy (TEM) images (a–c), line scanning profiles, energy
dispersive spectrometer (EDS) mapping image (d), and the elements distribution of La (e), K (f),
Co (g), and Ga (h) for the reduced LKCG-0.1.

Figure 5c–h exhibits the line scans profiles and the corresponding element distribution of the
reduced LKCG-0.1 catalyst. The red lines represent the scanning routes in Figure 5c. Seen from
the illustration in Figure 5c, the La and Ga have the same change trend, indicating the formation of
La-Ga-O. In addition, there is no La and Ga where Co appears, illustrating metal cobalt nanoparticles
are highly dispersed and located between the La-Ga-O oxides, which is in accordance with the XRPD
and Figure 5b.

Figure 6a–h displays the TEM images, the line scanning profiles, the EDS mapping image, and
the corresponding elements distribution of LKCG-0.1 after 200 h stability tests. As can be seen from
Figure 6a, Co is still located between La-Ga-O oxide and the average crystal size of the Co nanoparticles
is 9.5 nm, indicating that the sintering of the catalyst is not obvious, which is consistent with the
results in Table 2. Seen from the Figure 6b, the lattice spacing of 0.205 and 0.177 nm are assigned to
parameters of the [111] and [200] planes of Co; the lattice spacing of 0.228 nm, 0.276 nm, 0.306 nm and
0.294 nm corresponds to the [012], [200], [023], and [103] planes for La2O3, LaGaO3, La4Ga2O9 and
La2O2CO3, respectively. That is to say, the component of the LKCG-0.1 catalyst after 200 h reaction is
Co/La2O3-La4Ga2O9-LaGaO3-La2O2CO3, which is in accordance with the XRPD results.

2.6. CO Hydrogenation Performance

Table 4 lists the catalytic performance of all the investigated catalysts. The carbon monoxide
hydrogenation performance of the different molar ratio of Co/Ga for LaCoyGa1−yO3 catalyst were
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explored in our lab, and the results revealed the optimum molar ratio is 0.65/0.35 [30]. Therefore,
the molar ratio of Co/Ga of all the investigated samples was fixed at 0.65/0.35.

Figure 6. TEM images (a–c), line scanning profiles, EDS mapping image (d), and the elements
distribution of La (e), K (f), Co (g), and Ga (h) for LKCG-0.1 after 200 h stability tests.

Table 4. CO hydrogenation performance of the investigated catalysts.

Catalysts
Xco

a

(%)
Sco2

b

(%)

SROH
c

(%)

Selectivity to Hydrocarbon (%) Distribution of Alcohols (%)

C1 C2 C3 C4+ C1 C2 C3 C4+

LCG 4.1 1.6 27.2 45.1 10.5 10.8 4.9 36.3 45.2 1.6 16.9
LKCG-0.1 13.2 5.8 43.6 24.7 9.2 11.9 4.8 30.9 58.1 3.2 7.8
LKCG-0.2 11.7 6.6 40.0 26.3 11.5 11.7 3.9 27.8 59.1 3.9 9.2

Reaction conditions: P = 4 MPa, H2/CO/N2 = 8/4/1, T = 290 ◦C, GHSV = 6000 mL gcat
−1·h−1. a Xco is CO

conversion. b Sco2 is the selectivity to CO2. c SROH is the selectivity to the total alcohols. i in Ci is number of
carbon atoms for the carbon-contained products. C4+ represents the carbon-contained products with 4 or more
carbon atoms.

As for LCG, seen from the above TEM and XRPD results, the composition after reduction is the
same with that after reaction, and all are Co/La4Ga2O9. In addition, the smaller BET surface area
for LCG makes the Co nanoparticle severely sintered and unevenly dispersed (see in Table 2), thus
resulting in a poor activity. At the same time, the larger Co particle sizes and the strong effects between
Ga and La in the catalyst are also detrimental to the generation of the Co-Ga interfaces. The interfaces
of Co and Ga were usually considered to be the active sites for HAS [16], while metal cobalt was the
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active sites of hydrocarbon generation [14]. Therefore, the LCG catalyst has the highest hydrocarbon
selectivity among all the samples.

However, as for LKCG-0.1 catalyst, the main composition after reduction is Co/K2O-La2O3-
LaGaO3 and the main composition after reaction is Co/K2O-La2O3-La2O2CO3-LaGaO3 (seen from
the XRPD results). It is known from Table 4 that the catalyst with the optimal catalytic performance
is LKCG-0.1. Since they have a larger specific surface area, cobalt nanoparticles are highly dispersed
on the catalyst surface, which can be seen in Figure 5 and Table 2. In addition, since all the elements
located in the lattice of perovskite, smaller size and uniformly dispersed cobalt nanoparticles are also
conducive to generating more Co-Ga interfaces. In the process of reaction, cobalt exists in the form
of Co0. The close contact of cobalt with the Co-Ga interface at the atomic level is beneficial to the
synergistic effect of the catalyst, and thus the LKCG-0.1 catalyst exhibits the best catalytic performance.
In addition, the electron donating effect of K can promote the increase of the selectivity of higher
alcohols [31–34].

For the LKCG-0.2 catalyst, with the increasing of K content, the catalytic activity decreased, for
that the addition of K can make part of Co outside the perovskite structure, resulting in a non-uniform
dispersion of Co and Ga. A relatively lower activity and selectivity is observed in Table 4.

Other catalysts with outstanding performance reported in the literature are revealed in
Table 5 [17,35–38]. By comparison, the activity of LKCG-0.1 catalyst in this work is not the optimal,
but it may be one of the good catalysts in general considering relatively lower reaction temperatures
and higher alcohol selectivity for HAS.

Table 5. Performance of CO hydrogenation reported in the literature.

Catalysts
Temperature

(◦C)
H2/CO a Pressure

(MPa)
GHSV
(h−1)

XCO

(%)
SROH

(%)
EtOH
(%) b

C2+OH c

(%)
Ref.

LaCo0.7Cu0.3O3 300 2 6.9 15000 16.0 38.1 37.0 53.8 [37]
Cu-Co/La2O3-SiO2 330 2 3 3900 32.1 39.5 47.5 66.1 [36]

Cu-Co/Al2O3 250 2 2 1800 23.2 23.3 - 79.3 [35]
Co3Cu1-11%CNT 300 2 5 7000 26.5 49.8 - 69.9 [38]
15Co-2.5Ga/AC 220 2 3 4000 13.1 30.3 - 24.5 [17]

LKCG-0.1 290 2 4 6000 13.2 43.6 58.1 69.1 This work
a Molar ratio. b The ethanol’s mass fraction in all alcohols. c The mass fraction of the higher alcohols in all alcohols.

Figure 7 presents the carbon monoxide hydrogenation performance for 200-h stability tests of
LKCG-0.1 catalyst. Seen from Figure 7, the alcohol’s selectivity and CO conversion still maintained
stability, which are remained at 19.8% and 41.8%, and the higher alcohols in all alcohols stabilized at
72.8%. The outstanding stability can be owned to the uniform dispersion of the active sites, stable
catalyst structure, good sintering resistance, and more Co-Ga interfaces.

 
Figure 7. (a) Stability performance and (b) alcohols distributions (seen from the illustration) of the
LKCG-0.1 catalyst after 200 h reaction at T = 290 ◦C, P = 4 MPa, GHSV = 6000 mL gcat

−1 h−1, and
H2/CO/N2 = 8/4/1.
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2.7. Thermo-Gravimetry (TG)

Figure 8 exhibited the TG curves of the reduced and used LCG and LKCG-x (x = 0.1 and 0.2)
catalysts and the corresponding differential thermal gravity (DTG) curves of the used catalysts.
In Figure 8, the weight of the three reduced samples increases in the temperature range of 200–320 ◦C,
which is attributed to the oxidation of metal cobalt nanoparticles on the surface of the catalysts.
Therefore, the TG profiles of the catalysts after reduction was severed as a datum to explore the carbon
deposition amount of the catalysts after reaction. In Figure 8b, two exothermic peaks can be seen for
all the samples. The peak located at 300–600 ◦C can be attributed to amorphous carbon; while the
other peak at 600–800 ◦C to the graphitized carbon [39]. Seen from Figure 8b, the incorporation of K
can significantly reduce the total amount and formation rate of amorphous carbon, and for that K can
modulate the composition of the catalysts and produce amount of La2O3, which is beneficial to the
coke elimination.

 

 
Figure 8. (a) Thermo-gravimetric (TG) curves of the reduced and used catalysts and (b) differential
thermal gravity (DTG) curves of the used catalysts.

Seen from the Figure 8, the carbon deposition amounts of LKCG-0.2, LKCG-0.1 and LCG after
reaction are 3.9%, 5.3% and 10.7%, respectively; in other words, the addition of K significantly relieves
the formation of carbon deposition.

For LKCG-x (x = 0.1 and 0.2) catalysts, the containing carbon content of the two catalysts is almost
similar. Compared to LCG catalyst, the adding of K leads to a decrease of carbon deposition. According
to the above XRPD and XPS results for the reduced LKCG-x catalysts, the doping of K can modulate
the composition of La-Ga-O, generating more La2O3, which has a better carbon-depleting effect.
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Herein, the formula of CO2 + La2O3 → La2O2CO3
C→ 2CO + La2O3 is used to illustrate the process

of removing carbon deposits during the reaction, indicating that more La2O3 favors the anti-carbon
effect of catalysts [19,40–42]. In addition, seen from the used XRPD pattern for LKCG-x catalysts, both
La2O3 and La2O2CO3 can also be detected, explaining that the above mechanism is correct. Therefore,
the K-doped catalyst exhibits the best anti-carbon deposition performance.

For the LCG catalyst, seen from the used XRPD result, no La2O3 and La2O2CO3 can be detected.
Meanwhile, there is a strong effects between La and Ga, which is not conducive to eliminating carbon
deposited, and thus the carbon content of the LCG catalyst is largest.

3. Materials and Methods

3.1. Material

Lanthanum (III) nitrate hexahydrate, citrate acid, cobalt (II) nitrate hexahydrate, potassium nitrate,
and glycol were bought from Shanghai Aladdin. Gallium (III) nitrate nonahydrate was purchased
from Beijing HWRK Chem. All of above materials were used without further purification.

3.2. Catalysts’ Synthesis

The citrate complexation method was used to prepare the K-doping catalysts [43]. Firstly,
a solution with La, K, Co, Ga nitrates and citric acid, glycol are mixed by using deionized
water, in which the molar ratio of lanthanum:potassium:cobalt:gallium:citric acid:glycol is
1−x:x:0.65:0.35:2.4:0.48. Secondly, the above prepared mixed solution was continuously stirred to
gel at 80 ◦C, and then dried overnight at 120 ◦C. Finally, the powder catalysts were calcined at
350 ◦C for 2 h and 700 ◦C for 5 h (with a heating speed of 2 ◦C min−1), respectively. The obtained
La1−xKxCo0.65Ga0.35O3 were labeled as LKCG-x (x = 0.1 or 0.2, which is the content of K in perovskite).

For comparison, LaCo0.65Ga0.35O3 without K doping was prepared according to the above method,
and the sample was labeled as LCG.

3.3. Catalysts’ Characterization

XRPD patterns were performed at the speed of 8 ◦C min−1 between 20◦ and 80◦ (2θ). TPR were
performed between 30◦ and 900 ◦C in 5% H2/Ar (50 mL min−1) at the heating rate 10 ◦C min−1. TEM
images, the EDS line scans and the corresponding element mapping scans analysis were performed
to observe the component structure of the catalysts. The N2 physical adsorption curve were tested
to calculate the BET surface areas, the pore size distributions, and the pore volumes of the catalysts.
XPS profiles were used to analyze the binding energy of elements, and the binding energy (BE) of C 1s
was 284.6 eV. TG was performed between 30 ◦C and 900 ◦C in air at the heating speed of 10 ◦C min−1.
H2-TPD was used to analyze the dispersion degree and size of metal cobalt. The formula of d (Co0) =
96/D was used to calculate the size of metal cobalt, and the dispersion of metal cobalt was conducted
by using the method reported in literatures [44,45].

3.4. Catalysts’ Performance

The CO hydrogenation performance of catalysts were tested in a fixed-bed reactor; 0.4 g samples
and 0.4 g quartz sand in 40–60 mesh were mixed and used for the HAS reaction. Temperature,
pressure and gas hourly space velocity were set to 290 ◦C, 4 MPa and 6000 mL·gcat

−1·h−1, respectively.
The molar ratio of H2/CO is 2/1, and the internal standard gas of reaction was N2. Before reaction, the
catalysts precursors were reduced at 750 ◦C and remained 3 h in pure H2 atmosphere. A TCD detector
was used for analyzing H2, N2, CO, CO2, and CH4; the hydrocarbons and alcohols were detected by
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using a FID detector. The following formula is used to calculate CO conversion (XCO), the selectivity
to product (Si), and the weight fraction to product (Wi):

XCO =
COin − COout

COin
× 100% (1)

Si =
nCi

∑ nCi
× 100% (2)

Wi =
mi

∑ mi
× 100% (3)

COin and COout represent the moles fraction of CO in the inlet and outlet gases, respectively; n is
the carbon atoms number, and Ci is the mole fractions of carbon-containing products. mi is the weight
of alcohol.

4. Conclusions

La0.9K0.1Co0.65Ga0.35O3 with a perovskite structure was prepared by using the citrate
complexation method. Due to all the components being derived from the perovskite structure, after
reduction Co is firmly confined to the K-modified La-Ga-O composite oxides, resulting in excellent
anti-sintering performance. The addition of K can modulate the composition of La-Ga-O, forming more
La2O3, favoring the improvement of anti-carbon deposition performance. In addition, the addition of
K also increases the dispersion of cobalt, which can generate a greater Co-Ga interface. What is more
important is that the doping of K can provide more electron donors for metallic Co, which enhances the
selectivity to higher alcohols. Therefore, the catalysts show excellent catalytic activity, high selectivity
to higher alcohol, and outstanding stability for the HAS.
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Abstract: Perovskite derived Ni catalysts offer the remarkable benefit of regeneration after catalyst
poisoning or Ni particle growth through the reversible segregation of Ni from the perovskite-type
oxide host. Although this property allows for repeated catalyst regeneration, improving Ni catalyst
stability towards sulfur poisoning by H2S is highly critical in solid oxide fuel cells. In this work
Mn, Mo, Cr and Fe were combined with Ni at the B-site of La0.3Sr0.55TiO3±δ to explore possible
benefits of segregation of two transition metals towards sulfur tolerance. Catalytic activity tests
towards the water gas shift reaction were carried out to evaluate the effect of the additional metal on
the catalytic activity and sulfur stability of the Ni catalyst. The addition of Fe to the Ni perovskite
catalyst was found to increase sulfur tolerance. The simultaneous segregation of Fe and Ni from
La0.3Sr0.55Ti0.95-xNi0.05FexO3±δ (x ≤ 0.05) was investigated by temperature programmed reduction,
X-ray diffraction and X-ray absorption spectroscopy and catalytic tests after multiple redox cycles.
It is shown that catalytic properties of the active phase were affected likely by the segregation of
Ni/Fe alloy particles and that the reversible segregation of Ni persisted, while it was limited in the
case of Fe under the same conditions.

Keywords: nickel; La0.3Sr0.55Ti0.95Ni0.05O3±δ; catalyst regeneration; structural reversibility; H2S;
solid oxide fuel cell

1. Introduction

In recent years perovskite-type metal oxide (PMO) derived metal catalysts have attracted great
attention for their high redox stability, due to the reversible segregation of catalytically active metals
from the bulk of the oxide in reducing atmospheres and their reincorporation during oxidative
treatments [1]. It was demonstrated that this property allows for the regeneration of catalysts, which
have suffered from active metal particle sintering, as well as the recovery of catalysts poisoned by coke
or sulfur through simple redox cycling [2,3]. However, achieving catalyst stability while maintaining
high catalytic conversion rates, thus decreasing the necessary frequency of catalyst regeneration
cycles, appears to be as propitious as increasing catalyst regenerability. This is especially important in
redox-sensitive electrochemical devices, such as solid oxide fuel cells (SOFCs), where metallic Ni is
typically applied as the active phase in the anode for fuel oxidation, but also for its activity towards the
water gas shift reaction (WGS) when the device is operated on CO-rich feeds [4,5]. Prominent examples
of sulfur poisoning in heterogeneous catalysis include exhaust gas after-treatment reactions in the
three-way catalytic converters and the selective catalytic reduction of NOx compounds [6], methanation
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of carbon oxides [7], reforming of methane and higher hydrocarbons [8,9], Fischer-Tropsch [10] and
methanol synthesis from syngas [11]. In the case of all metal-catalyzed reactions, sulfur tolerance may
generally be increased in three ways: (i) Increasing the number of catalytically active sites, which leaves
higher number of free active sites at equal sulfur surface coverage, (ii) a sacrificial species may be
introduced on the catalyst, which preferentially interacts with sulfur leaving the active species available
for the reaction and (iii) the electronic effect on the active metal caused by the introduction of a second
metal may result in decreased metal-sulfur interactions [12]. In the case of the Ni-catalyzed WGS
reaction, promising results have been reported regarding improved sulfur stability of Ni reforming
catalysts by the addition of Mo, Co and Re [13]. The beneficial effect of Re was attributed to the
formation of a sulfur tolerant alloy, whereas in Ni-Mo metal combinations Mo acted as the sacrificial
element [14]. The interaction between Ni and Mo was found to also increase the electron density on
Mo thus facilitating its interaction strength with electronegative sulfur. Re-doping was also applied to
improve sulfur tolerance of a Ni-Sr/ZrO2 catalyst for the reforming of hydrocarbons [15]. Metal-metal
interactions were also exploited to reduce the electron donor capacity of Pd by Mn addition thus
decreasing its interaction strength with sulfur [16–18]. It is likely that doping of the Ni phase with
other transition metals may also change sulfur adsorption properties on Ni.

It is the aim of the present work to combine the excellent regenerability of PMO-derived Ni
catalysts for the WGS reaction with the possibility to alter the adsorption properties by transition metal
doping of La0.3Sr0.55Ti0.95Ni0.05O3±δ, a self-regenerable SOFC anode material [2]. Sulfur sensitive
elements, such as Cr, Mn, Fe and Mo were selected as potential sacrificial agents for screening towards
a Ni-metal combination resistant to sulfur. Molybdenum, Cr and Mn are also of great importance to
industrial high-temperature WGS catalysts [19].

2. Results

The work is structured as follows. We start showing the characterization of all materials (Table S1
for sample denotation) using ex situ and in situ X-ray diffraction (XRD) and temperature programmed
reduction (TPR). Then the catalytic activity of the materials towards the water gas shift reaction (WGS)
in the absence and presence of H2S is presented. Because La0.3Sr0.55Ti0.95Ni0.05O3±δ impregnated
by Fe resulted in the most promising in terms of sulfur uptake and resistance to poisoning, further
samples were prepared with various Fe/Ni ratios (see Materials and Methods and Table 1 for sample
denotation), which were characterized also for the local environment of Ni and Fe using X-ray
absorption spectroscopy and were tested for reaction and poisoning.

2.1. Characterization

Figure 1 shows X-ray diffraction (XRD) patterns of the materials after impregnation of La0.3Sr0.55

TiO3±δ (LST) and La0.3Sr0.55Ti0.95Ni0.05O3±δ (LSTN) with the metal precursors and subsequent
calcination. XRD patterns are also given for LST (Figure 1a) and LSTN (Figure 1b). The reflections
of the corresponding single metal oxides were observed in the XRD patterns of impregnated LST
(LST-5Me, Me = Cr, Mn, Fe and Ni; Figure 1c), as well as impregnated LSTN (LSTN-5Me, Me = Cr, Mn
and Fe; Figure 1d). Impregnation with the Mo precursor (LST-5Mo and LSTN-5Mo) resulted in the
presence of reflections of a SrMoO4 phase, which is indicative of the segregation of small quantities of
Sr from both LST and LSTN lattices during impregnation and calcination.

TPR experiments revealed the reduction of MnO, Cr2O3, Fe2O3 and NiO on LST up to 800 ◦C
(Figure 2a). SrMoO4 was only partially reduced at these temperatures as is evident from the fact that
H2 was still consumed at 800 ◦C. Similar behavior was also observed on impregnated LSTN materials
(Figure 2c), on which also contributions of the LSTN support can be observed between ca. 450 ◦C and
650 ◦C. XRD measurements of the reduced materials confirmed the reduction of NiO, Fe2O3 and partial
reduction of SrMoO4 on LST-5Ni, LST-5Fe and LST-5Mo, respectively (Figure 2b). No reflections of Cr
and Mn metals were observed on reduced LST-5Cr and LST-5Mn, respectively. Instead, reflections
of the single oxides were observed, similar to the calcined materials. This was likely due to the ex
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situ nature of the XRD experiments and the strong tendency of dispersed Cr and Mn particles to
form oxides.

Figure 1. Powder XRD patterns of (a) La0.3Sr0.55TiO3±δ (LST), (b) La0.3Sr0.55Ti0.95Ni0.05O3±δ (LSTN),
(c) LST-5Me (Me = Mo, Mn, Cr, Fe, Ni) and (d) LSTN-5Me (Me = Mo, Mn, Cr and Fe). Markers indicate
the presence of metal oxide phases after impregnation. Note that the intensity of the diffractograms in
(c) and (d) is magnified (5×) with respect to (a) and (b).

All reflections were also encountered on the reduced LSTN-type materials. However, reduced
LSTN-5Fe exhibited reflections that indicated the presence of two Fe allotropes (α-Fe and γ-Fe,
Figure 2d), which is likely a consequence of Fe/Ni alloy formation during reduction at 800 ◦C as it
was not observed on LST-5Fe. Subsequent rapid cooling to room temperature after reduction resulted
in phase separation. This is supported by phase diagrams of the Fe-Ni system, which predict partial
phase decomposition of the homogeneous γ-Fe/Ni alloy phase and various phase transformations
during cooling [20]. Since cooling rates were high in these experiments (ca. 20 ◦C·min−1) the presence
of metallic phases, which are not at equilibrium is highly probable [21]. Ni (111) reflections could
be observed in LSTN, LSTN-5Cr and LSTN-5Mn, whereas the absence of the same in LSTN-5Fe and
LSTN-5Mo can be regarded as an indication of Ni/Me alloy formation in the latter cases.
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Figure 2. TPR profiles of (a) LST-5Me (Me = Mo, Mn, Cr, Fe, Ni) and (c) LSTN-5Me (Me = Mo, Mn, Cr,
Fe). (b) Powder XRD patterns of reduced LST-type materials and (d) LSTN-type materials (10 vol.%
H2/Ar, 800 ◦C, 1 h). The additional panel in (d) displays the magnified angular range 40◦ ≤ 2θ ≤ 48◦

(3×) with respect to intensity.

2.2. Catalytic Activity

The activity of the pre-reduced catalysts towards the water gas shift (WGS) reaction was assessed
by measuring CO conversion between 300 ◦C and 800 ◦C and the results are shown in Figure 3.
Activities of the catalysts produced using Ni-free LST as a support are displayed in Figure 3a. Nickel
was the most active among all metals and LST-5Ni exhibited CO conversion above 60% at 460 ◦C.
The next best activities were shown by LST-5Fe followed by LST-5Mn and finally LST-5Mo and LST-5Cr,
which showed only limited activities at reactions temperatures below 800 ◦C. The lack of activity
of Cr and Mo is not surprising. Molybdenum was added with the specific intent to introduce an
element with negligible WGS activity, but with significant sensitivity to sulfur to be used as a sacrificial
agent. Chromium is mainly used in Fe/Cr-based WGS catalysts for its capability to stabilize the active
Fe phase [22]. Since LST did not show any significant WGS activity (Figure 3a) it can be assumed
that the catalytic activity of LST-Ni, LST-Fe and LST-Mn was due to the impregnated metal. The CO
conversion of each catalyst after poisoning is shown by the dashed lines in Figure 3a. Only LST-5Ni
suffered severely during catalyst poisoning using 50 ppm H2S under reaction conditions (800 ◦C,
1 h). The catalytic activity of LST-5Fe, LST-5Mn, LST-5Cr and LST-5Mo on the other hand, remained
rather constant.
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Figure 3. (a) WGS activity of LST impregnated with Cr (red), Fe (blue), Mn (orange), Mo (turquoise)
and Ni (black) before (continuous lines) and after (dotted lines) catalyst poisoning with 50 ppm H2S.
(b) WGS activity of LSTN (black), as well as LSTN impregnated with Cr (red), Fe (blue), Mn (orange)
and Mo (turquoise).

Catalytic activities of impregnated LSTN-type catalysts are displayed in Figure 3b. LSTN exhibited
the highest activity towards the WGS reaction, followed by LSTN-5Mn and LSTN-5Cr. LSTN-5Fe also
exhibited higher activity than its Ni-free counterpart LST-5Fe, whereas the low activity of LSTN-5Mo
remained unchanged by the presence of Ni in the sample. The catalytic results provide an indication
for Ni alloying with the impregnated metals Cr, Fe and Mn. The fact that all LSTN-5Me (Me = Cr, Fe,
Mn, Mo) catalysts exhibited lower catalytic activity than LSTN, while all metals showed at least some
activity towards WGS on Ni-free LST, provides evidence for close interaction between segregated Ni
and Me in LSTN-5Me or coverage of the active Ni phase with the less active Me. This interaction was
found to be less beneficial for WGS activity under sulfur-free conditions. However, catalytic tests after
sulfur poisoning showed a stabilizing effect of the metals on WGS activity. Especially LSTN-5Fe was
able to maintain comparably high levels of catalytic activity after poisoning by H2S. It should be noted
that the activity of LSTN-5Fe after poisoning did not exceed the one of LST-5Fe, which could indicate
that Ni is still poisoned. Nevertheless, the improved activity of LSTN-5Fe in sulfur-free conditions
compared to LST-5Fe demonstrates a potential benefit of a bimetallic catalyst.

2.3. Sulfur Uptake

Differences between the various materials were also observed in their behavior during H2S
adsorption. Figure 4a shows H2S breakthrough curves for LST-5Me catalysts during sulfur loading.
H2S (50 ppm) was introduced to the reaction gas stream after 5 min equilibration time. Dosing H2S
over a blank quartz reactor resulted in negligible retention time and 50 ppm were attained after ca.
5 min. Sulfur adsorption can be observed by the increased retention times when H2S is dosed over the
catalyst bed. The longest retention time of around 8 min was recorded for LST-5Ni. The significant
sulfur uptake of this sample (210 ppm by weight) is in line with its strong deactivation in terms of
the catalytic activity after sulfur loading (Figure 3a). A retention time of around 4 min and 2 min was
observed for LST-5Fe and LST-5Mn, respectively. H2S breakthrough of LST-5Mo and LST-5Cr was close
to the blank experiment indicating low sulfur adsorption properties of these metals. This indicates
that the ability of Mo as a sulfur scavenger was limited on these samples compared to the more
conventionally applied single oxides MoO2 and MoO3, possibly due to the SrMoO4 phase formed
during synthesis (Figure 1).
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Figure 4. H2S breakthrough curves during H2S adsorption experiments on reduced (a) LST-5Me (Me =
Mo, Mn, Cr, Fe, Ni) and (b) LSTN-5Me (Me = Mo, Mn, Cr and Fe). The start time of sulfur addition is
indicated by the vertical dashed line.

Interestingly, LSTN-5Mo showed significant sulfur uptake exceeding the combined sulfur storage
capabilities of LSTN and LST-5Mo. This can be regarded as an indication for close interaction between
segregated Ni and Mo, which appeared to significantly change the sulfur uptake properties of the
material. Retention times of LSTN-5Fe, LSTN-5Cr and LSTN-5Mo were approximately the sum of
those of LSTN and their LST-5Me counterparts and can be therefore explained by the increased metal
content on the sample surface. Sulfur uptake of LSTN was much lower than that of LST-5Ni (ca.
40 ppm compared to 210 ppm), which can be justified using the similar argumentation that when Ni is
deposited on LST by impregnation, the Ni metal surface is higher compared to pre-reduced LSTN, due
to partial Ni reduction in the latter. Although no obvious advantage of metal impregnation on LSTN
could be observed from these H2S adsorption experiments because none of the metals reduced the
H2S uptake of the sample, the increased sulfur tolerance in terms of the catalytic activity towards WGS
exhibited by LSTN-5Fe (Figure 3b) could be an advantageous property. Therefore, the question arises
whether it is possible to exploit the reversible segregation of metals from an LST-type host to produce
both redox stable, as well as sulfur tolerant Ni/Fe catalysts.

2.4. La0.3Sr0.55Ti1-x-yFexNiyO3±δ (x = 0, 0.025, 0.05; y = 0, 0.05)

Catalytic activity and sulfur uptake data indicated that Fe might be a suitable candidate to improve
sulfur tolerance of LSTN while maintaining the self-regeneration property. In order to explore the
potential segregation of both Fe and Ni from the perovskite-type host, both Ni and Fe were introduced
at the perovskite B-site of LST to obtain compositions of the type La0.3Sr0.55Ti1-x-yFexNiyO3±δ (x = 0,
0.025, 0.05; y = 0, 0.05) the denotations of which are summarized in Table 1. Figure 5 displays a
summary of XRD patterns collected on calcined materials, as well as after 15 h reduction at 800 ◦C
(10 vol.% H2/Ar).

All calcined samples exhibited only reflections, which could be attributed to the perovskite
host. After reduction, weak reflections belonging to metallic phases were observed. Reduced
La0.3Sr0.55Ti0.95Ni0.05O3±δ (LSTN-5Ni) showed a reflection centered at 44.40◦, which corresponds
to the Ni (111) reflection. Reduced La0.3Sr0.55Ti0.925Fe0.025Ni0.05O3±δ (LSTFN-2Fe5Ni) and La0.3Sr0.55

Ti0.9Fe0.05Ni0.05O3±δ (LSTFN-2Fe5Ni) exhibited a weak reflection at 43.77◦, which is higher than
one would expect for the (111) reflection of metallic Fe (43.6◦ 2θ), but certainly at lower angles
than the Ni (111) reflection. This can be regarded as evidence for Ni/Fe alloy particle formation
upon reduction of LSTFN-type materials. La0.3Sr0.55Ti0.925Fe0.025Ni0.05O3±δ (LSTF-5Fe) did not show
significant reflections of metallic Fe after reduction. However, a new reflection appeared at 38.27◦,

80



Catalysts 2019, 9, 332

which could not be assigned to any metallic phase. While metallic Ti is expected to display a reflection
at around 38.4◦, it is highly unlikely that it formed under these pretreatment conditions, due to the
inherent stability of Ti4+. The missing reflection at 35.2◦ excludes this possibility conclusively. However,
the observed reflection could be explained by the formation of a new perovskite-type phase of lower
symmetry. Orthorhombic perovskites (such as A-site stoichiometric LaSrFeO3±δ) possess a reflection
at ca. 38◦ corresponding to the (113) lattice planes. All other reflections might be either hidden below
the dominant original perovskite phase or too weak to be observed.

Table 1. Sample denotations and metal content of La0.3Sr0.55Ti1-x-yFexNiyO3±δ -type samples.

Denotation Formula
Ni Content

(mol.%)
Fe Content

(mol.%)

LSTN-5Ni La0.3Sr0.55Ti0.95Ni0.05O3±δ 5 0
LSTFN-2Fe5Ni La0.3Sr0.55Ti0.925Fe0.025Ni0.05O3±δ 5 2.5
LSTFN-5Fe5Ni La0.3Sr0.55Ti0.9Fe0.05Ni0.05O3±δ 5 5

LSTF-5Fe La0.3Sr0.55Ti0.95Fe0.05O3±δ 0 5

Figure 5. Powder XRD patterns of calcined and reduced LSTN-5Ni, LSTFN-2Fe5Ni, LSTFN-5Fe5Ni
and LSTF-5Fe (10 vol.% H2/Ar, 800 ◦C, 15 h). Diffractograms are magnified with respect to intensity
(2×) to emphasize Ni, Fe and Ni/Fe reflections.

The materials were subjected to TPR and reoxidation cycles to verify the structural reversibility
and to determine the temperature at which segregated metals are reversibly incorporated into the
host perovskite lattice. In these experiments, TPR profiles were followed by an isothermal reduction
at 800 ◦C. The materials were then subsequently reoxidised at the indicated temperature (700 ◦C,
750 ◦C, 800 ◦C, 850 ◦C, 900 ◦C and 950 ◦C) before the next TPR profile was collected. The TPR profile is
sensitive to the nature and coordination environment of reducible metal species and such experiments
can, therefore, be exploited to determine the reoxidation temperature needed to reestablish the state
of the reducible metal species in the initial calcined material [2,23]. Figure 6a displays the TPR redox
cycles obtained on LSTN-5Ni. The reduction feature of NiO (ca. 370 ◦C) disappears after reoxidation
at Treox ≥ 800 ◦C, thus indicating successful and complete Ni reincorporation at this temperature [2].
The initial TPR of calcined LSTFN-2Fe5Ni (Figure 6b) was not as well defined as the one recorded for
LSTN-5Ni. Instead of the distinct double feature, the sample exhibited a broad reduction peak between
400 ◦C and 650 ◦C. After reduction and subsequent reoxidation at low temperatures (700 ◦C and
750 ◦C) the sample exhibited a low temperature feature peaking at around 475 ◦C. This feature then

81



Catalysts 2019, 9, 332

transitioned into the previously observed double feature for reoxidation above 850 ◦C, which could be
interpreted as the temperature at which both Fe and Ni are reincorporated into the perovskite host.

Figure 6. TPR reduction-reoxidation cycles for (a) LSTN, (b) LSTFN-2Fe5Ni, (c) LSTFN-5Fe5Ni and (d)
LSTF-5Fe. Hydrogen consumption values were normalized by molar quantity of sample. Reoxidized
samples were subjected to pre-reduction (10 vol.% H2/Ar, 800 ◦C, 1 h) before reoxidation (20 vol.%
O2/N2, 2 h) at the temperature indicated for each row.

The sample with higher Fe content (LSTFN-5Fe5Ni; Figure 6c) exhibited the reduction feature,
which was attributed previously to a two-step reduction process of Ni [24]. However, peak reduction
temperatures were shifted to lower temperatures by 22 ◦C compared to the ones recorded for LSTN-5Ni
in Figure 6a. Reoxidation at lower temperatures caused the formation of a new reduction feature
between 350 ◦C and 550 ◦C also on this sample, which can be attributed to the reoxidation of Ni/Fe
oxides at the perovskite surface. Reestablishment of the initial reduction profile was achieved after
reoxidation at 850 ◦C. Interestingly, LSTF-5Fe (Figure 6d) did not exhibit as an extensive reduction
as the other samples; the reduction features were broad and attenuated with increasing reoxidation
temperature. In this case, TPR-redox cycling seemed unsuitable to accurately trace the reoxidation
temperature necessary for Fe reincorporation and demonstrates the limited reducibility of Fe in
LSTF-5Fe in absence of Ni.

Even though TPR provides important insight in the reducibility of the materials, only an element
specific method, such as X-ray absorption spectroscopy (XAS) can be used to ultimately differentiate
between individual contributions of two or more reducible species. Therefore, XAS was applied to
investigate the effect of the simultaneous presence of both Fe and Ni in LSTFN-type samples on the
reduction and reoxidation of the individual metals. Figure 7 displays the Ni K-edge (8.333 keV) X-ray
absorption near edge structure (XANES) spectra of the Ni-containing samples LSTN-5Ni (Figure 7a),
LSTFN-2Fe5Ni (Figure 7b) and LSTFN-5Fe5Ni (Figure 7c) in their calcined state, as well as after
reduction (10 vol.% H2/Ar, 800 ◦C, 15 h) and reoxidation (20 vol.% O2/N2, 800 ◦C, 2 h).
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Figure 7. Normalized Ni K-edge (8.333 keV) XANES spectra of (a) calcined and reduced (10 vol.%
H2/Ar, 800 ◦C, 15 h) LSTN-5Ni, (b) LSTFN-2Fe5Ni and (c) LSTFN-5Fe5Ni. Plots of the first derivative
of the normalized spectra are shown in the bottom panels. The spectra of Ni foil and NiO reference
materials are included for comparison (dashed lines).

The Ni K-edge spectra of the calcined materials displayed an intense whiteline with a high
energy shoulder that can be taken as characteristic of Ni adopting the coordination environment
of Ti [2,25,26]. The edge energy was also higher than in the case of Ni2+ in NiO. After reduction,
the spectra corresponded to a linear combination of the spectra of Ni adopting the coordination
environment of the B-site after calcination and Ni0. Although TPR analysis showed reversibility only
after reoxidation at 850 ◦C (Figure 6), the shape of the XANES spectra and thus the state of Ni were
completely reversible in this redox cycle, which was carried out at lower temperatures. It was also
observed that the contribution of the Ni0 reference to the spectra of the reduced samples increased
with increasing Fe concentration. This was confirmed by linear combination fit (LCF) of the spectra
indicating that the amount of Ni0 increased from 52% in LSTN-5Ni to 62% in LSTFN-2Fe5Ni and to
67% in LSTFN-5Fe5Ni. LCF results are summarized in Figure S1 and the corresponding fit results are
shown in Figure S2.

Evidence that Ni was not only reduced, but also segregated and formed metallic particles is
provided by the extended X-ray absorption fine structure of the Ni K-edge. The k3-weighted data is
shown in Figure S3 for all samples, as well as Ni references. The radial distances of coordination shells
become obvious through Fourier transformation of this data, as shown in Figure 8. After reduction,
the feature attributed to a Ni-Ni coordination shell appeared at 2.15 Å. This feature was present for all
samples so that metal particle formation can be assumed likewise.

Fe K-edge (7.112 keV) XANES data was obtained on the Fe-containing samples LSTFN-2Fe5Ni,
LSTFN-5Fe5Ni and LSTF-5Fe and spectra of calcined, reduced and reoxidized samples are displayed
in Figure 9 along with spectra of Fe0, FeO, Fe3O4 and Fe2O3 reference compounds. Significant changes
in the shape of the XANES could be observed also for Fe K-edge absorption spectra over the redox
cycle. Clear Fe reduction could be observed by a decrease in whiteline intensity, as well as a shift in
absorption edge energy (E0). This shift is best determined through the position of the first maximum
in the derivative of the absorption curves, which changes from 7.128 keV for calcined materials to
7.125 keV for reduced materials, corresponding to a decreased ionization energy, which is typically
observed for reduced states. However, in the spectra of the reduced samples, the whiteline did not
correspond to a simple linear combination of the reference spectrum of Fe0 and the spectrum of
calcined LSTFN- or LSTF-type materials, thus suggesting other states of Fe.
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Figure 8. Fourier transformed k3-weighted Ni K-edge EXAFS data obtained for (a) Ni0 (Ni foil) and
NiO reference materials, as well as calcined, reduced (10 vol.% H2/Ar, 800 ◦C, 1 h) and reoxidized
(20 vol.% O2/N2, 800 ◦C, 2 h) (b) LSTN-5Ni, (c) LSTFN-2Fe5Ni and (d) LSTFN-5Fe5Ni. Features are
labelled on the reduced materials according to the underlying Ni-Ni scattering paths.

Figure 9. Normalized Fe K-edge (7.112 keV) XANES spectra of (a) calcined, reduced (800 ◦C, 10 vol.%
H2/Ar, 15 h) and reoxidized (800 ◦C, 20 vol.% O2/N2, 2 h) LSTFN-2Fe5Ni, (b) LSTFN-5Fe5Ni,
(c) LSTF-5Fe. (d) XANES spectra of LST-5Fe, Fe0, Fe2O3, Fe3O4 and FeO reference materials. The first
derivative of the normalized spectra is shown in the bottom panels.
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No suitable fits could be obtained through LCF analysis using all displayed Fe reference spectra.
This may be linked to the presence of other Fe-containing phases as was already suggested from the
XRD patterns in Figure 1. Furthermore, the XANES of LSTFN-2Fe5Ni and LSTFN-5Fe5Ni was not
completely restored in the reoxidized materials as can be seen in the region of the local minimum
at around 7.135 keV. LCF of the spectra of the reoxidized materials indicated the presence of Fe3O4

(ca. 17%) and thus incomplete reincorporation of Fe under the applied reoxidation conditions.
The k3-weighted Fe K-edge (7.112 keV) EXAFS data of LSTFN-2Fe5Ni, LSTFN-5Fe5Ni and

LSTF-5Fe is shown in Figure S4, whereas the Fourier transformed data is shown in Figure 10. Compared
to the Ni0 reference in Figure 8, Fe0 in the Fe foil displayed the first coordination shell at a slightly
longer radial distance (2.23 Å) and similar to the Ni K-edge data contributions of this feature, could
be found in the spectra of the reduced samples. This indicates that besides Ni Fe was also partially
reduced to Fe0 and was present in the form of metal particles. Interestingly, the contribution of this
feature to the spectra of the reduced samples decreased with decreasing Ni/Fe ratios along the series
LSTFN-2Fe5Ni > LSTFN-5Fe5Ni > LSTF-5Fe, which suggests that larger Ni content favors Fe reduction.
Hence, the positive influence of one metal on the reducibility and segregation of the other metal could
be observed.

Figure 10. Fourier transformed k3-weighted Fe K-edge EXAFS data obtained for (a) Fe0 (Fe foil)
reference, as well as (b) LSTFN-2Fe5Ni, (c) LSTFN-5Fe5Ni and (d) LSTF-5Fe after calcination, reduced
(10 vol.% H2/Ar, 800 ◦C, 1 h) and reoxidized (20 vol.% O2/N2, 800 ◦C, 2 h). Features are labelled on
the reduced materials according to the underlying Fe-Fe scattering paths.

Figure 11a shows CO conversion curves for the Ni-containing samples LSTN-5Ni, LSTFN-2Fe5Ni
and LSTFN-5Fe5Ni. It is apparent that the conversion curves shifted to higher temperatures with
increasing Fe concentration, which corresponds to a decrease in catalytic activity. This is in contrast to
the previous observation that the presence of Fe increases Ni reducibility (Figure S1). The expected
effect would be a larger amount of active Ni0 and thus higher catalytic activity. On the other hand,
the observation is in line with the decrease in WGS activity observed for LSTN-5Fe compared to
LSTN in Figure 3b and the indication of Ni/Fe alloy formation during reduction provided by this
catalytic activity data, as well as XRD (Figure 5). Since the addition of small quantities of Fe did not
appear to be detrimental for catalytic activity, LSTFN-2Fe5Ni was selected for testing catalytic activity
with respect to its redox stability, as well as sulfur tolerance. However, it can be seen in Figure 11b
that CO conversion decreased over the number of redox cycles, which could be a consequence of
Ni/Fe particle growth, due to the incomplete Fe reincorporation over the redox cycles observed by
XANES (Figure 9). Despite the fact that Ni re-incorporated completely during reoxidation of reduced
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LSTFN-2Fe5Ni (Figure 7), the remaining Fe oxide at the surface may have caused particle growth and
thus the observed catalyst deactivation over the consecutive redox cycles.

Figure 11. WGS activity of (a) reduced LSTN-5Ni, LSTFN-2Fe5Ni, LSTFN-5Fe5Ni (20 vol.% H2/Ar,
800 ◦C, 15 h) and (b) LSTFN-2Fe5Ni after eight redox cycles, as well as after poisoning with 50 ppm
H2S under reaction conditions (poisoned) and after subjecting the material to one further redox cycle
(regenerated). Feed gas composition: 15 vol.% CO/15 vol.% H2O/7.5 vol.% H2/Ar; 30,000 mLh−1g−1

at STP. The calculated theoretical conversion equilibrium is indicated by the dashed red curve.

The small amounts of Fe (2.5 mol.% or 0.75 wt.%) also did not provide additional stability against
poisoning by sulfur, which can be realized from the CO conversion measured after catalyst poisoning
by H2S (Figure 11b). CO conversion was as low as in poisoned LSTN. A complete redox cycle
recovered catalytic activity, which was even improved compared to the catalytic activity measured
before poisoning. The reason behind this phenomenon was not further investigated as any obvious
improvement in performance in terms of the catalytic activity of LSTFN-2Fe5Ni in neither sulfur-free
nor sulfur-containing reaction gas feeds could be observed. Nevertheless, it indicates that sulfur can
also be successfully removed from LSTFN-type oxides over oxidation-reduction cycles at 800 ◦C, which
could be potentially exploited to completely regenerate these materials if catalyst redox stability can
be achieved. The conditions to achieve full reversibility of activity after poisoning should be the aim of
future work.

3. Materials and Methods

Mixed metal oxides with nominal composition La0.3Sr0.55TiO3±δ (LST) and La0.3Sr0.55Ti0.95

Ni0.05O3±δ (LSTN) were synthesized according to the synthesis procedure described earlier and
including a final calcination step at 960 ◦C (6 h) [27]. Aliquots of these two parent materials were
then loaded with Fe, Cr, Mn and Mo precursors by wet impregnation with aqueous precursor
solutions followed by drying at 120 ◦C for around 12 h and subsequent calcination at 500 ◦C for
2 h. Metal loading was chosen such that the final loading resembled the metal concentration in
hypothetical La0.3Sr0.55Ti0.95Me0.05O3±δ and La0.3Sr0.55Ti0.9Ni0.05Me0.05O3±δ (Me = Fe, Cr, Mn and
Mo). Table S1 contains all information regarding type and quality of metal precursors used, as well
as denotations of the corresponding samples, which are used throughout the text. Furthermore,
La0.3Sr0.55Ti0.925Ni0.05Fe0.025O3±δ (LSTFN-2Fe5Ni), La0.3Sr0.55Ti0.9Ni0.05Fe0.05O3±δ (LSTFN-5Fe5Ni),
La0.3Sr0.55Ti0.95Fe0.05O3±δ (LSTF-5Fe), and La0.3Sr0.55Ti0.95Ni0.05O3±δ (LSTN-5Ni) powders were also
synthesized according to the same procedure, but were calcined at 860 ◦C for 6 h. After calcination,
the powders are referred to as “calcined”.
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The catalytic activity towards the water gas shift (WGS) reaction was measured on powders in a
quartz reactor of plug flow geometry (6 mm ID). Mass flow controllers (Brooks) were used to dose
the reactant gases and a K-type thermocouple, which was placed in the middle of the catalyst bed,
was used to monitor catalyst bed temperature. To avoid back pressure, all calcined powders were
pelletized (4 MPa), crushed and sieved to 100−150 μm before use. The sample (100 mg) was diluted
with cordierite powder (200 mg, 75−100 μm) to achieve a thoroughly mixed catalyst bed of ca. 15 mm
in length. Catalytic tests were conducted on pre-reduced samples (20 vol.% H2/Ar, 800 ◦C, 1 h) after
an initial pretreatment of a single redox cycle. This treatment was found to activate LSTN [2] and
has therefore been adopted in this work. Catalytic activities were measured at a weight hourly space
velocity (WHGS) of 15,000 mL·g−1·h−1 at STP (200 mg catalyst, 50 mL·min−1). A Pfeiffer OmniStar
GSD 320 quadrupole mass spectrometer equipped with a heated stainless steel capillary was used for
compositional analysis of the exhaust gas. CO conversion (XCO) was calculated using Equation (1),

XCO =
[CO]in − [CO]out

[CO]in
× 100% (1)

where [CO]in is the initial concentration of CO and [CO]out is the concentrations of CO at the
reactor outlet.

Sulfur loading of the catalyst samples was conducted under reaction conditions using the reaction
gas mixture (15 vol.% H2O/15 vol.% CO/7.5 vol.% H2/Ar), including 50 ppm H2S. Sulfur loading was
conducted at 800 ◦C for 60 min during which H2S concentration in the reactor exhaust was monitored
using the mass spectrometer signal at M/Z = 34.

CO conversions of LSTN-5Ni, LSTFN-2Fe5Ni, LSTFN-5Fe5Ni were determined on powder
samples after an initial activating redox cycle at WGHS= 30,000 mL·g−1·h−1 (at STP).

The crystal structure of the powder catalysts was investigated by powder X-ray diffraction
(XRD, Bruker D8 Advance) equipped with Ni-filtered Cu Kα-radiation, variable slits and an energy
sensitive line detector (LynxEye). Diffractograms were collected at an acquisition time of 4 s and a
step size of Δ2θ = 0.03◦ between 15◦ and 80◦. Aliquots of the samples listed in Table S1 were reduced
(10 vol.% H2/Ar, 800 ◦C, 1 h) prior to XRD analysis. After reduction, samples were cooled down
in Ar (20 ◦C·min−1). XRD was also recorded on reduced samples at an increased resolution in the
angular range 40◦–50◦ (step size 0.005◦). The XRD was also recorded for the Ni and Fe containing
perovskite-type oxides LSTN-5Ni, LSTFN-2Fe5Ni, LSTFN-5Fe5Ni and LSTF-5Fe after prolonged
reduction (10 vol.% H2/Ar, 800 ◦C, 15 h).

Temperature programmed reduction (TPR) experiments were conducted using a bench top
TPDRO-1100 (ThermoElectron) instrument equipped with mass flow controllers and a thermal
conductivity detector. The samples (100 mg) were loaded into the quartz reactor tube and heated
to 500 ◦C under a constant flow of 20 vol.% O2 before cooling to room temperature. TPRs were
recorded in 10 vol.% H2/Ar (20 mL·min−1 at STP) and at a heating rate of 5 ◦C·min−1. The reoxidation
temperature at which Ni is reversibly reincorporated into the perovskite lattice was estimated by
TPR redox experiments. A TPR profile was recorded on the calcined sample up to 800 ◦C followed
by an isothermal reduction for 1 h at the same temperature. The sample was then cooled in Ar
to room temperature (25 ◦C) before reoxidation at 700 ◦C in 20 vol.% O2/N2 for 2 h. The sample
was again cooled in Ar to 25 ◦C before starting the second TPR on the now reoxidised material.
Such TPR-reduction-reoxidation-TPR cycles were repeated five times with increasing reoxidation
temperature (700 ◦C, 750 ◦C, 800 ◦C, 850 ◦C and 900 ◦C). The heating rate during reoxidation and
cooling after all experiments was 10 ◦C·min−1.

Ni K-edge (8.333 keV) and Fe K-edge (7.112 keV) X-ray absorption spectra were acquired ex
situ on pelletized samples in fluorescence mode at the X10DA (SuperXAS) beamline of the Swiss
Synchrotron Light Source (SLS, Villigen, Switzerland) using a 5 element SD detector. The required
X-ray energies were scanned using a Si(111) monochromator. The Demeter software package (version
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0.9.24) [28] was used to reduce and model all data. The radial distribution function (R) was obtained by
Fourier transforming k3-weighted k-functions typically in the range of 3.0−12.0 Å−1 using a Hanning
window function. NiO (99.99% trace metals basis, Sigma, Buchs, Switzerland), FeO (99.7% trace metal
basis, Sigma), Fe2O3 (puriss. ≥97%, Sigma, Buchs, Switzerland), Fe3O4 (99.99% trace metal basis,
Sigma, Buchs, Switzerland), Fe foil and Ni foil references were measured in transmission mode using
ionization chamber detectors. Spectra were recorded on calcined powder samples, after pre-reduction
(10 vol.% H2/Ar, 800 ◦C, 15 h), as well as after reoxidation (20 vol.% O2/Ar, 800 ◦C, 2 h).

Linear combination fitting (LCF) of Ni K-edge X-ray absorption near edge structure (XANES)
spectra were performed in the spectral range −20 eV < E0 < 30 eV around the absorption edge
to quantify the fraction of each Ni species present in the samples. Reference compounds for each
fit included Ni foil, NiO and calcined La0.3Sr0.55Ti0.95Ni0.05O3±δ representing Nin+

oct (n > 2) in the
perovskite coordination.

4. Conclusions

Four transition metals (Cr, Fe, Mn and Mo) were screened for potential benefits towards the
activity for the water gas shift (WGS) reaction and the stability improvement against sulfur poisoning
of La0.3Sr0.55TiO3±δ (LST) and La0.3Sr0.55Ti0.95Ni0.05O3±δ (LSTN). While Cr, Mn and Mo impregnation
on LST did not result in active catalysts, Fe exhibited significant WGS activity. Impregnation with Ni
produced the most active catalysts. All other metals decreased the intrinsic activity of LSTN suggesting
the presence of Ni/metal interactions. Sulfur stability compared to LSTN was improved only in the
case of Fe-impregnated LSTN.

Implementing structural reversibility of Fe and Ni was attempted and both metals enhanced
reciprocally their reduction behavior. Catalyst oxidation at 800 ◦C led to complete incorporation of Ni
into the host perovskite, whereas Fe incorporation was found to be incomplete under these conditions
and resulted in decreased catalyst redox stability at this temperature. Furthermore, WGS activity in
the absence of sulfur was reduced compared to LSTN.

Although no beneficial consequences of bimetallic particle segregation were observed, the data
demonstrate that Ni catalyst properties towards the WGS reaction at SOFC operation temperatures
may be influenced significantly by the presence of other transition metals and that more than one
metal can be segregated from LST-type host perovskites. However, the reincorporation behavior may
be different for each metal, which has to be taken into account to exploit full structural reversibility of
complex systems. Hence, further work is required to optimize regeneration conditions and to exploit
the full potential of such materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/332/s1.
Figure S1: Ni speciation from a fit of XANES spectra, Figure S2: Ni K-edge XANES linear combination fit results,
Figure S3: k3-weighted χ(k) functions at the Ni K-edge, Figure S4: k3-weighted χ(k) functions at the Fe K-edge,
Table S1: sample list.
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Abstract: Perovskite-type oxides lanthanum ferrite (LaFeO3) photocatalysts were successfully
prepared by a facile and cost-effective sol-gel method using La(NO)3 and Fe(NO)3 as metal
ion precursors and citric acid as a complexing agent at different calcination temperatures.
The properties of the resulting LaFeO3 samples were characterized by powder X-ray diffraction
(XRD), energy dispersive X-ray spectroscopy (EDXS), UV-Vis diffuse reflectance spectroscopy (DRS),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectra (IR), transmission electron
microscopy (TEM), N2 adsorption/desorption and photoelectrochemical tests. The photoactivity
of the LaFeO3 samples was tested by monitoring the photocatalytic degradation of Rhodamine B
(RhB) and 4-chlorophenol (4-CP) under visible light irradiation, the highest photocatalytic activity
was found for LaFeO3 calcined at 700 ◦C, which attributed to the relatively highest surface area
(10.6 m2/g). In addition, it was found from trapping experiments that the reactive species for
degradation were superoxide radical ions (O2

−) and holes (h+). Photocurrent measurements and
electrochemical impedance spectroscopy (EIS) proved the higher photo-induced charge carrier
transfer and separation efficiency of the LaFeO3 sample calcined at 700 ◦C compared to that
that calcined at 900 ◦C. Band positions of LaFeO3 were estimated using the Mott-Schottky plots,
which showed that H2 evolution was not likely.

Keywords: sol-gel method; LaFeO3; visible light photocatalysis; perovskite-type structure;
Mott-Schottky plot

1. Introduction

Semiconductor-based catalysis is a green technology, which gained considerable attention owing
to its potential environmental applications, such as wastewater treatment, air purification and
degradation of different organic contaminants [1–3]. In the past few decades, titanium dioxide
(TiO2) as an n-type semiconductor has an attractive extensive interest as photocatalysts because of
its easy availability, inertness, low costs, nontoxicity and chemical stability [4]. However, the large
band gap energy for TiO2 (3.0–3.2 eV), requiring UV light that occupies around 5% of solar energy
for excitation, limits its applications to a great extent [5]. Another difficulty is the high recombination
rate of the photoexcited electron-hole pairs in TiO2 [6]. Many attempts have been developed to retard
this electron-hole recombination and to increase the photocatalytic efficiency of TiO2, such as surface
modification using a suitable metal ion and nonmetal dopant to increase the visible light absorbance
and coupling with another semiconductor to enhance the charge separation efficiency [7,8]. Although
in some cases improved photocatalytic activities were reported, very often the doping increased the
number of structural defects acting as unwanted recombination centers. Therefore, the development of
cost-effective, efficient and alternative photocatalysts with intrinsic narrow band gaps to increase the
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visible light response has become a research focus [9,10]. Mixed metal oxides and oxynitrides attracted
interest since many of them are visible-light active, cheap, non-toxic and stable [11].

Iron is highly abundant in the earth crust and thus cheap. Many mixed metal oxides containing
iron, i.e., ferrites, offer suitable band gap energy for visible light absorption. Furthermore, the position
of their valence band edges is more positive than the oxidation potential of O2/H2O (1.23 V vs.
NHE) rendering them suitable for the photooxidation of water [12]. The high activity of ferrites for
degradation of pollutants has been proven in many studies [13–15]. Ferrites with a perovskite structure,
with a general formula of ABO3 with for example, A = rare-earth metal ion and B = Fe3+ ion, exhibit
a wide range of ferro-, piezo-, and pyro-electrical properties rendering them suitable as magneto-optical
material, electrode materials, structural materials, sensors and refractory materials [16]. The perovskite
LaFeO3 is employed as a catalyst, e.g., in solid oxide fuel cells, but also in devices using its good
dielectric properties and high piezoelectricity.

However, LaFeO3 has also been used as a photocatalyst; several studies focused on the synthesis
and the activity for photodegradation of several organic dyes under visible light irradiation [17–19].
Thirumalairajan et al. synthesized floral-like LaFeO3 by a surfactant-assisted hydrothermal technique
and found that the porous floral nanostructure led to higher photoactivity compared to bulk LaFeO3

for the degradation of different dyes, such as rhodamine B (RhB) and methylene blue (MB) [20]. Su et
al. prepared large surface area nanosized LaFeO3 particles by employing SBA-16 as a hard template
and compared its visible light activity for RhB degradation with that of LaFeO3 prepared by the citric
acid assisted sol-gel route [21]. Yang et al. prepared LaFeO3 by conventional co-precipitation and
enhanced its activity by post-treatment in molten salt [22]. Tijare et al. [23] formed nano-crystalline
LaFeO3 perovskite by the sol-gel route and claimed activity for photocatalytic hydrogen generation
under visible light irradiation.

In the present work, we applied the same synthetic route for LaFeO3 as Tijare et al. but altered
(i) the duration of the thermal treatment and (ii) used a pyrolysis step at 400 ◦C instead of using
ultra-sonication or drying at 90 ◦C in an oven. Citric acid assisted sol-gel was chosen as a synthesis route
because, in general, it is a suitable method for the synthesis of nanopowders with a well-developed
high specific surface area obtained at low calcination temperature and short times without employing
expensive sacrificial structure-directing agents or template structures. The visible light activity for
degradation of RhB and 4-chlorophenol (4-CP) as model organic pollutants was investigated. As for
Tijare et al., we also attempted hydrogen generation, however, failed with that and suspected it was
based on the Mott-Schottky plots calculating band positions that the conduction band edge of LaFeO3

was too positive than the reduction potential of H2/H2O (0 V vs. NHE) to create electrons which were
reductive enough to react with protons to hydrogen.

2. Results and Discussion

2.1. Structural and Optical Characterization of LaFeO3

The powder XRD patterns of the prepared LaFeO3 samples after calcination at various
temperatures are shown in Figure 1. All the diffraction peaks belong to the orthorhombic LaFeO3

with ABO3-type perovskite structure (JCPDS card No. 88-0641) [24]. The main characteristic reflexes
are located at 2θ of 22.6◦, 25.5◦, 32.2◦, 34.5◦, 39.7◦, 46.1◦, 47.7◦, 52.0◦, 54.0◦, 57.4◦, 64.0◦, 67.3◦ and
76.6◦, being indexed to the (101), (111), (121), (210), (220), (202), (230), (141), (240), (115), (242) and (204)
diffraction planes, respectively [24]. This confirms the effective preparation of a single phase perovskite
LaFeO3 without any crystalline impurities like La2O3 or Fe2O3. For calculating the crystallite sizes the
reflexes of highest intensity at 2θ = 32.2◦ were selected. With increasing calcination temperature the
diffraction peaks get sharper and more intense, indicating a better crystallization and growth of the
grains. The average crystallite sizes of LaFeO3 D have been determined by using the Debye-Scherer
formula [25]:

D =
Kλ

βcosθ
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with K being the crystallite shape factor, λ the X-ray wavelength (1.5406 nm for Cu Kα), β is the width
of the diffraction peak and θ is the Bragg angle. The crystallite sizes were 27.4 nm, and 45.7 nm for
S-700 and S-900, respectively. In the smaller particles, less time was needed for the electrons and holes
to diffuse from the inner part to the surface of the catalyst, where they could react. This typically leads
to higher photocatalytic efficiency.

 

Figure 1. X-ray diffraction patterns of LaFeO3 obtained at different calcination temperatures.

Figure 2 shows the scanning electron micrographs of the prepared LaFeO3 samples at different
calcination temperatures. Scanning electron microscopy (SEM) was used to determine the morphology
of the perovskite LaFeO3 samples; as seen in Figure 2 both samples show a network structure with
semi-spherical morphology. It was found that the particle sizes of S-700 were significantly smaller than
those of S-900, consistent with the trend of the crystallite sizes determined from XRD.

 

Figure 2. SEM images of LaFeO3 calcined at different temperatures: (a) S-700, (b) S-900.

Energy dispersive X-ray spectroscopy (EDXS) was used to investigate the purity and chemical
composition of synthesized LaFeO3 nanoparticles, the pattern of calcined LaFeO3 samples are shown
in Figure 3. Besides a carbon signal appearing at 0.277 keV and resulting from the latex of the SEM
sample holder due to the incomplete coverage of the sample [25], only lanthanum (La), iron (Fe) and
oxygen (O) were present, confirming that the citric acid assisted sol-gel route leads to high purity
LaFeO3 photocatalyst. The peaks at around 0.83 and 4.65 keV were related to La and the ones at
around 6.399 and 0.704 keV to Fe; they proved that the formation of the LaFeO3 photocatalyst had
a 1:1 molar ratio of metal ions as the atomic percentage obtained from EDXS was 0.35% for Fe and
0.34% for La in sample S-700 and 1.13% for Fe and 1.21% for La in S-900, respectively.
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Figure 3. Energy dispersive X-ray (EDX) spectra of LaFeO3 at different calcination temperatures
(S-700, S-900).

Figure 4 presents the IR spectra of different LaFeO3 samples prepared at different calcination
temperatures in the wavenumber range 400–4000 cm−1 in order to determine the possible functional
groups in the sample. The FT-IR spectra were quite featureless, confirming again the purity of the
synthesized samples. The peak at 556 cm−1 can be attributed to the Fe–O stretching vibration being
characteristic of the FeO6 octahedrons in perovskite-type LaFeO3 [26]. The band at 716 cm−1 can be
assigned bending vibrations of the La-O bonds [11]; the small peak at 2905 cm−1 as well as the small
peak at around 1600 cm−1 resulted from small amounts of citric acid residues, they were accounted to
C-H vibrations and the symmetric stretching of the carboxyl groups, respectively.

 
Figure 4. FT-IR spectra of LaFeO3 nanoparticles calcined at different temperatures.

The specific surface areas of the synthesized LaFeO3 samples were determined from a nitrogen
adsorption-desorption isotherm using the BET approach. The isotherms of the samples can be classified
into type III behavior (Figure 5), which is attributed to a weak adsorbate-adsorbent interaction [27].
The surface areas decreased with increasing calcination temperature. Although the surface areas
were in general quite small, the area of S-700 exceeded even slightly the highest value reported
by Tijare et al. of 9.5 m2/g [23]. In general, higher surface areas facilitated adsorption of organic
pollutants, promoted charge carrier separation and enabled more light harvesting, resulting in total
higher photocatalytic activity.
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Figure 5. N2 adsorption-desorption isotherms for LaFeO3 samples and the resulting BET surface areas
of the different samples.

Diffuse reflectance UV-Vis spectroscopy was employed to characterize the optical properties of the
LaFeO3 nanoparticles, as shown in Figure 6a. In the perovskite-type oxide, the strong absorption edge
at 520 nm was ascribed to the electronic transition from the O 2p orbitals forming the valence band
to the Fe 3d orbitals in the conduction band [28]. The data showed that the sol-gel prepared LaFeO3

photocatalyst could serve as a potential visible-light-driven photocatalyst. In addition, the band gap
energy of LaFeO3 catalysts can be determined from Kubelka−Munk equation [29] via a Tauc plot:

α = B
(
hv − Eg

)n/hv

with α being the absorption coefficient, ν the irradiation frequency, Eg the band gap, B being a constant
(being usually 1 for semiconductors), h is the Planck constant and n is a constant depending on the
type of semiconductor (direct transition: n = 1/2; indirect transition: n = 2). For the direct transition
semiconductor LaFeO3, the band gap energy values were estimated by extrapolation of the linear part
of the curves of the Kubelka–Munk function (αhv)1/2 against the photon energy (hv), as displayed in
Figure 6b. The S-700 sample absorbed slightly more light energy than the other ones showing that
a decreasing particle size and an increased surface area led to a slight red shift.

 
Figure 6. Kubelka-Munk diffuse reflectance UV-Vis spectra (a) and resulting band gaps from Tauc plots
(b) of the studied LaFeO3 samples.

X-ray photoelectron spectroscopy (XPS) was performed on the most promising LaFeO3 S-700 to
determine the elemental composition and the chemical oxidation state of the sample surface. Figure 7
shows the X-ray photoelectron (XP) survey spectrum (Figure 7a) and the detailed spectra of the La
3d, Fe 2p and O 1s. In addition to different La, Fe and O lines, Figure 7a shows also the C 1s signal,
which resulted from adventitious surface carbon and which was also referenced to a binding energy
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(284.8 eV) in order to exclude surface charge effects for all the other signals. The binding energies
found in the XP spectra of La 3d (Figure 7b) and Fe 2p (Figure 7c) revealed that the iron and lanthanum
ions were both present in the chemical valence state +III [30,31]. Figure 7d shows the O 1s signal with
binding energies of about 529.9 eV, 531.1 eV and 532.0 eV which corresponded as the main signal
to the contribution of the La-O and Fe-O crystal lattice bonds, some surface hydroxyl groups and
chemisorbed water, respectively [32,33]. In line with the expected composition between La, Fe and O,
an atomic ratio of about 1:1:3 was found by comparing the relative signal intensities in the different
XP spectra.

 
Figure 7. X-ray photoelectron spectroscopy (XPS) for the S-700 sample survey (a), and core level XPS
of La 3d (b), Fe 2p (c) and O1s (d).

In order to investigate the energy band structure including the conduction band (CB) and
valence band (VB) position of LaFeO3 S-700 and S-900 photocatalysts, electrochemical flat potential
measurements were performed, and the resulting data are plotted in Figure 8a,b using the
Mott–Schottky (MS) relation in the dark [34]:

1
C2 =

[
2

εεoeN

][
E − Ef b − kT

e

]

with C being the capacitance of space charge, ε the dielectric constant, εo the permittivity of free space,
N the electron donor density, E the applied potential and Efb the flat band potential. Plotting 1/C2

against E yields a straight line from which the slope of the donor density can be calculated and Efb can
be determined as the intercept of the abscissa by extrapolation to C = 0. The positive slopes of the MS
plots confirmed LaFeO3 being an n-type semiconductor with electrons as the majority charge carriers.
The flat band potentials of S-700 (Figure 8a) and S-900 (Figure 8b) at frequencies of 100 Hz and 1000 Hz
were calculated to be −0.3 and −0.25 V (EAg/AgCl(sat-KCl)) referenced to the KCl-saturated Ag/AgCl
electrode, respectively. Thus, using the following equation:

ENHE = E0
Ag/AgCl(sat−KCl) + EAg/AgCl(sat−KCl) + 0.059 × pH
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with E0
Ag/AgCl(sat-KCl) = 0.199. For the pH value of 5.6 of the 0.1 M Na2SO4 electrolyte solution,

potentials were 0.23 and 0.28 V versus the normal hydrogen electrode (NHE) result. For n-type
semiconductors the Efb was strongly related to the bottom of the conduction band (CB); typically, it is
assumed that CB is 0.1 V more negative than Efb [35], resulting in CB edges at about 0.13 V and 0.18 V
vs. NHE, respectively. These values are close to the position of the conduction band edge for YFeO3

calculated by Ismael et al. [36]. The slightly positive CB potential explains that the LaFeO3 was not
able to form hydrogen via water splitting under light irradiation. This was confirmed by respective
experiments attempting photocatalytic H2 formation with our LaFeO3 samples on which platinum
nanoparticles (0.5 wt. %, particle size <2 nm) were photodeposited as a co-catalyst. Even by the use
of light with λ ≥ 320 nm and methanol as a sacrificial agent, no hydrogen was detected with all the
Pt/LaFeO3 samples. This result stands in contrast to H2 formation reported earlier by Tijare et al. [23],
Parida et al. [37] and Vaiano et al. [38], who, however, performed no analysis on conduction band
positions. Thus, some doubts regarding the H2 production reported in their papers exist.

Xu et al. [39] reported hydrogen production activity over a LaFeO3/g-C3N4 composite in the
presence of TEOA as a sacrificial reagent and Pt as a co-catalyst. Their results show that LaFeO3 alone
had no activity due to the positive conduction band edge (0.11 V); hydrogen was only found if g-C3N4

(conduction band potential at −0.85 V vs. NHE) was added, which is in agreement of our results.
Hydrogen production was observed for other ferrites, such as CuFe2O4 and NiFe2O4; for those the
conduction band positions were found to be negative enough [40,41].

By taking into account the band gap energies of our LaFeO3 samples from the Tauc plots
(Figure 6b), the valence band (VB) positions for S-700 and S-900 can be calculated according to
the equation Evb = Ecb + Eg [42], resulting in about Evb = 2.51 V and 2.68 V respectively.

 
Figure 8. Mott-Schottky plots at 100 Hz and 1 kHz of (a) S-700 and (b) S-900, (c) Nyquist plots of S-700
and S-900 in 0.1 M Na2SO4 (pH = 5.6) at 0.4 V vs. Ag/AgCl and (d) transient photocurrent responses
in 0.1 M Na2SO4/0.1 M Na2SO3 solution (pH = 5.6) under white LED illumination.

Electrochemical impedance spectroscopy (EIS) and transient photocurrent experiments were
performed to investigate the electron-hole separation efficiency in the LaFeO3 photocatalysts.
The electrode of S-700 shows the smaller arc size (Figure 8c). In general, a smaller arc size observed in
EIS semicircular Nyquist plots documents smaller charge-transfer resistance on the electrode surface
and accelerated interface transport of charge carriers, which results in an effective photo-induced
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charge carrier mobility and separation [43,44]. Figure 8d indicates the transient photocurrent responses
of S-700 and S-900. The photocurrent of S-700 sample was much higher than that of S-900 indicating the
greatly improved charge transfer and separation ability [45,46]. The onset potential of the photocurrent
indicates the flat band potential of the electrode [47]. In this case, the sulfate/sulfite electrolyte solution
lowered the kinetic barrier for charge transport by trapping the photogenerated holes. Moreover,
the onset of the photocurrent lies at about 0.2 V vs. NHE for S-700, being in good agreement with the
flat band potential obtained from the Mott-Schottky plot.

2.2. Photocatalytic Properties

Photocatalytic activities of the prepared LaFeO3 samples were evaluated by degradation of
RhB and 4-CP in aqueous solution under visible light irradiation using a 420 nm cut-off filter.
Before irradiation, the suspensions were magnetically stirred in the dark for 40 min to ensure
adsorption-desorption equilibrium between the organic substrate and the photocatalyst, after visible
light irradiation the absorbance of RhB was noticeably reduced (Figure 9a), although there was very
little decrease in absorption before irradiation. This indicates that RhB degradation occurred instead of
further adsorption. Since the intensity of the absorption peaks gradually decreased without any change
in their wavelength, it can be concluded that the degradation reaction takes place by an aromatic ring
opening without formation of stable de-ethylated intermediates [48,49].

Figure 9b shows that without LaFeO3 being present the dye RhB was quite stable and no significant
self-degradation under visible light took place. Also in the presence of SnO2, a semiconductor with
a band gap of 3.0 eV, which can, thus, not be excited by light with λ ≥ 420 nm, only negligible
degradation was found. Thus, sensitization effects can be ruled out as well. In the presence of
the photocatalyst LaFeO3, the photodegradation efficiency decreased with increasing calcination
temperature of the LaFeO3 due to the decreasing surface area and increasing particle size. Besides the
highest surface area sample facilitating the adsorption of the organic dyes and possibly trapping more
electrons and holes on the surface, the sample S-700 might also benefit from the slightly narrower
optical band gap allowing for more visible light absorption.

 
Figure 9. (a) UV-Vis spectra for the degradation of rhodamine B (RhB) under visible light irradiation
(λ ≥ 420 nm) on the LaFeO3 S-700 sample ([RhB] = 10−5 M, catalyst weight = 0.1 g) at 25 ◦C.
(b) Degradation of RhB as a function of irradiation time with visible light (λ ≥ 420 nm) in the presence
of different LaFeO3 catalysts or SnO2 for comparison.

The degradation of RhB obeys a pseudo-first-order kinetics law of the type [50]:

ln c0/ct = kt

with c0 being the initial concentration of RhB, ct the concentration of RhB at any time t, t the illumination
time (min) and k is the first order rate constant (min−1). Figure 10 shows the linear relationships
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between ln(c0/ct) and t, the rate constant for S-700, S-750, S-850 and S-900 were 0.0062, 0.0032,
0.0026 and 0.0013 min−1, respectively.

In general, it is known that the photocatalytic degradation reaction of organic contaminants
proceeds mainly by the contribution of oxygen-containing reactive species such as superoxide (.O2

−)
and hydroxyl radicals (.OH) [51,52]. Thus, in order to explore the reactive species for RhB degradation
different scavengers were tested in the photocatalytic process. The hydroxylation test was done using
terephthalic acid (TA) as a probe molecule, in this test TA reacts with OH to produce highly fluorescent
2-hydroxyterepthalic acid (fluorescence maximum at 426 nm [53]).

 
Figure 10. Kinetics curves of LaFeO3 perovskites calcined at different temperatures.

As seen from Figure 11a for S-700 very low fluorescence intensity at 426 nm was observed after
6 h of visible light irradiation suggesting very low hydroxyl radical formation on the surface of
the catalyst. Usually, the photoluminescence (PL) intensity at about 425 nm is proportional to the
amount of the produced hydroxyl radical on the surface of the catalyst. In good agreement to that,
isopropanol (0.01 M), a known hydroxyl radical (.OH) quencher [54], showed only little effect on
the RhB degradation reaction (Figure 11b). However, the addition of benzoquinone (0.01 M) [55]
as a superoxide radical (.O−

2) quencher strongly decreased the degradation of RhB, indicating that
degradation proceeds via superoxide radicals, which can only be produced via the reduction of
dissolved oxygen by the excited electrons in the conduction band (CB) of LaFeO3. This is surprising
since the CB of LaFeO3 S-700 was detected to be at about 0.1 V, being more positive than the standard
potential for the superoxide radical formation from adsorbed oxygen E0(O2/•O2

−) = −0.046 V [56].
Thus, the superoxide radical formation should not be possible. However, in the photocatalytic
experiment, the electrochemical standard conditions were not given, thus due to potential shifts
depending on the Nernst law, the superoxide radical formation might become possible to some extent.
An indication for potential changes during the photocatalysis experiment might become visible in the
increasing degradation of RhB in the presence of benzoquinone, which occurs with longer irradiation
time (Figure 11b). Approximately the same decrease in activity for RhB degradation is obtained when
10 vol. % methanol [57] were added as a hole (h+) quencher. The photogenerated holes can oxidize
OH− ions to .OH radicals because the valence band position of S-700 (2.46 V) is more positive than the
redox potential of .OH/−OH (E0 = 1.99 V) [58]. These results for the active species being responsible
for degradation agree with the results for the perovskite YFeO3 studied earlier by us [36]. In that paper,
it was concluded that superoxide radicals (.O2) and (.OH) have an effect but the holes (h+) are the main
species on catalyst surfaces responsible for the photocatalytic activities.
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Figure 11. (a) Fluorescence spectra of the 2-hydroxyterepthalic acid solution in the presence of LaFeO3

S-700 and (b) the reactive species in trapping experiments during the degradation of RhB.

Figure 12 shows that the LaFeO3 S-700 was not only able to degrade dyes like RhB under
visible-light irradiation at λ > 420 nm, but also compounds like 4-CP which does not absorb lights
themselves in that spectral range. Thus, a light-induced self-degradation can be ruled out. With LaFeO3

S-700 the degradation efficiency on 4-CP was lower than that on RhB, but still more than 60% of the
4-CP were transformed by destroying the aromatic ring system, which is responsible for the absorption
at 315 nm, which was recorded and followed with time in Figure 12. In a HPLC analysis performed
with the reaction mixture after 5 h of illumination, no significant amounts of decomposition products
were found. Total organic content (TOC) analysis after five hours illumination time confirmed the 4-CP
degradation; a reduction of the TOC by 55% was found. Our LaFeO3 photocatalyst showed higher
activity for 4-CP degradation compared to that reported by Pirzada et al. [59] and Hu et al. [60].

 
Figure 12. Degradation of 4-CP as a function of irradiation time without a photocatalyst and in the
presence of the LaFeO3 catalyst S-700.

3. Experimental

3.1. Materials

All the reactants were commercial products. Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O, 99%),
citric acid (C6H8O7, 99%) and lanthanum (III) nitrate hexahydrate (La(NO3)3·6H2O, 99.999%) were
purchased from Sigma-Aldrich. 4-chlorophenol (4-CP, ClC6H4OH, ≥99%) and Rhodamine B (RhB,
C28H31ClN2O3) were bought from Merck. All chemicals were analytically pure and were used as
received without further purification. Deionized water (>18 MΩ cm) obtained from a Sartorius water
purification system was used during the whole synthetic procedure to prepare the required metal
ion solutions.
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3.2. Synthesis of LaFeO3 by the Citric Acid Assisted Sol-gel Method

The lanthanum ferrite perovskite was synthesized by the citric acid assisted sol-gel method [23].
In a typical synthesis, Fe(NO3)3·9H2O (0.0041 moles), La(NO3)3·6H2O (0.0041 moles) and citric acid
were separately dissolved in deionized water under continuous stirring in a 1:1:4 molar ratio. A high
surplus of citric acid was required to chelate the metal cations and to prevent aggregation. The obtained
dark yellow, clear and transparent solution was obtained after the powders were completely dissolved
in the solution. From that, the viscous gel was formed by heating at 300 ◦C for 2–3 h under continuous
magnetic stirring. Subsequently, the solvent was evaporated by combustion in a pyrolysis setup at
400 ◦C for 1 h. The resulting fluffy powder, which was used as a precursor for LaFeO3, was crushed
to a fine powder and subsequently calcined at different temperatures for 4 h in air. After cooling,
the obtained samples were characterized and tested in the photocatalytic degradation. They were
named S-700, S-750, S-850 and S-900 according to the calcination temperature applied.

3.3. Characterization

The crystalline phase and size of the obtained LaFeO3 nanoparticles were checked with
a Empyrean theta-theta X-ray diffraction system (PANalytical, Almelo, The Netherlands) operating
with Cu Kα radiation (λ = 1.540598 nm) at 40 kV and 40 mA in the 2θ range of 20–80◦.
The Brunauer-Emmett-Teller (BET) surface areas were calculated from nitrogen adsorption-desorption
isotherms measured on a Tri Star II (Micromeritics GmbH, Aachen, Germany). All the samples were
degassed at 150 ◦C overnight prior to the adsorption measurements.. The diffuse reflectance spectra
(DRS) and UV-Vis absorption spectra of the dye solutions were measured with a Varian Cary 4000
(Mulgrave, Australia). This spectrometer could also be equipped with an Ulbricht sphere allowing
the recording of UV-Vis diffuse reflectance spectra (DRS) in the region 200–800 nm using the white
standard MgO as a reference. The photoluminescence (PL) spectra were recorded using a Varian Cary
Eclipse fluorescence spectrophotometer (Mulgrave, Australia) at room temperature, with excitation
by incident light of 380 nm. The Fourier transform infrared spectra (FT-IR) were recorded using
a Bruker FT-IR Tensor 27 Spectrometer with a platinum ATR unit. The morphology of the prepared
samples and the content of the elements were studied using scanning electron microscopy (Hitachi,
S-3200N, Krefeld, Germany) and energy-dispersive X-ray spectroscopy (EDX Oxford INCAx-act,
Abingdon, UK), respectively. Since the photocatalytic properties of the LaFeO3 strongly depend on
the surface chemical state of the samples this was analyzed by X-ray photoelectron spectroscopy
(XPS) with an ESCALAB 250 Xi (Thermo Fisher, East Grinstead, UK) equipped with a monochromatic
Al Kα X-ray source (hν = 1486.6 eV) as the excitation source under ultrahigh vacuum conditions.
The high-resolution spectra for the C 1s, O 1s, La 3d and Fe 2p photoelectron lines were recorded
with a bandpass energy of 20 eV and a step size of 0.1 eV. The spectra were analyzed using Avantage
software (version 5.951). Binding energies in the high-resolution spectra were calibrated by setting the
C 1s signal to 284.8 eV. Electrochemical impedance spectroscopy (EIS), photocurrent measurement
and Mott Schottky plots were performed on an IM6e potentiostat (Zahner Elektrik, GmbH, Kronach,
Germany) and evaluated with the Thales (version 4.12) software. A standard three-electrode cell
configuration with Ag/AgCl (saturated KCl), coiled Pt-wire and LaFeO3 coated FTO were used as
the reference, counter and working electrodes, respectively. The working electrodes were prepared
on the conductive fluorine-doped tin oxide (FTO) glass slides (Pilkington, Weiherhammer, Germany)
of 2 × 6 cm size, which were sonicated before by applying in a sequence 0.1 M HCl, 0.1 M NaOH,
acetone and ethanol in an ultrasonic bath, then rinsed with deionized water and dried in an air stream.
Then 0.1 g of the respective LaFeO3 sample was dispersed in 500 μl of ethanol in an ultrasonic bath for
30 min and 200 μl of the obtained suspension were coated on the FTO glass substrate using the doctor
blade method. Finally, the FTO substrate was dried in a furnace for 30 min at 353 K and calcined for 3 h
at 873 K. An electrolyte 0.1 M Na2SO4 aqueous solution was used for the Mott-Schottky measurements
and a 0.1 M Na2SO4/0.1 M Na2SO3 aqueous solution was used as the supporting electrolyte for
photocurrent and electrochemical impedance measurements, respectively.
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3.4. Photocatalytic Degradation Activity and Hydrogen Evolution Measurements

The photocatalytic activity of the LaFeO3 samples was tested on one hand by the photocatalytic
decomposition of RhB and 4-CP as organic model pollutants under visible light irradiation (λ ≥ 420 nm)
and on the other hand by attempting hydrogen evolution using light of λ≥ 320 nm and Pt nanoparticles
as a co-catalyst.

For the degradation experiments the visible light irradiation was obtained from a 150 W Xe
lamp equipped with a 420 nm cut-off filter. This optical cut-off filter was placed between the reactor
and the xenon lamp to cut off the UV light and to ensure visible light irradiation only; the distance
between the light source and the reactor containing solution was about 10 cm. Since for dyes, such as
RhB, self-excitation by the visible light could not be ruled out (although we found there was not
much indication for that, compare Figure 9b), 4-CP was used as a control substrate, which is not
absorbing in the vis-light range. In a typical test, 0.1 g of LaFeO3 and 100 mL of aqueous solutions
(10−5 M) of RhB or 4-CP were initially mixed under continuous magnetic stirring in a water-cooled
(10 ◦C) double-wall 250 mL Pyrex reactor for 40 min in the dark to establish the adsorption-desorption
equilibrium between the photocatalyst and substrate (RhB or 4-CP). The cooling system was used to
cool down the double-wall Pyrex reactor to prevent the effect of the thermal catalytic reaction. Then the
samples were illuminated under visible light. Every one hour, a part of the suspension was taken out,
filtered to remove the particles and analyzed by the UV-Vis absorption measurement, the degree of
degradation was evaluated from the decrease of absorption at the RhB and 4-CP maxima at 554 nm
and 315 nm, respectively.

Photocatalytic H2 evolution was attempted in a double-walled quartz reaction vessel connected
to a closed gas circulation, using a 500 W Hg mid-pressure immersion lamp (Peschl UV-Consulting)
as a light source. Argon gas was used as the carrier gas with a flow of 50 NmL min−1. The evolved
hydrogen gas was quantitatively analyzed by a multichannel analyzer (Emerson) equipped with
a thermal conductivity detector. In a typical photocatalytic reaction, 0.5 g of LaFeO3 photocatalysts
were suspended in a mixture of 550 mL water and 50 mL of the sacrificial agent methanol prior to the
irradiation. The solution was kept at 10 ◦C by flushing cold water from a thermostat (LAUDA) through
a double-wall reactor made of normal glass. The normal glass mantle was tested to absorb all the light
with wavelengths shorter than about 320 nm. Thus, one can assume that the LaFeO3 samples are only
irradiated by light of λ ≥ 320 nm. The co-catalyst 0.5 wt. % Pt (particle size < 2 nm) was deposited
on the LaFeO3 powder via reductive photodeposition from H2PtCl6·6H2O. Upon light irradiation,
metallic Pt nanoparticles were photodeposited onto the photocatalyst surface sites preferentially
accessible for electrons, while CO2 was formed from methanol being employed as a sacrificial reagent
as qualitatively detected with our multichannel analyzer (Emerson). The standard redox potential for
the reduction of Pt2+ ions to metallic Pt is +1.2 V vs. NHE, thus the electrons in the CB of LaFeO3 are
able to initiate this reduction.

4. Conclusions

A perovskite-type LaFeO3 photocatalyst was synthesized using the quite simple citric acid
assisted sol-gel route. The prepared samples were characterized using different methods. The most
photocatalytically active sample for decomposition of RhB and 4-CP under visible light was the one
calcined at the lowest temperature of 700 ◦C due to the highest surface area and the lowest band
gap energy. At temperatures lower than 700 ◦C the crystallinity of the LaFeO3 samples was not
sufficient. Mott-Schottky plots revealed a positive potential of the CB at around 0.1 V explaining
the observed inactivity of LaFeO3 for the photocatalytic hydrogen evolution via water splitting and
methanol dehydrogenation. The photocatalytic degradation reaction of the pollutants occurred mainly
via direct reaction of the photogenerated holes, but to some extent especially in the starting period of
the degradation experiments also via superoxide radical formation. To sum up, LaFeO3 is a promising
photocatalytic material for degradation of organic pollutants under visible light irradiation.
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Abstract: The effects of modifying the composition of LaCoO3 on the catalytic activity are predicted by
density functional calculations. Partially replacing La by Sr ions has benefical effects, causing a lowering
of the formation energy of O vacancies. In contrast to that, doping at the Co site is less effective, as only
3d impurities heavier than Co are able to stabilize vacancies at high concentrations. The comparison
of the energy profiles for CO oxidation of undoped and of Ni-, Cu-m and Zn-doped (La,Sr)CoO3(100)
surface shows that Cu is most effective. However, the effects are less spectacular than in the SrTiO3 case,
due to the different energetics for the formation of oxygen vacancies in the two hosts.

Keywords: heterogeneous catalysis; surface science; materials science; perovskites; CO oxidation;
DFT calculations; transition metal doping

1. Introduction

As internal combustion engines are likely to power most world vehicles for at least the next two
decades, while legislations are tightening the emission limits, the reduction of noxious components
in the exhaust gas stands as a priority for the automotive industry. The main tool for achieving this
result is provided by three way catalysts (TWCs) installed downstream of engines. Unfortunately,
state-of-the-art TWCs typically contain platinum group metals and/or other elements such as rare
earths, whose demand is rapidly rising, and whose production occurs in unevenly distributed areas.
Hence, finding new and sustainable materials for TWCs is a current issue for research in catalysis.
In this regard, a convenient and well known approach to tune the electronic and, consequently, the
catalytic properties of materials, is doping with transition metal atoms [1]. In fact, experimental
and theoretical investigations [2–4] have shown that even inert compounds, such as SrTiO3, can be
turned into effective catalysts for CO oxidation if doped with transition metals, such as Co or Cu.
Furthermore, it has been established that the primary role of doping it that of enhancing the surface
oxygen atoms activity, which is gauged by the formation energy of surface oxygen vacancies. In fact,
the rate determining step of the CO oxidation reaction is the extraction of surface oxygen by CO [3].
On the other hand, a more active host, such as LaCoO3, can improve its performance as a TWC material
by partially replacing Co with Cu [5]. This is, however, most effective for high doping levels, when
copper oxides segregate at the surface. Hence, it is not clear whether a low concentration of Cu dopant
can actually improve the activity of LaCoO3 for TWC applications. Furthermore, we are not aware
of systematic studies comparing the effects of different transition metals as dopants on the catalytic
properties of LaCoO3. The aim of the present work is to understand whether doping can improve
the performance of LaCoO3 as a material for three-way catalytic converters. In particular, we want
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to assess whether the vacancy formation energy is a good a descriptor for the catalytic properties of
perovskites, as it was found in our recent studies on the protypical SrTiO3 perovskite.

2. Results

2.1. LaCoO3 vs. (La,Sr)CoO3

As the stoichiometry of perovskites can be changed by replacing both the A-site and the B-site
ions, the range of possible stoichiometries is quite large. Thus, we decided to adopt a simple approach
where we first compare the properties of the LaCoO3 (LCO) and of (La,Sr)CoO3 (LSCO) hosts. For the
latter, we assumed a La0.75Sr0.25CoO3 stoichiometry, which has been computed to be a stable phase
by Fuks et al. [6]. We considered the formation of both single and double oxygen vacancies (VO), as
well as the adsorption of CO and NO molecules at the CoO-terminated (100) surface, testing all the
configurations allowed by a 2 × 2 supercell. The main results are reported in Table 1.

Table 1. Formation energy for surface vacancies and CO adsorption energies (eV) at the (100) surface
of LCO and LSCO.

Compound 1 VO/cell 2 VO/cell CO Adsorption NO Adsorption

LCO 2.12 5.15 0.98 1.10
LSCO 1.83 4.37 0.90 1.16

Interestingly, the partial substitution of La by Sr atoms enhances the stability of vacancies, while
having minor (and contrasting) effects on the adsorption of CO and NO. Hence, this replacement is in
principle suitable for tuning the catalytic properties of LaCoO3. Another interesting finding is that
when two vacancies are introduced in the supercell, they prefer to cluster together.

2.2. Doping LSCO at the Co Site

On the basis of the above presented results, it seems interesting to investigate the effects of doping
LSCO at the Co site, once more taking the vacancy formation energy as a gauge of the catalytic activity.
To this end, we replace one of the surface Co atoms of the supercell by another 3d atom, namely V, Cr,
Mn, Fe, Ni, Cu, and Zn. Next, we compute the stability of oxygen vacancies, taking into consideration
both the sites adjacent (NN) and those not-adjacent (NNN) to the 3d-impurity. The same slab models
are used to compute the adsorption energy of CO, which is in turn evaluated both at the impurity site
(CO@M) and at regular cobalt sites (CO@Co). We resume the results of these calculations in Figure 1,
from which the difference in the behaviour of the investigated systems can be inferred. In particular,
it appears that though the formation of vacancies is favored both by light and by heavy 3d metal
impurities (with the exception of Fe), vacancies are attracted only by light dopants. Furthermore, CO
adsorption is always favored at regular (unsubstituted) Co sites.
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Figure 1. CO adsorption energies (top) and vacancy formation energies (bottom) computed for
TM-doped LSCO(100) surfaces. The CO@M and CO@Co lines indicate adsorption at impurity and at
regular Co sites, respectively. Vacancies created at the nearest site and at the next nearest site of the
impurity are labelled NN and NNN, respectively.

We now consider the effect of Co-site doping on the formation of double vacancies. This is done
starting from the structure of single vacancies, and exploring the stability of the possible configurations
corresponding to the creation of a second vacancy. The results, shown in Figure 2, indicate that, in
contrast to the case of single vacancies, the formation of double vacancies is favored only by heavy
3d impurities, namely, Ni, Cu, and Zn. In contrast to that, doping with light 3d metals is detrimental,
as it increases the formation energy of double vacancies by ~0.5 eV wrt the undoped LSCO host
(corresponding to the Co label in Figure 2) which in turn indicates a worse performance for NO
reduction. Therefore, doping with light 3d impurities, such as V, Cr, Mn, and Fe, is not a wise choice
for improving the properties of LSCO in TWC converters.

Figure 2. Formation energy for double vacancies (i.e., 2 VO/cell) for LSCO doped at the Co site.

2.3. CO Oxidation at LSCO: Effects of Doping at the Co Site

The results presented in the preceding section encourage us to investigate in more detail how
doping LSCO with heavy 3d dopants, i.e. Ni, Cu, and Zn, can influence the energetics of the CO
oxidation reaction. To this end, we consider the mechanism reported in Ref. [3], consisting of the
following elementary steps: i. Adsorption of CO; ii. Abstraction of lattice O atom and formation of
CO2; iii. Desorption of CO2; iv. Adsorption of O2; v. Capture of a second CO molecule and formation
of CO2; and vi. Desorption of CO2 and restoration of the stoichiometry of the starting surface. On the
basis of the above presented findings, CO has been assumed to be adsorbed at a regular Co site, and
to abstract a nearby O oxygen to form CO2. We optimized all the intermediate species and labelled
them with consecutive numbers, starting from the clean surface (1). The optimized structures of these
species turn out to be quite similar for the pure and for the doped systems, and are sketched in Figure 3
for the case of the Cu-doped surface. Actually, the structures are also similar to those of the analogous
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intermediates computed for SrTiO3 [3] in the case of Cu doping. In particular, both O2 and CO2 lay
parallel to the surface.

The analysis of the energy profiles relative to the investigated systems, reported in Figure 4,
reveals that, similarly to what has been observed for the structures of the intermediates, the reaction
energetics is also scarcely perturbed by doping, which is in striking contrast to the SrTiO3 case [3].
In fact, step ii, where a surface O atom is abstracted by CO, is always exothermic by 1.2–1.3 eV for all
the systems, with the exception of the Cu-doped sytem, where it is even more exothermic (~1.5 eV).
Overall, the energy profile of the reaction is qualitatively very similar to that computed for Cu-doped
SrTiO3: all the steps are exothermic, with the exception of those corresponding to the desorption of
weakly adsorbed molecules, which are slightly endothermic

Figure 3. Intermediate species in the CO oxidation process on the Cu-doped LSCO(100) surface. The
color codes are red = O, blue = Co, green = La, gray = Sr, cyan = Cu, brown = C. Asterisks mark the
position of O vacancies.
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Figure 4. Energy profiles reporting all the intermediates (see Figure 3) in the CO oxidation reaction
occurring on the pure as well as on the Ni-, Cu-, and Zn-doped LSCO(100) surfaces.

We now want to compare the potential energy (PE) curves of the O abstraction process (step ii, viz.
2 → 3) for the undoped and for the Cu-doped LSCO surfaces as obtained from nudged elastic band
(NEB) calculations. In tune with the analogies found both in the structure of the intermediates, and
in the energy profiles (see Figure 4), the PE curves, shown in Figure 5, appear to be quite similar, the
barrier being slightly lower for the Cu-doped case (0.35 vs. 0.45 eV). Because of the exothermicity of the
step, we find “earlier” transition states, with respect to the case of s SrTiO3. In fact, transition state (TS)
structures (see Figure 5) are similar to semi-bridging CO molecules, whereas CO2-like structures were
computed in the latter case [3]. For analogous reasons, the C-Co distance of the TS becomes shorter
(1.811 vs. 1.765 Å) on passing from the undoped to the Cu-doped surface, while a slight shortening is
computed also for the C-O distance (1.159 vs. 1.156 Å).
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Figure 5. Potential energy surfaces for the oxygen abstraction step (2 → 3) on the pure and on the
Cu-doped LSCO(100) surfaces. Inset pictures show the structure of the transition states. The colors are
the same as in Figure 3.

3. Theoretical Methods

Similarly to our previous investigations of SrTiO3, we used the PWSCF code of the
QUANTUM-ESPRESSO package [7] to solve the spin-polarized Kohn-Sham equations with the
generalized gradient approximation (GGA), adopting the PBE exchange-correlation functional [8].
We point out that our aim is not giving accurate descriptions of the electronic structure, nor
quantitative predictions of any kind. Hence, we rely on standard GGA calculations, which have
been successfully tested in similar cases [9,10], and are certainly affordable when comparing trends,
instead of performing GGA+U calculations, which are time-consuming and often problematic to
converge. The valence-core interaction were described by ultrasoft pseudopotentials taken from
the Garrity–Bennett–Rabe–Vanderbilt library [11]. All the calculations have been initialized in the
ferromagnetic state. Though most of the calculations have been carried out using the recommended 40
ryd plane wave kinetic energy cutoff, for transition state calculations (vide infra) a 30 ryd cutoff was
used. We actually found that reducing the cutoff from 40 to 30 ryd has minor effects on the geometries,
and produces a general 0.02–0.05 eV reduction of the adsorption energies. Lattice constants of LaCoO3

and of La0.75Sr0.25CoO3 have been optimized and kept fixed for all the subsequent calculations, as
dopants have been treated as diluted impurities. Bulk structures have been studied with cubic
supercells containing 40 atoms. For LSCO, Sr ions were assumed to occupy the lattice positions as in
the structure proposed by Fuks et al. [6], i.e., they were placed at the farthest possible distance in a 2 ×
2 × 2 supercell. We have considered the (100) surfaces, which have been modelled with a 2 × 2 slab
consisting of seven atomic layers of CoO2 and LaO stacked alternately. Only the top (CoO2-terminated)
surface of the slab was used to model adsorption and reactions. The top three atomic layers are relaxed,
whereas the bottom four atomic layers were kept fixed to simulate bulk. Effects of impurities and
oxygen vacancies were evaluated by modifying the composition of the top surface. Thanks to the
symmetric termination, a 12 Å thick vacuum space is sufficient to decouple the surfaces. Increasing
the vacuum thickness to 18 Å changes adsorption energies by less than 0.01 eV. The surface Brillouin
zone was sampled using a 2 × 2 k-point mesh. Transition states (TSs) were located using the climbing
image nudged elastic band (CI-NEB). Zero-point energy and entropic contributions were not included,
as they cannot change the computed trends. In computing the formation energy of oxygen vacancies,
a correction was applied to compensate the well-known DFT-GGA tendency to overestimate the O2

dissociation energy [12].
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4. Conclusions

We have investigated the effects of modifying the composition of LaCoO3 using DFT calculations.
The vacancy formation energy, taken as a gauge of the catalytic activity, is reduced both by introducing
Sr atoms at the La site and by doping with 3d atoms at the Co site. Only heavy 3d atoms are able
to promote high density of vacancies, which is needed for NO reduction. Overall, Cu-doped and
Ni-doped (La,Sr)CoO3 appear to be the best materials for preparation of catalysts suitable for three-way
converters. It should, however, be pointed out that, due to the early nature of the transition state for
the vacancy formation step in LSCO, the increased stability of oxygen vacancies obtained by doping is
predicted to have a reduced influence on the catalytic properties when compared to that found for
SrTiO3. Clearly, this work represents a first step towards a full understanding of the catalytic properties
of these complex systems. More efforts, both on the theoretical and on the experimental side, is needed
to extend and corroborate our conclusions.
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Abstract: The effect of partial Ti substitution by Mn, Fe, Co, or Cu on the NOx storage capacity
(NSC) of a BaTi0.8B0.2O3 lean NOx trap (LNT) catalyst has been analyzed. The BaTi0.8B0.2O3 catalysts
were prepared using the Pechini’s sol–gel method for aqueous media. The characterization of the
catalysts (BET, ICP-OES, XRD and XPS) reveals that: i) the partial substitution of Ti by Mn, Co, or
Fe changes the perovskite structure from tetragonal to cubic, whilst Cu distorts the raw tetragonal
structure and promotes the segregation of Ba2TiO4 (which is an active phase for NOx storage) as a
minority phase and ii) the amount of oxygen vacancies increases after partial Ti substitution, with the
BaTi0.8Cu0.2O3 catalyst featuring the largest amount. The BaTi0.8Cu0.2O3 catalyst shows the highest
NSC at 400 ◦C, based on NOx storage cyclic tests, which is within the range of highly active noble
metal-based catalysts.

Keywords: perovskite; NO to NO2 oxidation; NOx storage capacity; LNT catalysts

1. Introduction

Diesel engines are a type of lean burn engine, operating at upper stoichiometric air-to-fuel
ratios (A/F>14.7/1), which grew in popularity at the end of 20th century as they offered higher fuel
efficiency and less CO2 emissions respect to gasoline engines [1]. However, these engines show a highly
relevant drawback since they generate large amounts of NOx and soot [2,3]. In order to minimize the
level of these pollutants, more stringent standards were progressively established all over the world.
Nowadays, it is accepted that the current EURO VI standard regarding NOx emissions is not met by
just improving the quality of the fuel, by modifying the engine, or by using three-way-catalysts (TWCs).
Consequently, alternative catalytic strategies are mandatory in order to avoid the disappearance of
vehicles fitted with a diesel engine [4,5].

Two methodologies have been proposed to control NOx emission in lean burn engines: selective
catalytic reduction (SCR) and NOx storage and reduction (NSR), also called lean NOx trapping (LNT).
LNT technology involves the adsorption of NOx under lean conditions, followed by the periodic
regeneration of the catalyst by reduction under rich conditions [6]. The conventional LNT catalysts
(fitted in diesel cars) are composed of a platinum-group metal and an alkaline or alkaline-earth oxide
(BaO or K2O) supported on a high surface area material (Al2O3, TiO2, . . . ). It has been found that
LNT technology matched with a TWC in a direct-injection spark ignition (DISI) engine can feature
interesting results for NOx control emission [7].

Nevertheless, these conventional LNT catalysts present some drawbacks [8], with the high cost
of noble metals (mainly Pt) being one of the most relevant. In fact, an interesting challenge has been
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highlighted in a recent EU report, regarding the need to develop alternatives to the use of critical raw
materials such as precious metals [9]. In this line, the potential of perovskite base catalysts is being
largely illustrated in the literature for environmental applications [10–12].

In previous studies [11,12], titanium was partially substituted by copper in the BaTiO3 perovskite
structure, showing the resulting BaTi1−xCuxO3 perovskites a high activity for NOx storage, which was
attributed to the presence of oxygen vacancies (created on the catalyst surface as a consequence of
the copper incorporation into the structure) and to the segregation of some phases (mainly BaCO3

and Ba2TiO4, but also CuO). It was also concluded that the BaTi0.8Cu0.2O3 catalyst presents a NOx
storage capacity (NSC) at 420 ◦C in the range of levels reported for noble metal-based catalysts (around
300 μmol/g) [13], and hence could be proposed as a potential component of high-temperature LNT
systems for lean burn engines, such as gasoline direct injection engines. Moreover, in the literature,
other metals such as Mn, Fe, or Co have been proposed as promising B cations in the perovskite used
as catalysts for NOx and soot removal [14–16]. Thus, the aim of this paper is to determine the effect of
Ti partial substitution by Mn, Fe, and Co in the NSC of the BaTi0.8B0.2O3 LNT catalyst. The results will
be analyzed with respect to the performance of the previously studied BaTi0.8Cu0.2O3 catalyst [11,12].

2. Results and Discussion

2.1. Characterization of the Catalysts

Table 1 presents the nomenclature and the basic characterization data of the catalysts: B metal
content (measured by ICP-OES), BET surface area (obtained by applying the BET equation to N2

adsorption data) and XPS. As it can be observed, the ICP-OES results reveal that all the metals added
during the synthesis processes are present in the catalysts. Besides, the BET surface areas of the
catalysts are low (as correspond to solids with negligible porosity, as mixed oxides with perovskite
structure are [11]) and they range from 5 to 13 m2/g.

Table 1. Nomenclature and basic characterization data.

Catalyst Nomenclature SBET (m2/g)
Bexp (wt%)/
Bnom (wt%)

B/Ba+Ti+B 1 Olattice/Ba+Ti+B 2

BaTi0.8Mn0.2O3 BTMnO_2 13 5.2/5.4 0.08 1.5
BaTi0.8Fe0.2O3 BTFeO_2 7 4.7/4.8 0.09 1.8
BaTi0.8Co0.2O3 BTCoO_2 5 4.9/4.9 0.13 1.4
BaTi0.8Cu0.2O3 BTCuO_2 12 4.9/5.0 0.07 1.4

BaTiO3 BTO_ref 9 – – 2.0
1 B/Ba+Ti+B nominal = 0.1, 2 Olattice/Ba+Ti+B nominal = 1.5.

Concerning the XRD results, Figure 1a shows the XRD patterns of the catalysts that reveal a
perovskite like structure (the diffraction peaks observed at 2θ: 22.3◦; 31.4◦; 38.8◦; 45.2◦; 51.0◦; 56.1◦;
65.8◦; 74.9◦; for (100), (110), (111), (200), (210), (211), (220), and (310) lattice planes, correspond to
the standard JCPDS for tetragonal perovskite structure: 5-626 [17]) as the major crystalline phase for
all the catalysts. Based on the splitting of peak around 51◦, it seems that the perovskite structure
is tetragonal for BTO_ref and BTCuO_2, but it changes to cubic for the other catalysts [11,12]. The
magnification of the main peak of the diffractograms (31.5◦), included in Figure 1b, clearly shows a shift
to a lower angle value, respect to the BTO reference which is more evident for BTMnO_2, BTCoO_2,
and BTFeO_2 (suggesting a modification of the perovskite structure) [11,12] than for BTCuO_2 (as
the tetragonal structure is preserved for this catalyst), even though a decrease in the peak intensity is
featured. Additionally, other minority phases are also identified by XRD, that is, mainly Ba2TiO4 and
BaCO3 (formed by the carbonation of segregated barium oxide during samples atmospheric exposure)
but also CuO for BTCuO_2, and only BaCO3 for BTMnO_2, BTFeO_2, and BTCoO_2 catalysts. As
it has been previously reported [11,12], the existence of segregated phases on a metal substituted
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perovskite proves that the metal has been incorporated into the perovskite structure. Therefore,
the shift of the main diffraction peaks ascribed to the perovskite structure and the segregation of
minority phases identified in the XRD patterns indicate that Ti is successfully substituted by Mn, Fe,
Co, and Cu in the perovskite framework. It is worth mentioning that: i) for BTCoO_2 catalysts, other
cobalt phases (BaCoO3 perovskite and Co3O4) are also identified as minority segregated phases in the
XRD diffractogram, suggesting that cobalt has been introduced into the perovskite lattice in a lower
extent than Cu, Fe, and Mn; and ii) Ba2TiO4, which has been suggested as an active phase for NOx
storage [11,12], is only detected for BTCuO_2 catalyst.

(a) (b)

Figure 1. Catalysts characterization: (a) XRD patterns, (b) main peak magnification.

To verify the structural modifications in the perovskites suggested by XRD patterns, Raman
spectroscopy was used. According to literature [18,19], only the tetragonal structure of BaTiO3

perovskite, which belongs to space group P4mm, presents first-order Raman-active modes with bands
at, approximately, 180 cm−1, 265 cm−1, 305 cm−1, 520 cm−1, and 720 cm−1, corresponding to irreducible
representations ((A1(LO)), (A1(TO)), (B1), (A1, E(TO)), and (A1, E(LO)), respectively. On the one hand,
the Raman spectra, shown in Figure 2, confirm that BTCuO_2 preserves the original tetragonal structure
of the raw perovskite, as suggested by XRD, as it features the main bands previously indicated. In
spite of this, BTCuO_2 spectrum shows broader peaks than BTO spectrum, pointing out that copper
incorporation distorts the original tetragonal structure. On the other hand, BTFeO_2 and BTMnO_2
catalysts show an almost flat spectrum, ascribed to perovskite cubic structure, which does not show
active modes in Raman spectroscopy. Finally, some Raman peaks are identified in the BTCoO_2
spectrum which are ascribed to the presence of minority phases such as BaCoO3 and Co3O4, also
identified by XRD. This result supports that a lower degree of cobalt is incorporated into the perovskite
framework of the catalyst.

The different effects of the B cations, that partially substitute Ti on the perovskite structure, seem to
be related with their ionic radius. Fe, Mn, and Cu (as M2+) have ionic radii larger than Ti4+ causing the
distortion of the raw tetragonal perovskite structure. As Co2+ presents the most similar ionic radius to
Ti4+, the formation of the stable BaCoO3 perovskite is also allowed and, consequently, a lower fraction
of cobalt is inserted into the BaTiO3 perovskite framework to partially replace titanium.

XPS provides valuable information about the catalysts surface composition. All the XPS spectra
and contributions assignment are featured in Figure A1 and Table A1, in the Appendix A. Table 1 shows
the data related to metal (Mn, Fe, Co, or Cu) distribution presented as B/Ba+Ti+B (B=Mn, Fe, Co, Cu)
ratio, whilst the data related to lattice oxygen, is shown as Olattice/Ba+Ti+B (B=Mn, Fe, Co, Cu) ratio.
It can be observed that for Mn, Fe, and Cu, the B/Ba+Ti+B XPS ratio is lower than the corresponding
nominal value (0.1), which supports that these metals have been partially introduced into the perovskite
structure. The BTCuO_2 catalyst presents the lowest value, so, the highest percentage of metal inside
the perovskite lattice, whilst for Co, a B/Ba+Ti+B ratio higher than the nominal is found due to the
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presence of BaCoO3 and Co3O4 segregated phases. The Olattice/Ba+Ti+B XPS ratio (calculated from the
area for O1s peak corresponding to lattice oxygen) for all catalysts is lower than the corresponding
value for the BTO_ref perovskite (2.0), evidencing the creation of oxygen vacancies in the perovskite
structure to compensate the imbalance in positive charge due to the partial substitution of Ti4+. Note
that the BTCuO_2 catalyst presents the lowest Olattice/Ba+Ti+B ratio and, consequently, the largest
amount of surface oxygen vacancies. This result seems to be explained considering that BTCuO_2
catalyst presents a positive imbalance larger than the other catalysts due to the highest difference
between the oxidation state of Ti4+ and the Cu+2 (Fe and Mn appear mainly as Fe(II) and Mn(III) but
Fe(III) and Mn(IV) have been also identified by XPS). Additionally, surface oxygen vacancies are also
created because Ti+4 cannot achieve a higher oxidation state as other B cations (as Mn or Fe in BaMn

1−x CuxO3 and BaFe1-x CuxO3 [20,21]) do. Finally, it is remarkable that BTCuO_2 catalyst preserves the
original tetragonal structure (shown by XRD and Raman results), but with a high degree of distortion,
which causes the presence of a larger amount of oxygen vacancies.

* Bands corresponding to BaCoO
3
and Co

3
O
4

Figure 2. Catalysts characterization: Raman spectra.

2.2. Catalytic Activity

For the analysis of the activity of the catalysts for NO to NO2 oxidation and NOx
adsorption/desorption, temperature programmed reaction (TPR-NOx) experiments were carried
out. These experiments also allow the selection of the optimal temperature for isothermal NOx storage
experiments that have been carried out in order to determine the NOx storage capacity (NSC, which is
the amount of NOx stored (in μmol) per gram of catalyst). The results obtained as explained in the
Materials and Methods section are presented in Figure 3.

Figure 3a features the NOx conversion profiles for all catalysts. It has been considered that
positive values of NOx% conversion indicate that NOx adsorption is taking place, while negative
values correspond to a NOx desorption process. According to this, at temperatures lower than 500 ◦C,
approximately, the NOx conversion profiles represent NOx adsorption profiles and, at temperatures
higher than 500 ◦C, these represent NOx desorption profiles. An analysis of the NOx conversion
profiles reveals that BTCoO_2 but, mainly, BTCuO_2 catalysts show NOx adsorption/desorption
activity, this performance being consistent with the presence of Ba2TiO4 segregated phase, which has
been suggested as an active phase for NOx adsorption [11,12].
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(a)

(b)

Figure 3. (a) NOx conversion profiles and (b) NO2 generation profiles during the TPR-NOx experiments.

Before analyzing the NO2 generation profiles shown in Figure 3b, it is worth mentioning that
NO2 is the main compound involved in NOx adsorption processes [8,11,12] and, for this reason, it has
to be considered that the NO2 registered by the analyzers is only the evolved NO2, that is: i) below 500
◦C, it is the fraction of NO2 generated which is not stored; and ii) above 500 ◦C, it represents the NO2

that is being desorbed. Therefore, the NO2 generation shown in Figure 3b cannot be considered as a
straight representation of the total NO2 generated and, consequently, any conclusion regarding NO to
NO2 oxidation activity of the catalysts must be drawn from the combination of Figure 3a,b.

Thus, all the BaTi0.8B0.2O3 perovskite catalysts increase the rate of NO2 generation percentage at
low temperature as the %NO2 generated is higher than that shown by the BTO perovskite used as a
reference (BTO_ref in Figure 3a,b). However, a deeper analysis of the data reveals some significant
differences in the NO2 profiles of the catalysts. Firstly, BTFeO_2 and BTMnO_2 catalysts feature
Gaussian-shape NO2 generation profiles with maxima at around 470 ◦C. Considering that almost any
significant NOx adsorption/desorption activity is observed for these catalysts, it can be suggested that
they are mainly active for NO to NO2 oxidation (however, NOx adsorption capacity cannot be totally
ruled out due to the intrinsic characteristics of TPR experiment). Secondly, although BTCoO_2 catalyst
presents a similar type of NO2 generation profile, it shows the highest NO oxidation activity, which
seems to be related to the presence of Co3O4, as metal oxides are active for the NO to NO2 oxidation
reaction [11,12,14–16]. In addition, the low intensity NOx conversion peaks observed for BTCoO_2
catalyst in Figure 3a, indicates a low NOx adsorption activity that, according to literature [14–16],
could be due to the presence of minority segregated phases and oxygen vacancies. Finally, a different
NO2 generation profile with two maxima and a minimum (at ca. 421, 507, and 441 ◦C, respectively) are
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clearly identified for BTCuO_2 catalyst. It is worth indicating that the temperature of the minimum
NO2 generation perfectly matches with the temperature of the maximum NOx conversion observed for
this catalyst in Figure 3a. This result points out that, at this temperature, BTCuO_2 shows higher NOx
adsorption rate than NO oxidation rate as Ba2TiO4 phase, which is active for NOx adsorption [11,12],
has been identified.

As a summary, TPR- NOx results reveal that only BTCuO_2 presents the NOx conversion and
NO2 generation profiles expected for LNT catalysts [11,12]. Thus, even though all the catalysts present
active sites for NO-to-NO2 oxidation, such as oxygen vacancies and surface metal oxides, only the
catalyst containing copper shows the presence of the Ba2TiO4 segregated phase, which is active for
NOx adsorption [11,12].

In order to determine the NSC, NOx storage experiments at 400 ◦C (the minimum temperature
for NOx adsorption in TPR-NOx profiles) have been carry out for the three perovskites in which Ti
has been substituted in a larger degree, that is, BTCuO_2, BTFeO_2, and BTMnO_2. The NSC values
(shown in Table 2) have been obtained during the 10th NOx storage cycle at which the catalysts achieve
a stable performance (see Materials and Methods section for more details). Figure 4 shows, as an
example, the NO, NO2, and NOx profiles during NSC experiments at 400 ◦C, corresponding to the
BTCuO_2 catalyst.

Table 2. NSC data at 400 ◦C for BTO reference, BaTi0.8B0.2O3 catalysts and for some reference noble
metal-base catalysts.

Catalyst NSC (μmol/g) Temperature (◦C) Lean Cycle Time (s)

BTMnO_2 83 400 300
BTFeO_2 99 400 300
BTCuO_2 269 400 300

1%Pt/20%BaO/Al2O3 [10] 150 350 120
2.2%Pt/16.3%BaO/Al2O3 [11] 400 350 240
2.2%Pt/20.8%BaO/Al2O3 [12] 240 300 240

Figure 4. NSC cycles at 400 ◦C for the BTCuO_2 catalyst.

Data on Table 2 reveals that the three catalysts present a measurable NSC, but, in agreement with
TPR-NOx results, BTCuO_2 catalyst is the most active one. The characterization results previously
discussed allow us to justify the high NSC shown by copper perovskite. On the one hand, the
incorporation of Cu into the perovskite lattice distorts the raw tetragonal structure, generates the
largest pool of oxygen vacancies, and promotes the segregation of mainly Ba2TiO4 and BaCO3, but
also CuO as segregated phases that seem to be the active sites for both NO to NO2 oxidation and
NOx storage [11,12]. On the other hand, the insertion of Mn and Fe causes a structural change from
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tetragonal to cubic, but only BaCO3 appears as segregated phase and a lower amount of oxygen
vacancies respect to Cu. Consequently, a lower NO to NO2 oxidation activity and NSC is shown by
these two catalysts. Finally, it is important to underline that the NSC of BTCuO_2 is within the range of
values reported for noble metal/alkali or alkali earth base catalysts (Table 2). Moreover, the BTCuO_2
perovskite does not incorporate any noble metal, and therefore it could be a cheaper alternative to
current catalysts based on noble metals. Additionally, as this catalyst works at 400 ◦C, presenting an
acceptable NOx storage capacity, it could be proposed as a component of high-temperature LNT for
lean burn gasoline engines (GDI gasoline direct injection) which need catalysts working between 400
and 500 ◦C.

3. Materials and Methods

Four BaTi0.8B0.2O3 catalysts (being B Mn, Fe, Co, or Cu), named BTMnO_2, BTFeO_2, BTCoO_2,
and BTCuO_2 respectively, were prepared by the sol–gel method as previously described [11].
Summarizing, first of all, the hydrolysis of titanium isopropoxide (Ti) was carried out, dissolving
the resulting species in an aqueous solution of citric acid (CA) (Ti:CA = 1:2) and hydrogen peroxide
(Ti:H2O2 = 2:1), and obtaining the citrate–peroxo–titanate (IV) complex. Subsequently, NH3 was
used in order to adjust the pH to 8.5, and the addition of an stoichiometric (BaTi0.8B0.2O3) amount of
barium (Ba:Ti = 1:1) and metals precursors (barium acetate and Fe, Co, Cu, and Ni nitrates), took place.
During 5 h, until the obtention of a gel, the temperature of the mixture remained 65 ◦C. Afterwards, a
temperature of 90 ◦C or 24 h was used to dry the sample, which was in the end calcined at 850 ◦C for
6 h.

To measure the metal content in the samples by ICP-OES, a Perkin-Elmer device model Optima
4300 DV was used. An Autosorb-6B instrument from Quantachrome served to determine, by N2

adsorption at −196 ◦C, the BET surface area of the samples. To identify different phases and crystalline
structures, X-ray diffraction (XRD) and Raman spectroscopy were employed. XRD tests were performed
with a Rigaku Miniflex II powder diffractometer, using Cu Kα (0,15418 nm) radiation with the 2θ
angle in the range 20 to 80◦, with a step of 0.025◦ and a time per step of 2 s. Raman scattering spectra
were obtained on a Jobin-Ivon dispersive Raman spectrometer (model LabRam) with a variable power
He:Ne laser source (633 nm) in the range of 100–1000 nm. To register the XPS spectra, a K-Alpha
photoelectron spectrometer by Thermo-Scientific, with an Al Kα (1486.6 eV) radiation source, was used
in the following conditions: 5 × 10−10 mbar pressure in the chamber and setting the C1s transition at
284.6 eV, and the binding energy (BE) and kinetic energy (KE) values then determined with the peak-fit
software of the spectrophotometer, to regulate the BE and KE scales.

The catalytic activity of the samples (80 mg of catalyst diluted in 300 mg SiC) was tested using
two different experiments in a fixed-bed quartz reactor at atmospheric pressure and under a gas flow
(500 mL/min): i) temperature programmed reaction (TPR-NOx) tests (10 ◦C/min, 800 ◦C) in a gas
mixture of 500 ppm NOx and 5 % O2 and ii) NOx storage cyclic tests at 400 ◦C, with a gas mixture
composed of: i) for lean (storage) cycle (5 min), 500 ppm NOx and 5 % O2 balanced with N2, and ii) for
rich (regeneration) cycle (3 min), 10% H2 balanced with N2. To achieve the stability of the catalysts,
and then determine the NSC, 10 consecutive storage–regeneration cycles were accomplished. The
gas composition was controlled by specific NDIR-UV gas analyzers for NO, NO2, CO, CO2, and O2

(Rosemount Analytical Model BINOS 1001, 1004, and 100).
NOx conversion profiles as a function of temperature were obtained using the next equation

NOx conversion (%) =
NOxin −NOxout

NOxin
× 100

where ‘NOxin’ is the concentration of NOx (=NO + NO2) feed to the reactor and ‘NOxout’ is the
concentration of NOx that leaves the reactor.
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The percentage of NO2 generated during TPR was determined with the equation

NO2(%) =
NO2,out

NO2,in
× 100

where ‘NO2out’ is the concentration of NO2 that leaves the reactor.
The NSC was obtained as the difference between the NOx signal when the reactor is unfilled and

the NOx signal when the reactor is full of catalyst with

NOx storage =

∫ tf

t0
NOxinlet(t) −NOxexp(t)dt

where ‘NOxinlet’ is the concentration of NOx (=NO + NO2) measured when the reactor is empty, and
‘NOxexp’ is the concentration of NOx during the NOx storage test.

4. Conclusions

From the analysis of the effect of Ti partial substitution by Mn, Fe, Co, or Cu on the NOx storage
capacity (NSC) of the BaTi0.8B0.2O3 lean NOx trap (LNT) catalyst, the following conclusions have been
obtained:

• In BaTi0.8B0.2O3 perovskites, Ti is partially substituted by Mn, Fe, Cu and, to a lower extent, by Co.
• The perovskite structure is modified or changed due to the insertion of B metal into the lattice:

� (i) For the BTCuO_2 catalyst, the tetragonal structure of the raw perovskite is distorted, a
larger amount of oxygen vacancies is generated and Ba2TiO4 and BaCO3 appear as main
minority segregated phases, but CuO is also detected.

� (ii) For Mn, Fe, and Co, the tetragonal structure changes to cubic, a lower amount of
oxygen vacancies are formed and BaCO3 appears as segregated phase in the three catalysts.
BTCoO_2 presents also BaCoO3 and Co3O4 segregated phases due to a lower degree of Co
insertion into the framework.

• Due to the described modifications, all the BaTi0.8B0.2O3 catalysts are active for the NO oxidation
to NO2, which takes place on oxygen vacancies and metal oxide sites, but only the BTCuO_2
catalyst (for which Ba2TiO4 segregated phase is identified), presents a significant NOx storage
capacity. In fact, at 400 ◦C, the BTCuO_2 catalyst features the highest NSC which is close to that
shown by platinum base catalysts.
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Appendix A

Figure A1 shows the XPS spectra obtained for (a) BTCuO_2, (b) BTCoO_2, (c) BTFeO_2, and (d)
BTMnO_2. Each figure contains the XPS spectra for the substituted metal (Cu2p3/2, Co2s, Fe2p3/2,
Mn2p3/2 transitions), oxygen (O1s transition), and barium (Ba3d5/2 transition). In the spectra, the
red lines represent the normalized peak and the blue lines represent the deconvolution of the
normalized peaks.
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Figure A1. XPS spectra obtained for (a) BTCuO_2, (b) BTCoO_2, (c) BTFeO_2, and (d) BTMnO_2.

The XPS spectra of the O1s transition show three contributions for all the catalysts that, according
to literature [22,23], can be ascribed to: (i) lattice oxygen of metal oxides at ca. 529 eV; (ii) surface
oxygen species such as oxygen peroxides (O2

2−), surface carbonates (CO3
2−), and/or hydroxyl groups

(OH−), at ca. 531 eV; and (iii) adsorbed water at ca. 533 eV.
The XPS spectra of the Ba3d5/2 transition for all the catalysts show two contributions at

approximately 778 eV and 780 eV binding energies. According to literature [24], they can be
ascribed to: (i) Ba(II) oxide species (BaCuO2, BaTiO3-tet., Ba2TiO4), and (ii) BaCO3 respectively.

The assignment of the different contributions found in the XPS spectra of the substituted metal
(Cu2p3/2, Co2s, Fe2p3/2, Mn2p3/2) transitions is shown in Table A1.
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Table A1. Binding energy and assignment of the Cu2p, Co2s, Fe2p, and Mn2p transitions.

XPS Transition Binding Energy (eV) Assigned Species

Cu2p3/2

932.9 Cu(II) oxide surface species [25,26]
934.8 Lattice Cu(II) [11]
940.8 Cu(II) satellite [25]
943.3 Cu(II) satellite [25]

Co2s
925.28 Co (II) oxide species [24]
928.88 Co(III) oxide species (Co3O4)

Fe2p3/2
710.12 Fe(II) oxide species [24]
712.09 Fe (III) oxide species [24]
718.15 Fe (III) Satellite [25]

Mn2p3/2
641.46 Mn(III) oxide species (BaMn8O16) [27]

642.90 Mn(IV) oxide species (BaMn8O16,
BaMnO3-x) [27]

644.98 Mn satellite [26,28]

References

1. Hasan, A.O.; Abu-jrai, A.; Turner, D.; Tsolakis, A.; Xu, H.M.; Golunski, S.E.; Herreros, J.M. Control of harmful
hydrocarbon species in the exhaust of modern advanced GDI engines. Atmos. Environ. 2016, 129, 210–217.
[CrossRef]

2. Polat, S.; Uyumaz, A.; Solmaz, H.; Yilmaz, E.; Topgül, T.; Yücesu, H.S. A numerical study on the effects of
EGR and spark timing to combustion characteristics and NOx emission of a GDI engine. Int. J. Green Energy
2016, 13, 63–70. [CrossRef]

3. Epling, W.; Nova, I.; Szanyi, J.; Yezerets, A. Diesel emissions control catalysis. Catal. Today 2010, 151, 201.
[CrossRef]

4. Breen, J.P.; Marella, M.; Pistarino, C.; Ross, J.R.H. Sulfur-Tolerant NOx Storage Traps: An Infrared and
Thermodynamic Study of the Reactions of Alkali and Alkaline-Earth Metal Sulfates. Catal. Lett. 2002, 80,
123–128. [CrossRef]

5. Gill, L.J.; Blakeman, P.G.; Twigg, M.V.; Walker, A.P. The Use of NOx Adsorber Catalysts on Diesel Engines.
Top. Catal. 2004, 28, 157–164. [CrossRef]

6. Pereda-Ayo, B.; González-Velasco, J.R. NOx Storage and Reduction for Diesel Engine Exhaust Aftertreatment.
In Diesel Engine—Combustion Emissions and Condition Monitoring; Bari, S., Ed.; IntechOpen Ltd.: London, UK,
2013; pp. 161–196. ISBN 978-953-51-1120-7.

7. Bowker, M. Automotive catalysis studied by surface science. Chem. Soc. Rev. 2008, 37, 2204–2211. [CrossRef]
[PubMed]

8. Epling, W.S.; Campell, L.E.; Currier, N.W.; Parks, J.E. Overview of the Fundamental Reactions and Degradation
Mechanisms of NOx Storage/Reduction Catalysts. Catal. Rev. Sci. Eng. 2004, 46, 163–245. [CrossRef]

9. Ad Hoc Working Group on Defining Critical Raw Materials. Report on Critical Raw Materials for the EU. 26
May 2014. Available online: http://www.catalysiscluster.eu/wp/wp-content/uploads/2015/05/2014_Critical-
raw-materials-for-the-EU-2014.pdf (accessed on 15 January 2019).

10. Royer, S.; Duprez, D.; Can, F.; Courtois, X.; Batiot-Dupeyrat, C.; Laassiri, S.; Aalmdari, H. Perovskites
as Substitutes of Noble Metals for Heterogeneous Catalysis: Dream or Reality. Chem. Rev. 2014, 114,
10292–10368. [CrossRef]

11. Albaladejo-Fuentes, V.; López-Suárez, F.E.; Sánchez-Adsuar, M.S.; Illán-Gómez, M.J. BaTi1−xCuxO3

perovskites: The effect of copper content in the properties and in the NOx storage capacity. Appl. Catal.
A Gen. 2014, 488, 189–199. [CrossRef]

12. Albaladejo-Fuentes, V.; López-Suárez, F.E.; Sánchez-Adsuar, M.S.; Illán-Gómez, M.J. Tailoring the properties
of BaTi0.8Cu0.2O3 catalyst selecting the synthesis method. Appl. Catal. A Gen. 2016, 519, 7–15. [CrossRef]

13. Modeshia, D.R.; Walton, R.I. Solvothermal synthesis of perovskites and pyrochlores: Crystallisation of
functional oxides under mild conditions. Chem. Soc. Rev. 2010, 39, 4303–4325. [CrossRef]

124



Catalysts 2019, 9, 365

14. Wang, J.; Su, Y.; Wang, X.; Chen, J.; Zhao, Z.; Shen, M. The effect of partial substitution of Co in LaMnO3

synthesized by sol–gel methods for NO oxidation. Catal. Commun. 2012, 25, 106–109. [CrossRef]
15. Dhal, G.C.; Dey, S.; Mohan, D.; Prasad, R. Study of Fe, Co, and Mn-based perovskite-type catalysts for the

simultaneous control of soot and NOX from diesel engine exhaust. Mater. Discov. 2017, 10, 37–42. [CrossRef]
16. Li, Z.; Meng, M.; Zha, Y.; Dai, F.; Zhang, J. Highly efficient multifunctional dually-substituted perovskite

catalysts La1−xKxCo1−yCuyO3−δ used for soot combustion, NOx storage and simultaneous NOx-soot
removal. Appl. Catal. B Environ. 2012, 121–122, 65–74. [CrossRef]

17. Xia, F.; Liu, J.; Gu, D.; Zhao, P.; Zhang, J.; Che, R. Microwave absorption enhancement and electron microscopy
characterization of BaTiO3 nano-torus. Nanoscale 2011, 3, 3860–3867. [CrossRef]

18. Hayashi, H.; Nakamura, T.; Ebina, T. In-situ Raman spectroscopy of BaTiO3 particles for tetragonal–cubic
transformation. J. Phys. Chem. Solids 2013, 74, 957–962. [CrossRef]

19. Asiaie, R.; Zhu, W.D.; Akbar, S.A.; Dutta, P.K. Characterization of Submicron Particles of Tetragonal BaTiO3.
Chem. Mater. 1996, 8, 226–234. [CrossRef]

20. Torregrosa-Rivero, V.; Albaladejo-Fuentes, V.; Sánchez-Adsuar, M.S.; Illán-Gómez, M.J. Copper doped
BaMnO3 perovskite catalysts for NO oxidation and NO2-assisted diesel soot removal. RSC Adv. 2017, 7,
35228–35238. [CrossRef]

21. Moreno-Marcos, C.; Torregrosa-Rivero, V.; Albaladejo-Fuentes, V.; Sánchez-Adsuar, M.S.; Illán-Gómez, M.J.
BaFe1−xCuxO3 Perovskites as Soot Oxidation Catalysts for Gasoline Particulate Filters (GPF): A Preliminary
Study. Top. Catal. 2018. [CrossRef]

22. Merino, N.A.; Barbero, B.P.; Eloy, P.; Cadus, L.E. La1−xCaxCoO3 perovskite-type oxides: Identification of
surface oxygen species by XPS. Appl. Surf. Sci 2016, 253, 1489–1493. [CrossRef]

23. Ponce, S.; Peña, M.; Fierro, J.L. Surface properties and catalytic performance in methane combustion of
Sr-substituted lanthanum manganites. Appl. Catal. B Environ. 2000, 24, 193–205. [CrossRef]

24. NIST X-ray Photoelectron Spectroscopy Database. (n.d.). Available online: https://srdata.nist.gov/xps/
(accessed on 15 January 2019).

25. XPS Simplified Knowledge Base. (n.d.). Available online: http://xpssimplified.com/knowledgebase.php
(accessed on 15 January 2019).

26. Mingmei, W.; Qiang, S.; Gang, H.; Yufang, R.; Hongyiang, W. Preparation and Properties of BaCuO2.5 and Its
Related Oxides. J. Solid State Chem. 1994, 110, 389–392. [CrossRef]

27. Lan, L.; Li, Y.; Zeng, M.; Mao, M.; Ren, L.; Yang, Y.; Liu, H.; Yun, L.; Zhao, X. Efficient UV–vis-infrared
light-driven catalytic abatement of benzene on amorphous manganese oxide supported on anatase TiO2

nanosheet with dominant {001} facets promoted by a photothermocatalytic synergetic effect. Appl. Catal.
B Environ. 2017, 203, 494–504. [CrossRef]

28. Liu, P.; He, H.; Wei, G.; Liu, D.; Liang, X.; Chen, T.; Zhu, J.; Zhu, R. An efficient catalyst of manganese supported
on diatomite for toluene oxidation: Manganese species, catalytic performance, and structure-activity
relationship. Microporous Mesoporous Mater. 2017, 239, 101–110. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

125





catalysts

Article

Catalytic Oxidation of NO over LaCo1−xBxO3

(B =Mn, Ni) Perovskites for Nitric Acid Production

Ata ul Rauf Salman 1, Signe Marit Hyrve 1, Samuel Konrad Regli 1, Muhammad Zubair 1,

Bjørn Christian Enger 2, Rune Lødeng 2, David Waller 3 and Magnus Rønning 1,*

1 Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU),
Sem Sælands vei 4, NO-7491 Trondheim, Norway; ata.r.salman@ntnu.no (A.u.R.S.);
signemhyrve@gmail.com (S.M.H.); samuel.k.regli@ntnu.no (S.K.R.); muhammad.zubair@ntnu.no (M.Z.)

2 SINTEF Industry, Kinetic and Catalysis Group, P.O. Box 4760 Torgarden, NO-7465 Trondheim, Norway;
bjorn.christian.enger@sintef.no (B.C.E.); rune.lodeng@sintef.no (R.L.)

3 YARA Technology Center, Herøya Forskningspark, Bygg 92, Hydrovegen 67, NO-3936 Porsgrunn, Norway;
david.waller@yara.com

* Correspondence: magnus.ronning@ntnu.no; Tel.: +47-73594121

Received: 31 March 2019; Accepted: 3 May 2019; Published: 8 May 2019

Abstract: Nitric acid (HNO3) is an important building block in the chemical industry. Industrial
production takes place via the Ostwald process, where oxidation of NO to NO2 is one of the three
chemical steps. The reaction is carried out as a homogeneous gas phase reaction. Introducing a
catalyst for this reaction can lead to significant process intensification. A series of LaCo1−xMnxO3

(x = 0, 0.25, 0.5 and 1) and LaCo1−yNiyO3 (y = 0, 0.25, 0.50, 0.75 and 1) were synthesized by a sol-gel
method and characterized using N2 adsorption, ex situ XRD, in situ XRD, SEM and TPR. All samples
had low surface areas; between 8 and 12 m2/g. The formation of perovskites was confirmed by XRD.
The crystallite size decreased linearly with the degree of substitution of Mn/Ni for partially doped
samples. NO oxidation activity was tested using a feed (10% NO and 6% O2) that partly simulated
nitric acid plant conditions. Amongst the undoped perovskites, LaCoO3 had the highest activity; with
a conversion level of 24.9% at 350 ◦C; followed by LaNiO3 and LaMnO3. Substitution of LaCoO3 with
25% mol % Ni or Mn was found to be the optimum degree of substitution leading to an enhanced NO
oxidation activity. The results showed that perovskites are promising catalysts for NO oxidation at
industrial conditions.

Keywords: NO oxidation; catalytic oxidation; nitric oxide; perovskite; nitric acid; ostwald’s process;
in situ; LaCoO3; LaMnO3; LaNiO3

1. Introduction

Oxidation of nitric oxide (Equation (1)) is one of the few known third order reactions. The reaction
is unusual, as the rate of reaction increases with a decrease in the temperature [1]

2NO + O2 � NO2 ΔrH298 = −113.8 kJ/mol (1)

NO oxidation is a key reaction in lean NOx abatement technologies and in the Ostwald process
for nitric acid production. In Ostwald’s process, NO oxidation is carried out as a non-catalytic process
and the forward reaction is favored by the removal of heat and by providing sufficient residence
time. Typical gas stream concentrations are 10% NO, 6% O2 and 15% H2O [2]. Using a catalyst for
NO oxidation may lead to significant process intensification of the nitric acid plant. In addition to
speeding up the oxidation process, it may reduce capital costs and increase heat recovery. Efforts
have been made to find a catalyst effective under industrial conditions; but success so far has not been
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achieved [2]. To date, the process is carried out as a homogenous process in modern nitric acid plants.
To the best of the authors knowledge, apart from an earlier patent [3], only two recent studies [4,5]
report catalytic oxidation of NO at nitric acid plant conditions. However, catalytic oxidation of NO
has been extensively studied with regards to lean NOx abatement technologies and reviewed by
Russel and Epling [6] and Hong et al. [7]. In these studies, oxidation of NO is carried out at very
lean concentrations of NO ranging from 100–1000 ppm of NO [8–10]. The huge difference in NO
concentration between NOx abatement and nitric acid production makes the extrapolation of these
findings to nitric acid plant conditions, questionable.

Although it has been demonstrated that platinum has significant catalytic activity for oxidation of
NO to NO2 at nitric acid plant conditions [4,5] the high-cost and scarcity of platinum motivates the
search for potential non-noble metal based catalysts.

Perovskites have gained particular interest as catalytic materials due to their high thermal stability,
ease of synthesis and good catalytic activity [11]. Perovskites are represented by a general formula
ABO3, where A represents a rare earth or alkaline earth cation and B represents a transition metal
cation. The activity of perovskites can be tuned by partial substitution of A and/or B site cations with
another element to obtain the desired properties [11]. The lanthanum-based perovskite LaBO3 (B = Co,
Mn, Ni) have been found to be active for NO oxidation at lean NO conditions [12,13]. It has been
demonstrated for LaCoO3, that partial doping of the A-site with strontium or cerium or doping of the
B-site with manganese or nickel enhances NO oxidation activity of the perovskite [13–16].

In this work, lanthanum-based perovskites with cobalt, nickel and manganese (LaCoO3, LaNiO3

and LaMnO3) were synthesized by the sol-gel method using citric acid. Catalytic tests were performed
using a dry feed (10% NO, 6% O2) at atmospheric pressure; partially simulating nitric acid plant
conditions. The effect of B-site substitution was studied by preparing a series of LaCo1−xMnxO3 and
LaCo1−yNiyO3 catalysts. The catalysts were characterized using N2 adsorption, X-ray diffraction
(XRD), Scanning electron microscopy (SEM) and temperature programmed reduction (TPR). Catalyst
structure during pretreatment and oxidation of NO was monitored using in situ XRD.

2. Results and Discussion

2.1. Catalyst Characterisation

Specific surface areas are summarized in Table 1. All samples have a relatively low surface area,
in the range of 8–12 m2/g, which is a typical of perovskites prepared by the citrate method [14,17,18].
The surface area remains unaffected by the degree of substitution of Mn (x). However, an irregular
change in surface area is observed with the degree of substitution of Ni (y). For y = 0.25 and 0.75, the
surface area increased by 25% (from 8 to 10 m2/g) and 50% (from 8 to 12 m2/g) respectively. However,
for y = 0.50 the surface area remains the same as for LaCoO3.

Table 1. Brunauer–Emmett–Teller (BET) surface area and crystallite size (d) calculated using the
Scherrer equation.

Sample
Surface Area

(m2/g)
d

(nm)

LaCoO3 8 28
LaCo0.75Mn0.25O3 8 24
LaCo0.50Mn0.50O3 7 18

LaMnO3 9 21
LaCo0.75Ni0.25O3 10 22
LaCo0.50Ni0.50O3 8 17
LaCo0.25Ni0.75O3 12 8

LaNiO3 8 13
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The XRD patterns shown in Figure 1 reveal the formation of phase-pure perovskite structure for
all samples, and no peaks characteristic of the metallic oxides or carbonates were seen. The main
characteristic peak at 2θ = 33◦ for LaCoO3 slightly shifts towards lower 2θ values with an increase
in x and y, indicating an increase in the lattice parameters confirming previous findings [13,19,20].
This expansion can be explained by comparing the ionic radii of the species in the perovskite
structure. The higher ionic radii of Ni3+ (0.56 Å) than Co3+ (0.52 Å) responsible for lattice expansion
in LaCo1−yNiyO3 [20]. In case of LaCo1−xMnxO3, the average trivalent metal site is conserved by
adjusting the ratio between Mn4+/Mn3+ and Co3+/Co2+ [21]. Therefore, the relative amount of Mn4+

(0.52 Å) present, Mn3+ (0.645 Å), Co2+ (0.82 Å), Co3+ (0.52 Å) dictates the overall lattice parameters.

 

 
(a) 

 
(b) 

Figure 1. XRD patterns of: (a) LaCo1−xMnxO3; (b) LaCo1−yNiyO3 perovskites.

Among undoped perovskites, LaCoO3 and LaMnO3 belong to the rhombohedral phase in
agreement with the results reported in literature [22,23]. LaNiO3 belongs to the cubic phase, which is
consistent with previous studies [24].

Crystallite sizes calculated using the Scherrer equation are summarized in Table 1. Figure 2
shows crystallite size as a function of the degree of substitution. The highest crystallite size of
28 nm was observed for LaCoO3 and a linear decrease was observed with an increase in x and y for
partially substituted samples indicating that partial substitution effectively restrains the crystal growth.
However, other contributions to XRD peak broadening such as strain cannot be ruled out. Partially
substituted nickel perovskites had smaller crystallite size compared to their manganese counterparts.

 
Figure 2. Crystallite size as a function of the degree of substitution for LaCo1−xMnxO3 and
LaCo1−yNiyO3 perovskites.
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Figure 3 shows the XRD pattern recorded in situ during pretreatment of LaCoO3 and LaMnO3.
No change in structure is observed apart from lattice expansion with an increase in temperature. The
structural stability of the perovskites is in accordance with the fact that they are calcined at higher
temperatures in comparison with the pretreatment temperature of 500 ◦C. No change in structure was
observed for LaCoO3 and LaMnO3 during steady state oxidation of NO at 350 ◦C indicating that the
bulk structure of perovskite remains unaffected during the catalytic process. However, minor changes
beyond the detectable range of XRD cannot be ruled out.

 

 
(a) 

 
(b) 

Figure 3. XRD patterns (λ = 0.49324 Å) recorded in situ during pretreatment of: (a) LaCoO3;
(b) LaMnO3 perovskites.

Figure 4 shows the SEM images of LaCoO3 with varying content of Mn and pure LaNiO3. The
presence of agglomerated non-spherical particles is observed for all samples. A significant change in
morphology is observed with the substitution of Co with Mn along with an increase in the extent of
agglomeration (Figure 4b–d).

Figure 4. SEM images: (a) LaCoO3; (b) LaCo0.75Mn0.25O3; (c) LaCo0.50Mn0.50O3; (d) LaMnO3; (e) LaNiO3.
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The H2-TPR profiles of LaCo1−xMnxO3 perovskites are given in Figure 5a. Three reduction peaks
at 334, 373 and 526 ◦C are observed in the TPR profile of LaCoO3. The first two peaks are attributed to
the reduction of Co3+ to Co2+, while the peak at 526 ◦C represents the reduction of Co2+ to Co0 leading
to the destruction of the perovskite structure [25]. TPR of LaMnO3 shows two main reduction peaks at
383 and 818 ◦C. The first peak represents the reduction of Mn4+ to Mn3+, while the reduction of Mn3+

to Mn2+ occurs at elevated temperatures (above 700 ◦C), forming MnO and simultaneous collapse of
the perovskite structure [26]. For x = 0.25 and 0.5, broad peaks overlapping reduction peaks of Co3+ to
Co2+ and Mn4+ to Mn3+ are observed below 550 ◦C.

 

 
(a) 

 
(b) 

Figure 5. TPR profiles of: (a) LaCo1−xMnxO3; (b) LaCo1−yNiyO3 perovskites.

Figure 5b shows H2-TPR profiles of LaCo1−yNiyO3 perovskites. Reduction of LaNiO3 also
proceeds via three peaks at 304 ◦C, one at 334 ◦C and one at 465 ◦C. A similar three-step reduction
process for LaNiO3 has been reported [27] and in situ XRD revealed that reduction proceeds via
formation of the La2NiO4 phase [27]. The highest peak is associated with the formation of Ni0 and
La2O3 resulting in the destruction of the perovskite structure. Four reduction peaks were observed for
y = 0.25. Comparison with LaCoO3 and LaNiO3 indicates that the first two peaks at 303 and 342 ◦C
match with the reduction peaks of Ni3+ to Ni2+ and Co3+ to Co2+. Whereas the former two peaks at
459, 495 ◦C corresponds to further reduction to form the metallic phases (Ni0 and Co0). This reduction
profile matches well with the previous findings [20]. In contrast to distinct reduction peaks for cobalt
and nickel for LaCo0.75Ni0.25O3, only two broad peaks were observed for y = 0.50 and 0.75. The first
peak overlaps with the reduction of Ni3+ to Ni2+ and Co3+ to Co2+ and increases from 313 ◦C for
y = 0.50 to 346 ◦C for y = 0.75. Simultaneous reduction to metallic phases (Ni0 and Co0) was observed
at 418 ◦C and 488 ◦C for y = 0.50 and 0.75, respectively.

2.2. NO Oxidation Activity

The oxidation of NO occurs as a homogeneous gas-phase reaction with a second order dependency
in NO concentration. For this reason, contributions from gas phase conversion have been detected for
studies performed at lean NO concentrations [28–30]. This necessitates the quantification of the gas
phase contribution to NO oxidation in the current study, which involves such a high concentration of
NO (10%). The blank run performed without catalyst is given in our previous publication [5]. The gas
phase conversion gradually decreases with increasing temperature in the studied temperature range
(150–450 ◦C); with a conversion of 6.1% at 350 ◦C.

The conversion of NO over LaCo1−xMnxO3 as a function of temperature is shown in Figure 6. The
NO conversion and rate of reaction are summarized in Table 2. At low temperature, only gas phase
conversion is observed for all perovskites. The catalytic activity for LaCoO3 starts at about 270 ◦C and
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increases gradually until it becomes limited by the thermodynamic equilibrium. This is in contrast
to studies performed at lean NOx conditions, where the catalytic activity starts at significantly lower
temperatures (150–200 ◦C); increases with a steeper slope, and becomes thermodynamically limited
at ca 300 ◦C [14,15]. The catalytic conversion starts at a lower temperature (240 ◦C) for x = 0.25 in
comparison to other perovskites and a significant increase in conversion was observed. A further
increase in x to 0.5 leads to a substantial decrease in NO conversion to conversion levels even lower
than what is observed for LaMnO3. Manganese is stable in valence states +III and +IV while cobalt is
stable in valence states +II and +III. Ghiasi et al. [21] used X-ray absorption spectroscopy (XAS) to
study the valence state of Mn and Co in a series of LaCo1−xMnxO3 perovskites and found that the
average trivalent metal site is conserved by shifting the balance between Mn4+/Mn3+ in combination
with Co3+/Co2+. The ratio between Mn4+/Mn3+ and Co3+/Co2+ decreases with a sequential increase
in manganese content, the highest value being observed for LaCo0,75Mn0,25O3. The best activity of
LaCo0.75Mn0.25O3 in the series of LaCo1−xMnxO3 perovskites may be attributed to the presence of
highest content of Mn4+ as amongst different valence states of manganese, Mn4+ (MnO2) exhibits the
highest activity for NO oxidation followed by Mn3+ (Mn2O3) and Mn2+ (Mn3O4) [31].

 
Figure 6. Conversion of NO over LaCo1−xMnxO3 as a function of temperature.

Table 2. NO oxidation activity of perovskites at 350 ◦C.

Sample
XNO

(%)
rNO

1

(μmolgcat
−1s−1)

LaCoO3 24.9 5.14
LaCo0.75Mn0.25O3 29.7 6.55
LaCo0.50Mn0.50O3 15.9 2.72

LaMnO3 18.0 3.27
LaCo0.75Ni0.25O3 30.3 6.70
LaCo0.50Ni0.50O3 23.2 4.74
LaCo0.25Ni0.75O3 16.4 2.86

LaNiO3 20.8 4.05
1 Catalytic activity obtained by subtracting the gas phase conversion of NO.

Figure 7 shows the conversion of NO over LaCo1−yNiyO3 as a function of temperature. Minor
difference in gas phase conversion is observed at lower temperatures due to the differences in the
packing of the catalyst bed. The substitution with 25 mol% Ni in LaCoO3 had a significant positive
impact on the activity exhibiting a conversion of 30% at 350 ◦C. With a further increase in y, the activity
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gradually decreased until 75% nickel content. Similar conversion curves are exhibited by y = 0.5 and
y = 1 perovskites. Although our results differ from Zhong et al. [13], who reported 70 mol% nickel
substitution in LaCoO3 to yield the best results for NO oxidation, it can be argued that they used a
co-precipitation method for preparation of perovskites and the activity was tested at substantially
different feed concentration (400 ppm NO and 6% O2) compared to the present study. The increase in
activity for LaCo0.75Ni0.25O3 can in part be attributed to the 25% increase in surface area. However,
for LaCo0.25Ni0.75O3 the surface area increased with 50% compared to LaCoO3 and 33% compared to
LaNiO3, while the catalytic activity decreased. Thus, it seems likely that the change in catalytic activity
is more related to the chemical oxygen dynamics and to the redox properties than to changes in the
surface area in this range. Ivanova et al. [32] reported a maximum in defect structures for x = 0.25
in a series of LaCo1−xNixO3, detected by EPR due to the presence of magnetic Ni clusters. However,
this depends on the method of preparation and pre-treatment procedure. The highest activity of
LaCo0.75Ni0.25O3 may thus be related to lattice defects not detectable by bulk XRD. The NO oxidation
activity follows the order LaCoO3 > LaNiO3 > LaMnO3 for the undoped perovskites.

Figure 7. Conversion of NO over LaCo1−yNiyO3 as a function of temperate.

Figure 8 shows the rate of reaction as a function of crystallite size for LaCo1−xMnxO3 and
LaCo1−yNixO3 perovskites. The rate of reaction increases linearly with crystallite size with x = 0.25 and
y = 0.25 samples being the exception and not included in the linear fit. It should be kept in mind that
the crystallite sizes were calculated using the Scherrer equation assuming spherical geometry. Though,
the crystallites are not spherical as revealed through SEM images. The crystallite size estimates from
the Scherrer equation might not be 100% accurate but they provide a fair comparison.

Partial substitution of LaCoO3 with either manganese or nickel leads to a modification in the redox
properties, morphology, structure, crystallite size and valence state of the metal site. Therefore, it is
difficult to pinpoint one governing factor determining the catalytic activity. In fact, it is a combination
of several factors which contribute to dictating catalytic activity.
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(a) (b) 

Figure 8. Rate of reaction as a function of crystallite size: (a) LaCo1−xMnxO3; (b) LaCo1−yNiyO3 perovskites.

3. Materials and Methods

3.1. Catalyst Preparation

All catalysts were prepared using the citrate method [14]. Nitrate salts were used as starting
materials: La(NO3)3·6H2O (Alfa Aesar, 99.9%, Kandel, Germany), Mn(NO3)2·4H2O (Alfa Aesar, 99.98%,
Kandel, Germany), Co(NO3)3·6H2O (Acros Organics, 99%, Geel, Belgium) and Ni(NO3)2·6H2O (Acros
Organics, 99%, Geel, Belgium). An appropriate amount of nitrate salts of the desired A and B sites were
dissolved in deionized water with 10 wt.% excess citric acid (Sigma Aldrich, 99.5%, Munich, Germany).
The solution was stirred for 1 h at room temperature and further stirred in an oil bath at 80 ◦C until a
viscous gel was obtained. The gel was dried in static air overnight at 90 ◦C and then heated to 150 ◦C
for 1 h. The black, spongy material was crushed and calcined at 700 ◦C for 5 h in static air.

3.2. Catalyst Characterisation

N2 adsorption was used to measure the specific surface area. The sample (200 mg) was degassed
at 200 ◦C overnight in VacPrep 061 Degasser (Norcross, GA, USA). Nitrogen adsorption was performed
with a Miromeritics TriStar II 3020 Surface Area and Porosity Analyzer (Norcross, GA, USA) at −196 ◦C.
The specific surface areas were calculated using the BET desorption branch of the isotherm [33].

Ex situ XRD patterns of as prepared samples were obtained with a Bruker D8 Advanced X-ray
Diffractometer (Cambridge, United Kingdom) with a copper anode with an X-ray wavelength of
1.5418 Å. The measured angles (2θ) were scanned from 10◦ to 75◦ in 30 min; at a fixed divergence
angle of 0.2◦. The PDF database was used for phase identification. The average crystallite sizes were
calculated according to the Scherrer equation [34] assuming spherical crystals (K = 0.9) using the
diffraction peak between 2θ = 45–50◦.

In situ powder XRD experiments were carried out at BM31 of the Swiss-Norwegian beam lines
(SNBL) at the European Synchrotron Radiation Facility (ESRF). Catalyst sample (30mg, sieve fraction
53–90 μm) was fixed between two quartz wool plugs in a quartz capillary of 1 mm internal diameter
(bed length: 10 mm). The capillary was then mounted in a custom cell [35] and exposed to X-rays
for diffraction measurements. The temperature of the capillary reactor was controlled by a calibrated
hot air blower. Powder X-ray diffraction patterns were collected with a 2D plate detector (Mar-345)
using monochromatic radiation of wavelength 0.49324Å. Note that is different from the Cu Kα

wavelength, which is used for acquiring ex situ XRD patterns. The instrumental peak broadening,
wavelength calibration, and detector distance corrections were performed using a NIST 660a LaB6

standard. Mass flow controllers were used to feed NO, O2 and He in to produce the desired gas-feed
composition (15 Ncm3/min; 1% NO, 6% O2, He balance). XRD patterns were recorded in situ during the
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pretreatment step (flowing 15 Ncm3/min of 6% O2/He by heating at 10 ◦C/min from ambient to 500 ◦C
and holding for 1 hr) and steady state NO oxidation (1%NO, 6% O2 and balance He) at 350 ◦C for 2 h.
A lower concentration of NO (1%) was used for the in situ studies due to experimental constraints at
the beamline.

The morphological analysis of as-synthesized perovskites was performed by using an in-lens
cold field emission electron microscope FE-S(T)EM, (Hitachi S-5500) in scanning electron microscopy
(SEM) mode.

Temperature programmed reduction by H2 was performed with an Altamira BenchCAT Hybrid
1000 HP (Pittsburgh, PA, USA). The samples (100 mg) were pretreated in 50 Ncm3/min flow of Ar at
150 ◦C for 30 min, with a heating rate of 10 ◦C. TPR was conducted by heating at a rate of 5 ◦C/min
from 50 to 850 ◦C with a 50 Ncm3/min flow of 10% H2/Ar.

3.3. Catalyst Activity Testing

Details of the reactor and experimental setup can be found in our previous publication [5].
Briefly, the activity of the catalysts was measured in a vertical stainless steel tubular reactor (internal
diameter = 9.7 mm) operated at atmospheric pressure. The temperature was measured and controlled
by a thermocouple, protected by a stainless steel jacket, inserted into the catalyst bed. A MKS MultiGas
2030-HS FTIR Gas Analyzer (path length 5.11 m, Cheshire, United Kingdom), calibrated at 1 bar and
191◦C was used to analyze the composition of NO and NO2 in the product stream.

For activity measurements, 0.5 g of catalyst diluted with 2.75 g SiC was loaded into the reactor and
held in place by quartz wool plugs. Prior to the activity tests, the catalysts were pretreated at 500 ◦C
for 1 h in 200 Ncm3/min flow of 10% O2/Ar and subsequently cooled down in inert argon atmosphere.
The activity of the catalysts was investigated by heating from 150 to 450 ◦C at a rate of 5 ◦C/min under
a flow of 200 Ncm3/min of feed gas (10% NO, 6% O2 in balance Ar).

Conversion of NO to NO2 was calculated by the following equation:

NO conversion = α × [NO2]outlet/[NO]inlet (2)

where [NO]inlet and [NO2]outlet are concentrations of NO at inlet and NO2 at the outlet of the reactor.
Volume changes arising from the reaction is taken into account by the constant “α” [36] where α = 0.99.
The closure of nitrogen balance across the reactor (99.5–100%) confirmed that all nitrogen is present as
NO and NO2. Comparison of catalyst activity is performed at 350 ◦C where the reaction is in the kinetic
regime, away from equilibrium. The reaction rate (rNO) calculations were performed by subtracting the
homogeneous gas phase conversion of NO; hence, reflecting only the activity provided by the catalyst.

4. Conclusions

A series of lanthanum-based perovskites have been investigated for oxidation of NO using a feed
containing 10% NO and 6% O2, thus partially simulating nitric acid plant conditions. Among the
undoped perovskites, the NO oxidation activity follows the order LaCoO3 > LaNiO3 > LaMnO3. A
significant increase in NO oxidation activity was achieved by partial substitution of cobalt in LaCoO3

with 25 mol% of either nickel or manganese. Further increase in the degree of Co substitution had a
negative impact on activity.

From this work, perovskites are shown to be promising catalysts for oxidizing NO to NO2 at
conditions representative of nitric acid plant operation. Low cost, ease of production and significant
catalytic activity make perovskites attractive candidates as alternatives to noble metal catalysts.
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Abstract: LaBO3 (B: Mn, Fe) perovskites were synthesized using a three-step reactive grinding
process followed by a calcination at 400 ◦C for 3 h. The three successive steps are: (i) solid state
synthesis (SSR); (ii) high-energy ball milling (HEBM); (iii) low-energy ball milling (LEBM) in wet
conditions. The impact of each step of the synthesis on the material characteristics was deeply
investigated using physico-chemical techniques (X-ray diffraction (XRD), N2-physisorption, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), temperature-programmed
reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS)) and the catalytic performances of the
synthesized materials were evaluated for the toluene total oxidation reaction. Starting from single
oxides, microcrystalline perovskite phase, exhibiting negligible surface areas, is obtained after the
SSR step. The HEBM step leads to a drastic reduction of the mean crystal size down to ~20 nm,
along with formation of dense aggregates. Due to this strong aggregation, surface area remains
low, typically below 4 m2·g−1. In contrast, the second grinding step, namely LEBM, allows particle
deagglomeration resulting in increasing the surface area up to 18.8 m2·g−1 for LaFeO3. Regardless of
the perovskite composition, the performance toward toluene oxidation reaction increases at each step
of the process: SSR < HEBM < LEBM.

Keywords: volatile organic compounds; catalytic oxidation; perovskite; reactive grinding; toluene

1. Introduction

Volatile organic compounds (VOCs) are responsible of important environmental and health issues
such as greenhouse gas effect, tropospheric ozone accumulation or CMR (carcinogenic, mutagenic or
reprotoxic) behavior on animals and human beings. Those chemicals are generated from both natural
and anthropogenic sources, the latter being the most significant. Industry is a major contributor to
the VOC emissions, with a huge consumption of chemicals, especially benzene, toluene and xylene
(BTX) mainly used as precursors or organic solvents [1,2]. Toluene is, for example, a potential CMR
and has consequent greenhouse power [3,4]. Professional exposure limits have been set up to protect
workers with respectively 50 and 100 ppmv values for the long- and short-term exposition for the
European Union [5]. Over the last two last decades, VOC emissions have been highly reduced to
fit the stringent environmental regulations [2,6]. While chemical substitution has to be privileged,
this alternative is difficult to adapt to industrial processes which are already well-optimized. Then,
catalytic oxidation processes as a post-treatment solution, play a major role in VOC emissions control
with attractive characteristics: limited energy consumption as well as complete and selective elimination
of pollutants. Supported noble metal catalysts are active catalysts even at low temperature [7] but they
generally suffer from a deactivation over time by poisoning [8,9]. Increasing the cost and rarefication
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of these resources limit their wide use [10]. Alternatives to noble metal catalysts are transition metal
oxides, being of lower cost and some of them showing interesting catalytic performances in oxidation
reactions [11,12]. Among them are perovskites-like mixed oxides, commonly described by the general
formula ABO3 where A is an alkaline, an alkaline earth or a rare-earth cation and B is a transition
metal. With numerous possible A and B associations, properties of perovskite-like materials can be
fine-tuned regarding the targeted application [13–15]. Properties of perovskites are closely related to
their synthesis method [16–18]. Parameters being identified as crucial are specific surface area (SSA),
crystal domain size and transition metal surface accessibility, all parameters having an effect on cation
reducibility and then on catalytic activity. Among the different compositions, LaMnO3.15 and LaFeO3

are of particular interest. LaMnO3.15 shows excellent catalytic performances related to MnIV/MnIII

mixed valence stabilized in the structure (charge neutrality being reached with cationic vacancies).
Considering a lower reducibility of the iron cations in the crystal (leading to a lower activity than those
of the Co- and Mn-counterparts), LaFeO3 is far less studied, except for high temperature application
due to its good stability [14].

As the important parameter that directly impacts the catalytic activity is the specific surface
area. While solid state reaction route produces material with low specific surface area, not ideal
in view of a catalytic application, solution-mediated synthesis routes give access to materials with
better textural properties, but they can hardly be considered as a sustainable solution because of the
consumption of solvent. On the other hand, reactive grinding (RG) is a common approach used in
metallurgy that shows attractive features such as flexibility, low temperature, atmospheric pressure,
no use of solvents (or in a small amount) [19,20]. Reactive grinding has then already been proved
to be efficient to produce catalysts such as MnO2, several hexaaluminates and perovskites [21–24].
In this work, nanocrystalline LaMnO3 and LaFeO3 perovskites-type mixed oxides, exhibiting high
specific surface areas, are obtained by a three-step reactive grinding synthesis. The selected synthesis
sequence consists in: (1) a solid-state reaction step, starting with selected single oxides to obtain the
perovskite phase, (2) the structural modification (crystal size decrease) with high-energy ball milling
(HEBM) step, and finally, (3) a low-energy ball milling (LEBM) for surface area development. Solids
are characterized at each step of the synthesis, and catalytic performances as well as stability behavior
of LaMnO3.15 and LaFeO3, are reported for the toluene total oxidation reaction.

2. Results

2.1. Physico-Chemical Characterization

2.1.1. Structural Properties Evolution upon Grinding

X-ray diffractograms obtained for LaMnO3.15 and LaFeO3 materials, after each step of the synthesis,
are shown in Figure 1. In the case of LaMnO3.15, after solid state synthesis step (LaMn_SSR), intense
and narrow diffraction peaks that match with the LaMnO3.15 reference pattern (PDF#50-0298) of
rhombohedral structure are observed. In addition to the main perovskite phase, weak remaining peaks
(2θ = 26.2◦, 27.9◦, 29.2◦, 29.9◦, 36.1◦, 39.6◦, 46.1◦, 55.5 or 59.9◦) are also observed. These reflections
are associated to unreacted oxide precursors and derived phases: La2O3 (PDF#74-2430), La(OH)3

(PDF#36-1481) and Mn3O4 (PDF#18-0803). However, these reflections, weak in intensity, suggest
that most of the material consists in crystalline perovskite. After the high energy ball milling step,
diffractogram recorded for LaMn_HEBM shows the comparable reflections, nonetheless the peaks are
less intense and broadened. In addition, the peaks associated to the unreacted phases disappeared.
This kind of evolution was already reported in previous works [22,25], and corresponds to a significant
decrease of the coherent crystal domain. After the second step of grinding, namely low energy ball
milling (LEBM performed in wet conditions), the obtained diffractograms are very similar to that
obtained for the LaMn_HEBM sample. No significant evolution, neither for the phase detected nor
the intensity/width of the reflection, can be observed. Comparable evolution of the Fe-containing
perovskite diffractograms with the synthesis step is observed. Initially, LaFe_SSR displays LaFeO3
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perovskite-type phase (PDF#37-1493, Orthorhombic crystal structure) in addition to La(OH)3 (peaks at
2θ = 27.4◦, 28◦, PDF#36-1481) and Fe2O3 (peaks at 2θ = 33.2◦, 35.6◦, PDF#33-1481) impurity phases.
After the HEBM step, perovskite reflection broadening is observed, in addition to the disappearance of
reflections ascribed to unreacted phases, and finally, after LEBM step, a comparable diffractogram to
that obtained previously is obtained.
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Figure 1. Diffractograms obtained for LaMnO3.15 (A) and LaFeO3 (B) after each synthesis step. SSR:
solid state reaction, HEBM: high-energy ball milling, LEBM: low-energy ball milling. Bottom of the
figure: vertical bars are for cited JCPDS reference. #, La2O3; ‡, Mn3O4; �, La(OH)3; ♦, Fe2O3.

Crystal domain sizes were estimated using the Scherrer equation after correction for instrumental
broadening. The obtained values are summarized in Table 1. Starting with micrometric crystals for the
SSR-derived materials the crystal size drops down to a value in the size range of 14 to 22 nm depending
on the perovskite composition and milling step. In that respect, the HEBM step induced a significant
decrease of the crystal size attesting in that way that the energy transferred by the grinding induces
a particle breakage. On the contrary, no significant modification of the crystal domain size could
be observed after LEBM showing that this low-energetic wet milling process precludes additional
decrease of the crystals. Interestingly, the B-metal nature did not have a significantly impact on the final
crystal domain size which ranged in the 15–20 nm interval in line with a previous work reported in the
case of Mn-containing perovskites [22] and slightly above the values reported by Gashdi et al. [25] for
La1−xCexCoO3 (11–13 nm). However, in this last reference, the authors did not calcine their materials
for characterization and application purpose that can explain the slightly lower reported values.

Table 1. Structural, textural properties and elemental composition obtained for LaMnO3.15 and LaFeO3

after each synthesis step.

Sample XRD Phase Dcryst (nm) SSA 2 (m2·g−1) Fe cont. 3 (at.%)

LaMn_SSR P, La2O3, La(OH)3, Mn3O4 >500 1 1.0 0.0
LaMn_HEBM P, La2O3 14 3.5 0.7
LaMn_LEBM P 16 9.9 2.9

LaFe_SSR P, La(OH)3, Fe2O3 >500 1 1.6 -

LaFe_HEBM P, Fe2O3 17 3.4 -

LaFe_LEBM P, Fe2O3 22 18.8 -

P: perovskite, TM: transition metal; 1 estimated by SEM; 2 SSA: specific surface area; 3 measured by X-ray
fluorescence spectroscopy.
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2.1.2. Textural Properties Evolution upon Grinding

N2-adsorption/desorption isotherms over LaFe based samples are presented in Figure 2. The curves
exhibit the same pattern of a type II isotherm, regardless of the material composition and this isotherm
shape is characteristic of materials displaying no significant porosity and the sharp N2 adsorption
occurring at P/P0 above 0.8 is characteristic of external aggregate/particle porosity [26]. The amount of
adsorbed N2 for the SSR material (shown for LaFeO3, Figure 2) is very low, demonstrating a limited
pore volume. After the high-energy ball milling step, an increase of adsorbed N2 was observed but
total volume adsorbed remained relatively low. The impact of the LEBM step on the total N2 volume
adsorbed was more noticeable, as observed in Figure 2, showing that this step will impact the global
porosity of the material, even if it was previously observed to have a very limited effect on the crystal
domain size (Figure 1 and Table 1). As expected, the SSR materials, obtained at high crystallization
temperature, displayed very limited surface areas (Table 1, ranging from 1.0 to 1.6 m2·g−1). This low
surface area was directly related to the large crystal domain size displayed by the material (Table 1).
After the HEBM step, leading to a significant decrease of the crystal domain size, the surface area slightly
increased to 3.5 m2·g−1 ± 0.1 m2·g−1 for LaTM_HEBM, samples. Interestingly, the significant decrease
of the crystal size did not promote the SSA of the samples as expected for an increase of the external
surface due to non-interacting low size crystallites. Indeed, taking into account a LaFeO3 having a
mean crystallite size of spherical-shape amounting to 17 nm and a density of 6.65 a theoretical SSA of
53.1 m2·g−1 was expected. The large discrepancy between the experimental surface area (3.4 m2·g−1 of
accessible surface to N2) and the theoretical one indicated the formation of nanoparticle agglomerates
displaying very limited porosity. After LEBM, a significant increase of the SSA was observed despite
the absence of crystal domain size evolution during the milling. Then, LaFe_LEBM displayed a surface
area of 18.8 m2·g−1 five time larger than the parent one. Such evolution demonstrated that the LEBM
is acting mostly on the morphology of the aggregates present in the material. Two phenomena can
be the origin of the SSA increase: (i) the decrease of the agglomerate size (deagglomeration process),
(ii) formation/stabilization of a new porosity in the formed agglomerates [21,27]. However, it is very
difficult to conclude on the impact of each phenomenon on the total surface increase, based only on N2

physisorption results.
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Figure 2. N2-Physisorption isotherms recorded for LaFeO3 samples after each step of synthesis.

2.1.3. Morphology Evolution upon Grinding

Evolution of the morphology of the LaTM perovskite after each synthesis step was observed
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It should be
noted that similar observations hold whatever TM is concerned. As an example, the corresponding
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SEM images for LaMn based samples are given in Figure 3a–c. The SSR sample, synthesized at high
temperature (1100 ◦C), exhibited large hexagonal particles of different sizes, most of them being above
500 nm large and agglomerated. After HEBM, the morphology of the material consisted in small
particles aggregated into large objects of about one micron in size. Then, the HEBM step allowed us to
reduce the elementary crystallite size, which was consistent with the observed evolution from X-ray
diffraction (XRD) analysis.

Figure 3. Scanning electron microscope (SEM) images obtained for LaMnO3.15 (left) and transmission
electron microscope (TEM) images obtained for LaFeO3 (right), after each synthesis steps. (a,d) SSR:
solid state reaction, (b,e) HEBM: high-energy ball milling, (c,f) LEBM: low-energy ball milling.

TEM analysis, presented in Figure 3d–f for LaFe-based samples, allowed us to observe the
elementary particles (Figure 3e) which ranged from 10 to 40 nm. These sizes were in accordance
with the XRD results, while the low surface area determined after the HEBM can be explained by the
formation of dense, poorly porous, aggregates. When the material is subjected to LEBM, no significant
modification of the large-scale morphology could be observed by SEM. Indeed, only aggregates of
small nanocrystals were detected (Figure 3c). However, observation of the sample by TEM evidenced
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the formation of lower size aggregate/elementary particles despite the elementary particles remaining
of comparable size than for the HEBM-derived material. As already concluded from XRD analysis, the
LEBM step did not allow crystal size (as confirmed by TEM analysis, Figure 3f) to decrease, but seemed
to allow the deagglomeration of the particles, leading in fine to the production of a material with higher
SSA than after the HEBM step (Table 1). The Scheme 1 summarizes the role of the individual process
steps, with the main characteristics of the perovskite obtained.

 SSR  HEBM  LEBM  

Simple 
Oxides  

 

 

 

 

 

 
 low SSA 

large crystals 
 

slightly higher SSA 
nanosized crystals 

 
higher SSA 

nanosized crystals 

Scheme 1. Simplified view of the material evolution with the synthesis steps of the reactive grinding
process. SSR: solid state reaction; HEBM: high energy ball milling; LEBM: low energy ball milling.

2.1.4. Evolution of Transition Metal Reducibility upon Grinding

Iron contamination is classically observed as a direct consequence of the grinding process [17,21,28]
and has been estimated for LaMn samples (Table 1). Values staying below 3.0 at.% are reasonable even
if an impact on the catalytic properties cannot be excluded, as already observed for MnOx [21].

Temperature-programmed reduction (H2-TPR) profiles of LaMnO3.15 (A) and LaFeO3 (B) materials
are shown in Figure 4. Quantification of consumed hydrogen and temperatures at maximum hydrogen
consumption are listed in Table 2.
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Figure 4. Temperature-programmed reduction (H2-TPR) profiles of LaMnO3.15 (A) and LaFeO3 (B)
samples after the (a) SSR, solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy
ball milling, steps.
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Table 2. H2-TPR results for LaMnO3.15 and LaFeO3 samples.

Sample T1,max (◦C) T2,max (◦C) H2 Uptake 1 (mmol(H2)·g−1) TM AOS 2

LaMn_SSR 512 882 1.04 (2.63) 3.3
LaMn_HEBM 390 806 1.54 (3.02) 3.4
LaMn_LEBM 404 845 2.09 (3.14) 3.4

LaFe_SSR 523 - 0.89 2.4
LaFe_HEBM 490 - 0.92 2.5
LaFe_LEBM 489 - 1.18 2.6

TM: transition metal; 1 H2 uptake from the low temperature (LT) consumption peak domain, total uptake being into
brackets; 2, calculated for LaMnO3.15 from the total H2 uptake assuming a complete reduction up to Mn(+II), and
calculated for LaFeO3 from the LT H2 uptake and assuming a reduction to Fe(+II) during this LT process, assuming
bulk La/MT ratio of 1.

Reduction of LaMnO3.15: the H2 consumption profile displays 2 main peaks for all the LaMn based
catalysts. Overall, the Mn(+IV) and Mn(+III) entities initially present in the perovskite structure were
reduced to Mn(+II). According to the literature, the two H2 consumption peaks can be ascribed to
the consecutive Mn(+IV)→Mn(+III) and the Mn(+III)→Mn(+II) reductions [29,30]. Regarding the
LaMn_SSR sample, these peaks were located at ~510 ◦C (shoulder: ~590 ◦C) and ~880 ◦C. Comparatively,
for the LaMn_HEBM sample there was a lowering in terms of initial H2 consumption temperature as
well as of the position of the peak maximum indicating an enhancement in the reducibility of the sample.
Such improvements in reducibility have been already observed for the reduction of LaCoO3 [17]
and have been interpreted in terms of a decrease of the crystal domain size. Finally, the reduction
profile of LaMn_LEBM is globally comparable to that for LaMn_HEBM. However, it was now found at
low temperature a new H2-consumption shoulder. This observation indicates that the LEBM plays a
beneficial role in promoting the reducibility of the sample through particle deagglomeration. The Mn
AOS estimated from the global H2 uptake gave a value of 3.4 (±0.1) in line with a LaMnO3.15 phase
detected by XRD.

Reduction of LaFeO3: as for the Mn-based materials, two reduction steps were observed on the
reduction profile of Fe-based samples. The hydrogen consumption profile registered over the LaFe_SSR
sample shows one first reduction peak, with a maximum consumption at 520 ◦C. A second hydrogen
consumption was observed to start at T > 750 ◦C, and is not achieved at the end of the experiment, i.e.,
at 1000 ◦C. According to the literature [31], and knowing that iron is essentially at the +III oxidation
state in LaFeO3, the two successive steps should be described as:

- Complete reduction of Fe(+III) to Fe(+II), with a possible additional hydrogen consumption of
surface Fe(+II) reduction,

- Reduction of remaining Fe(+II) to Fe(0), and obtaining of La2O3 + Fe(0) individual phases.

Quantification of hydrogen consumed in the first reduction peak, for LaFe_SSR allowed us to
calculate an AOS of 2.4 (considering that the first step is only related to the Fe(+III) to Fe(+II) reaction),
that is consistent with results available in the literature [31]. As observed for the LaMnO3.15 series,
the HEBM step led to a shift of the hydrogen consumption step toward the low temperatures by
30 ◦C with a small additional consumption visible at 410 ◦C. Quantification led to a comparable
value of AOS (Table 2). Finally, the LEBM step does not induce a significant change in hydrogen
consumed and hydrogen consumption position. The only minor modification concerns the low
temperature contribution, and the increase in intensity of the consumption located at 410 ◦C. However,
global consumption always leads to an AOS of 2.5 (±0.1), comparable to the value obtained for the SSR
and HEBM materials. The consumption peak at 410 ◦C can originate from the reduction of surface
FeOx clusters, since Faye et al. reported a comparable temperature of reduction of Fe2O3 highly
dispersed on the surface of LaFeO3 (405 ◦C for the first consumption [31]).
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2.1.5. Surface Properties of Materials

X-ray photoelectron spectroscopy (XPS) quantification results are shown in Table 3.
The quantification is based on La 3d, O 1s and Mn 2p or Fe 2p peak areas. The La atomic percentages
are higher than stoichiometry. The lanthanum surface enrichment is often reported for La-based
perovskites [32]. For LaMn_SSR sample, this enrichment can be explained by the presence of La(OH)3 at
the outermost surface. With the disappearance of La(OH)3 in the course of ball milling and the surface
contamination by Fe, the La enrichment became less pronounced for LaMn_HEBM and LaMn_LEBM
samples. An opposite trend was observed over the LaFeO3 samples as a slight La enrichment of the
surface was observed after the HEBM and LEBM steps, a phenomenon that cannot be explained at
this stage considering that TPR experiment, and especially the low contribution reduction at 410 ◦C,
suggesting the formation of surface FeOx cluster species that should have contributed to a decrease in
La/Fe surface ratio.

Table 3. Quantification from X-ray photoelectron spectroscopy (XPS) analysis for LaMnO3.15 and
LaFeO3 samples.

Sample La (at.%) Mn (at.%) Fe (at.%) La/(Fe+Mn) (-) Ototal (at.%) OI (at.%) OII (at.%) OIII (at.%) AOS 1

LaMn_SSR 19.2 9.9 - 2.01 70.9 20.9 44.9 5.2 3.2
LaMn_HEBM 16.4 11.3 n.q. 1.45 72.3 29.4 32.3 10.6 3.8
LaMn_LEBM 16.3 11.5 1.4 1.26 70.7 33.0 32.8 4.9 3.7

LaFe_SSR 14.4 - 9.1 1.58 76.5 30.7 33.2 12.7 -
LaFe_HEBM 19.9 - 10.0 1.99 70.1 32.0 31.7 6.4 -
LaFe_LEBM 19.0 - 11.1 1.71 69.9 33.2 29.5 7.2 -

1 issued from ΔE(Mn 3s) values.

The superposition of the O 1s spectra for the three LaMnO3.15 samples is shown in Figure 5.
Satisfactory peak fitting can be achieved with three components in the three samples. The component
OI at low BE (529.2 eV) is assigned to bulk O2− species [33]. At intermediate BE, the large OII component,
centered at 531.3 eV, is ascribed to several species such as OH−, CO3

2−, O2
2− and/or O− species [34].

The presence of carbonate species is confirmed on the C 1s core level spectra, with a signal located at
289.0 eV. The OIII component, at higher BE (533.3 eV), originates from adsorbed water [35]. The SSR
sample exhibits an intense OII component, which can be related to the presence of La(OH)3 (XRD)
and carbonate surface species. The contribution of this component to the O 1s signal significantly
decreases after the HEBM process and remains rather constant after the LEBM process, in agreement
with the disappearance of the La(OH)3 phase after the ball milling processes. Figure A1 (Appendix A)
shows the La 3d region for LaMnO3.15 samples, the La 3d spectrum being split into a 3d5/2 and a 3d3/2

lines due to the spin-orbit interaction. The magnitude of the multiplet splitting can be useful for the
chemical assessment. While the energy difference between the main peak and its satellite (ΔE(La3d)) is
around 3.9 for La(OH)3, the one for La2O3 is higher (4.6 eV) [36]. Therefore the increase in ΔE(La3d)
value observed after the HEBM process suggests a lower La(OH)3 contribution to the La3d signal,
in agreement with the XRD results and O 1s spectra analysis. Mn 2p spectra (Figure A1) show two
main peaks corresponding to the spin–orbit split of 2p3/2 and 2p1/2 levels, while the weak signal at
lower BE from the main peak is assigned to the satellite of the 2p1/2 peak. The 2p3/2 peak satellite is not
noticeable because it overlaps with the 2p1/2 peak. Mn 2p3/2 peak has its maximum at BE of 641.6 eV
for the three LaMnO3.15 samples. This BE value is intermediate between those recorded for Mn2O3

and for MnO2 [37], confirming the presence of a mixture of Mn3+ and Mn4+ species in the LaMnO3.15

samples. In order to estimate the proportion of Mn3+ and Mn4+ species, the Mn 3s core level has
been studied. The superposition of Mn 3s spectra is shown in Figure 5. Two peaks, originating from
the coupling of non-ionized 3s electron with 3d valence-band electrons [38], are distinguished. From
the energy difference between the two peaks, ΔE(Mn 3s), it is possible to estimate the Mn AOS [39].
A significant decrease in ΔE(Mn 3s) value was observed from LaMn_SSR to LaMn_HEBM sample,
and then remains stable for LaMn_LEBM sample (Figure 5). Therefore, the HEBM process resulted in
a pronounced increase in Mn AOS on the material surface from 3.2 to 3.8, while the LEBM process
does not induce significant additional change (Table 3). The surface AOS (obtained by XPS, Table 3) is
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identical to the bulk AOS (obtained by TPR, Table 2) for the LaMn_SSR material. However, while the
bulk AOS was not affected during the HEBM and LEBM steps, it is evident from the XPS results that
these steps result in an oxidation of the surface Mn ions.
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Figure 5. High-resolution spectra of O 1s and Mn 3s core level spectra for LaMnO3.15 samples: (a) SSR,
solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling.

XPS results obtained for the LaFeO3 samples are presented in Figure 6. The superposition of the
O 1s spectra is shown in Figure 6. As previously observed for Mn-based samples, the same three
components can be extracted from the O 1s signal. However, the component contributions to the O 1s
signal are not significantly impacted by the ball milling process, since the OI to OII component ratio is
similar regardless the synthesis step. Figure A2 shows the La 3d region obtained for the LaFe samples.
ΔE(La 3d) values remains constant for the three samples: the multiplet splitting amplitude of ~4.2 eV
confirms the oxide form. Figure 6 shows the curve fitted Fe 2p spectra. Indeed, the similarly to Mn 2p
spectra, Fe 2p signal presents multiplet structures which can be fitted in order to resolve the surface
iron state. The Fe 2p spectral fitting parameters of Fe2O3 compound proposed by Biesinger et al. [37],
i.e., binding energy, percentage of total area, full width at half maximum and spectral component
separation, have been used to simulate the Fe 2p signal. The good concordance between the fitted
integration and the Fe 2p experimental envelope suggests that iron species are mainly in +III oxidation
state, as it is often described in the literature.
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Figure 6. High-resolution spectra of O 1s and Fe 2p core level spectra for LaFeO3 samples: (a) SSR,
solid state reaction; (b) HEBM, high energy ball milling; (c) LEBM, low energy ball milling.
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2.2. Catalytic Performances

2.2.1. Catalysts Activity

Catalytic performances of materials were evaluated in the toluene total oxidation reaction.
Conversion versus reaction temperature curves are shown in Figure 7. As first remark, reactions
performed with different LaFe samples lead to the production of only CO2 and water as products,
while benzene traces (not quantifiable) appear as a byproduct during reactions over LaMn samples,
for high conversion value (X > 50%). Consequently, conversions plotted in Figure 7 refer to selective
conversion into CO2.
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Figure 7. Toluene conversion curves obtained for LaMnO3.15 (A) and LaFeO3 (B) samples: (a) SSR,
solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling. Conditions:
200 mg of catalyst, 100 mL·min−1 of 1000 ppmv C7H8 in synthetic air (20% O2 in N2).

LaMn_SSR and LaFe_SSR (straight lines) show low performances for the toluene oxidation
reaction with 39% and 13% toluene converted in CO2 at T = 330 ◦C, respectively. After the high-energy
ball milling process, far better performances were obtained with a shift of the light-off curves toward
the lower temperature by −39 ◦C (LaMn_HEBM) and −52 ◦C (LaFe_HEBM). Samples from the second
step of grinding at low energy showed even better performances with additional shifts toward the
lower temperature by −12 ◦C for LaMn_LEBM, and by −40 ◦C for LaFe_LEBM. T10, T50 and T90 values,
reflecting the catalytic performances of each materials are given in Table 4. The following ranking of
activity was obtained:

Table 4. T50 values and kinetics data obtain from light-off curves of LaMn and LaFe samples.

Sample T10 (◦C) T50 (◦C) T90 (◦C)
Activity 1

(mmol·s−1·m−2)
Ea 2 (kJ·mol−1) A0

3 (s−1)

LaMn_SSR 290 / / / 126 3.2 × 1012

LaMn_HEBM 251 283 317 8.68 × 10−6 146 2.6 × 1013

LaMn_LEBM 242 271 295 6.41 × 10−6 140 5.0 × 1013

LaFe_SSR 325 / / / 164 3.6 × 1011

LaFe_HEBM 273 301 323 2.44 × 10−6 155 6.5 × 1012

LaFe_LEBM 234 261 283 5.39 × 10−6 137 8.7 × 1013

1 determined at T = 250 ◦C; 2 determined in the range X(%) < 20%; 3 extrapolated using the Ea average value.

LaFe_LEBM > LaMn_LEBM > LaMn_HEBM > LaFe_HEBM > LaMn_SSR > LaFe_SSR
Then, and as easily observed in Figure 7, the most active materials are LEBM-derived solids. It is

interesting to note that LaFe_HEBM is little more active than LaMn_HEBM, while in the literature,
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a reverse order is generally reported even at low temperature (CO [11,15]) and at high temperature
(CH4 [15,40]). However, when analyzing the normalized activities (per surface unit), the activity
ranking becomes:

LaMn_HEBM > LaMn_LEBM > LaFe_LEBM > LaFe_HEBM >> LaMn_SSR > LaFe_SSR
This result clearly demonstrates that the Mn-containing formulation are little more active than the

Fe-containing ones, in line with the more important reducibility of manganese as determined by TPR
(Figure 4) and demonstrating a lower temperature of activation for the Mn(+IV)/Mn(+III) redox couple
than for the Fe(+III)/Fe(+II) redox couple.

Figure 8 shows the Arrhenius plots drawn from conversion curves at X < 20%, assuming a first
order toward toluene concentration and a zero order toward oxygen. Activation energies, estimated
from Arrhenius plots slopes, are reported in Table 4. Calculated activation energies for the toluene
oxidation over LaMn samples show values comprised between 126 and 146 kJ·mol−1. Calculated
activation energies for the reaction over LaFe samples oscillated from 137 to 164 kJ·mol−1 respectively.
Considering the precision of the measure, i.e., light off curve measurement, whole materials display
comparable Ea, at an average value of 145 kJ·mol−1 suggesting a comparable oxidation mechanism for
LaFe- and LaMn-containing formulation and whatever the synthesis step (SSR, HEBM, LEBM). Similar
activation energy values had been reported for La1−xCaxBO3 (B = Fe, Ni) systems by Pecchi et al. [41].
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Figure 8. Arrhenius plots obtained at X < 20% for the toluene oxidation reaction over LaMnO3.15 (A)
and LaFeO3 (B) samples: (a) SSR, solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM,
low-energy ball milling.

Assuming an average Ea of 145 kJ·mol−1, corrected pre-exponential factor (A0 cor) is re-calculated,
and obtained values are listed in Table 4. A0 cor factors, obtained at constant Ea for all materials,
reflect the evolution in active sites on the catalysts, and when plotted as a function of the surface
area of the solid (Figure 9), this allows us to determine the active site surface density. From Figure 9,
it seems evident that a roughly linear correlation was obtained between A0 cor and materials surface
area. Consequently, the active sites in materials evolves linearly with the surface area. Nonetheless,
LaMn samples showed a slightly higher active site surface density than their LaFe equivalent.
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Figure 9. Evolution of corrected pre-exponential factors with catalyst surface areas. Open symbols:
LaMn-compositions; Full symbols: LaFe-compositions.

2.2.2. Stability Tests

The toluene conversion into CO2 evolution as a function of time are presented in Figure 10 for the
HEBM and LEBM catalysts (T = 285 ◦C; 70 h). Both LaMn based catalysts show a rapid deactivation in
the five first hours before to slightly linearly deactivate with time. The activity coefficient a285 (see
experimental part) are rather similar for both catalysts amounting to 0.66 and 0.64 for LaTM_HEBM
and LaTM_LEBM catalysts, respectively. This likely indicates that the LEBM treatment has no effect on
the stability of the catalyst on stream. By opposition, a good stability for the LaFe-based catalysts was
found over time in terms of toluene conversion into CO2. It should be noted that, for all catalysts, it is
found neither phase transformations nor crystallite size increase by XRD. Furthermore, the SSA keeps
unchanged after the stability test considering the margin of uncertainties.
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Figure 10. Stability experiments of LaMnO3.15 (A) and LaFeO3 (B) samples. Conditions are: 200 mg
of catalyst exposed to 1000 ppmv C7H8 in 100 mL·min−1 of synthetic air (20% O2 in N2) for 70 h at a
constant temperature of 285 ◦C. HEBM, high-energy ball milling; LEBM, low-energy ball milling.

Behar et al. have shown that the total oxidation of toluene can be easily described by a Mars–van
Krevelen model when Cu-Mn mixed oxide is used as catalyst [42]. In this model the toluene is oxidized
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by the catalyst and not directly by the gaseous oxygen, and the role of gaseous oxygen was in restoring
and maintaining the oxidized state of the catalyst. The oxidized state of the LaMn_LEBM after the
stability experiment was studied by means of H2-TPR and XPS analyses. Figure 11A shows the
comparison between the two H2-TPR profiles obtained on the fresh and used LaMn_LEBM catalysts.
It can be clearly seen that, for the used LaMn_LEBM sample, the shoulder at low temperature (280 ◦C)
disappeared, suggesting that some Mn species in a high oxidation state (Mn(+IV)) are reduced during
the stability test. Similarly, the analysis of the Mn 3s photopic (Figure 11B) shows an increase in the
peak splitting ΔE(Mn 3s) value, from 4.64 eV for fresh LaMn_LEBM to 4.91 eV for the used one, which
demonstrates a decrease in the Mn AOS value (from 3.7 to 3.4) after the stability experiment. Therefore,
the deactivation observed for LaMn_LEBM catalyst could be related to the decrease in Mn AOS, the step
of reoxidizing the reduced catalyst with gaseous oxygen being most likely the rate-determining step.
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Figure 11. Comparison of (A) H2-TPR profiles and (B) XPS high resolution spectra of Mn3s obtained
for the fresh and used LaMn_LEBM catalysts.

3. Materials and Methods

3.1. Synthesis

Perovskite-type mixed metal oxides LaMO3 (M =Mn or Fe) were synthesized by a three-step
reactive grinding process:

- STEP 1, Solid state reaction—SSR: oxide precursors (La2O3 and Mn2O3 or Fe3O4) were
homogeneously mixed in such a way as the molar La:B be equal to 1.0 and calcined for 4 h at
1100 ◦C under static air atmosphere to obtain the perovskite phase (confirmed by XRD analysis).
Materials produced at this step were LaMn_SSR and LaFe_SSR.

- STEP 2, High-energy ball milling—HEBM: a first high energy milling step was performed for
90 min (SPEX 8000D grinder with stainless steel equipment and balls (ø 1 × 11 mm, 2 × 12.5 mm),
under static air atmosphere) at a revolution frequency of 17.5 Hz (1060 cycle·min−1).

- STEP 3, Low-energy ball milling—LEBM: a second low energy ball milling was performed for
120 min (Union Process’ Svegvari attritor with stainless steel equipment and balls (ø 5 mm), with
addition of a small amount of water (0.4 mL per g of material)) at a rotation speed of 450 rpm.
The muddy sample was recovered using 500 mL of water and dried at 150 ◦C overnight.

Materials taken from step 2 and 3 are calcined for 3 h at 400 ◦C prior to characterization and
catalytic performance evaluation, and are respectively named LaM_HEBM and LaM_LEBM.
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3.2. Physico-Chemical Characterizations

The physicochemical properties of the materials were evaluated after each steps of the synthesis.
Diffractograms are recorded on a Bruker D8 apparatus, using the CuKα radiation (λ = 1.54059 Å).
Data were collected for 2θ between 10◦ and 80◦, with an increment of 0.05◦ and an integration time of
1.0 s at each step. Diffractograms were indexed using references PDF database. Crystallite mean sizes
are calculated using the Scherrer equation: Dcryst = (k·λ)/(β·cosθ), where k and β are respectively the
shape factor (~0.9) and the corrected full width at half maximum. N2-physisorption experiments were
collected on a Micromeritics Tristar II porosity instrument. A known mass of catalyst was degassed at
150 ◦C under vacuum for 6 h. Isotherms were registered at a temperature of −196 ◦C and SSA were
determined from the adsorption branch in the 0.05–0.30 P/P0 range with the Brunauer–Emmett–Teller
(BET) equation. SEM images were acquired on a JOEL JSM 5300 microscope equipped with EDXS
module, allowing elemental quantification. Samples were previously put on a carbon tape and
coated with graphitic carbon to reduce charging effect. TEM images were registered on a MET FEI
Tecnai G2-20 twin microscope equipped with LaB6 source and providing an electron beam with
an acceleration voltage of 200 kV. Samples were dry-deposed on a copper grid without any other
treatment. Temperature-programmed reductions were operated on a Micromeritics AutoChem II
2920 chemisorption analyzer. A catalyst mass, fixed to ~40 mg, was inserted in a quartz reactor and
degassed under inert gas. A flow of 5 vol.% H2/N2 was stabilized at a total flow rate of 50 mL·min−1,
and the catalyst was heated from 40 ◦C to 900 ◦C at a temperature increase rate of 10 ◦C·min−1 (K and P
parameters respectively of 88 s and 15 ◦C). X-ray photoelectron spectroscopy analysis was carried out
using a Kratos AXIS Ultra DLD apparatus with a monochromated Al Kα (1487 eV) source. Processing
was performed using CasaXPS software, spectra being energy-corrected according to the main C 1s
peak positioned at 284.8 eV.

3.3. Catalytic Activity Measurements

Catalytic performances were evaluated in the gas phase toluene oxidation reaction. A mass of
catalyst equal to 0.200 g was positioned in a fixed bed reactor and was heated from 25 ◦C to 330 ◦C
for30 min (2 ◦C·min−1) under synthetic air flow. Then, the reaction flow, composed of 1000 ppmv
of toluene diluted in synthetic air, was stabilized at a flow rate of 100 mL·min−1 (given a Weight
Hourly Space Velocity of 30,000 mL·h−1·g−1) and the reactor temperature was allowed to decrease
from 300 ◦C to 150 ◦C at a constant temperature decrease rate of −0.5 ◦C·min−1. Stability experiments
were performed during 70 h at a constant temperature of 285 ◦C. Exhaust gases were analyzed by gas
chromatography and the results were expressed in terms of toluene conversion into carbon dioxide:
X(%) = 100·[CO2]out/(7·[C7H8]in). To quantify the resistance against deactivation an activity coefficient
a285 was defined as the ratio between the toluene conversion after 70 h reaction to that at initial time.

4. Conclusions

Mn- and Fe-containing perovskite were synthesized by a three-step reactive grinding process
followed by calcination at 400 ◦C for 3 h. The reactive grinding process involved a first step resulting
in the obtention of a crystalline perovskite at high temperature (solid state reaction) followed by a
second step of HEBM affording a mean crystal size decrease to end up with a LBEM step performed in
wet conditions for surface area improvement. Nanocrystalline LaMnO3.15 and LaFeO3 were obtained
(crystal size range of 14–22 nm obtained after milling steps). The most efficient LEBM was found for
the LaFeO3 formulation allowing it to reach a SSA of 18.8 m2·g−1. It was noted that the TM reducibility
was significantly affected by the HEBM step through the lowering of the crystal size leading to a
decrease of the temperature of reduction of the Mn(+IV) and Fe(+III) species. XPS analysis evidenced
the important effect of the grinding steps on the surface composition. Catalytic tests provided evidence
of the importance of the catalyst SSA for the conversion of toluene. Then, while comparable activation
energies were estimated for both perovskite compositions (Mn and Fe), from the overall results it was
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found that: (i) a higher intrinsic activity for the Mn-compositions than for the Fe-compositions due to a
better redox behavior; (ii) a higher weight activity for Fe-compositions due to higher surface areas.
Finally, while Mn-formulations deactivated significantly (−30% after 70 h on stream), far better stability
was reported for Fe-formulations.
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Appendix A

Table A1. Binding energies of LaMnO3.15 and LaFeO3 samples’ XPS components.

Sample
BE (eV)

La3d5/2 Mn2p3/2 Fe2p3/2 O1s 1

LaMn_SSR 834.7 641.6 529.3/531.2/533.0
LaMn_HEBM 834.1 641.6 529.2/531.3/533.3
LaMn_LEBM 833.9 641.7 529.4/531.3/533.5

LaFe_SSR 833.9 710.8 529.3/531.4/533.1
LaFe_HEBM 833.7 710.6 529.0/531.2/532.9
LaFe_LEBM 833.6 709.6 529.2/531.3/533.0

1 values corresponding to OI/OII/OIII type species.
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Figure A1. High-resolution spectra of La 3d and Mn 2p core level spectra for LaMnO3.15 samples: (a)
SSR, solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling.
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Figure A2. High-resolution spectra of La 3d core level spectra for LaFeO3 samples: (a) SSR, solid state
reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling.
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