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Due to the emerging crisis arising from the depletion of fossil fuel resources, the need of new 

energy sources, energy storage and conversion systems has increased. Fuel cells are one of the 

trending energy storage devices. However, the performances of these devices are restrained by 

the sluggish kinetics of the chemical reactions involved, especially the oxygen reduction 

reaction at the cathode.1 The need to synthetize sustainable electrocatalysts has then grown. 

Perovskites are a family of materials englobing a large number of compositions, which are 

exempt of precious metals.2 From this compositional diversity, numerous properties are found 

in the perovskite family. Especially, some perovskites have emerged as efficient electrocatalyst 

for the oxygen reduction reaction, possibly competitive versus current noble metal 

electrocatalysts used, like e.g. Pt/C, Pd. 

In this context of search for new electrocatalysts, our primary goal was to develop 

oxygen reduction reaction electrocatalysts among perovskite materials. Several pathways were 

then identified. The first one was the search for new electrocatalyst compositions among 

perovskites. The second route was to address already known electrocatalysts and to tune their 

intrinsic electrocatalytic properties by adjusting their compositions, or to increase the number 

of active sites per mass unit. Finally, a third way was considered, relying on the use of external 

stimuli to enhance the electrocatalytic properties of the materials. This last pathway has 

emerged recently from several groups, which were mostly interested in the effect of magnetic 

fields on the electrolyte or on the gaseous species involved during electrocatalysis.3–5 The 

approach that we selected and that is presented in this thesis combines the three aforementioned 

pathways in order to develop new electrocatalysts and new electrocatalytic set-ups.  

We particularly aimed at manganese perovskites for their numerous properties, which 

encompass electrochemical and magnetic properties, already widely reported in the literature.2-6 

In order to develop new nanoscaled catalysts, we employed molten salts syntheses, as an 

emerging synthesis route towards nanomaterials design.11,12  

We then sought to investigate the interplay that may reside at the crossing road between 

electrocatalysis and magnetic properties, in order to trigger enhancement of electrocatalytic 

properties with external magnetic fields. 

In parallel, we have capitalized on the ability of molten salts synthesis to deliver a wide 

range of perovskite nanomaterials, in order to explore another way to modify the intrinsic 

electrochemical properties of perovskites with external stimuli. Indeed, reducing conditions can 

be used to exsolute reduced metal particles from metal ions doping perovskite matrices.13,14 

This process, already reported for bulk perovskite oxides, has never been reported on 

nanoscaled perovskites. Molten salts synthesis provides access to a wide range of possible 
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cationic substitutions in perovskite nano-objects, and is then an ideal platform to trigger 

exsolution of electrocatalytic nanoparticles at the surface of perovskite nano-objects, to assess 

the mechanisms of this process and how it could improve electrocatalytic properties.  

This manuscript then resides at the crossroad between the development of synthesis 

strategies and the design of nanomaterials interacting with their environment and exhibiting 

stimuli-dependent electrocatalytic properties. We structured this work through 4 chapters: 

The first chapter is a bibliographic survey of the magnetic and electrocatalytic properties 

of manganese perovskites followed by an investigation of the current approaches using external 

fields for electrocatalysis purposes. This chapter underlines the complexity of perovskite oxides 

regarding their intertwined properties. The applications and limitations of electrocatalysis under 

external stimuli are presented. This chapter enables identifying the most promising tracks of 

research to be explored. It then sets the foundations of the approach we address in the following 

chapters. 

The second chapter of the manuscript is dedicated to the synthesis of nanoparticles of 

La0.33Pr0.33Ca0.33MnO3, which to our knowledge are not reported in the literature. This 

perovskite was targeted because it is reported to exhibit interesting electronic phase separation 

properties in the bulk state,9,10 which might exacerbate the impact of magnetic fields on the 

electrocatalytic properties of nano-objects.  

The third chapter is dedicated to La0.7Sr0.3MO3 nanoparticles: their synthesis at the 

nanoscale, their magnetic and electrocatalytic properties. This nanomaterial with already well 

documented magnetic15,16 and oxygen reduction reaction electrocatalytic properties17,18 offers 

an ideal platform to study the interplay between electrocatalytic properties and magnetism. 

The fourth chapter addresses the exsolution process in nanoscaled perovskites, from the 

doping of perovskite nanocrystals by molten salts synthesis, to the exsolution itself by using 

various stimuli. 

Finally, we draw conclusion from this work and identify future perspectives. 
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I. Introduction 

The term perovskite originally refers to a mineral calcium titanium oxide, CaTiO3, which was 

discovered in 1839 by Gustav Rose and later named after Russian mineralogist Lev Perovski. 

It then ended up englobing all compounds with the composition ABX3, where B is a transition 

metal and X is an anion. The perovskite family encompasses two groups, the perovskite oxides 

and the perovskite halides. In the context of the depletion of fossil fuel resources, the need to 

find energy storage, conversion devices and energy sources, has drawn attention in the scientific 

community towards the perovskite family. Halide perovskite have found a recent renewal of 

interest for their use in solar cells. Concerning the oxide perovskite family, they have been 

studied for decades for their magnetic properties but more recently their electrocatalytic 

properties have been deeply investigated and shown promising results. As electrode material, 

perovskite oxides are very interesting due to their thermal stability required in solid oxide fuel 

cells (SOFC) but also to their ability to sustain deformation (i.e. thermal expansion in SOFC). 

Moreover, some perovskites are composed of cheap abundant elements, which is a major 

advantage with the current awareness that resources in precious metals are limited.  

In this chapter, the basics for understanding the magnetic properties of manganese 

perovskites are shown, especially in relation with the colossal magnetoresistance (CMR) and 

electronic phase separation (EPS). We describe how these properties arise and are modified by 

doping with divalent A’ cations in the A-site of the perovskite structure. We also explain how 

these properties are intertwined with manganese perovskites electronic conductivity and can be 

stimulated by external stimuli with the case study of La0.7Sr0.3MnO3 (LSMO). Besides their 

magnetic properties, manganese perovskites are promising electrocatalysts for the oxygen 

reduction reaction involved in fuel cells and metal-air batteries. We thus in a second part 

describe the different mechanisms involved in this reaction. Since the electronic transport in 

manganese perovskites is influenced by their magnetic properties the coupling of 

electrocatalysis under external stimuli could be of great interest. Therefore, we present in a third 

part how electrocatalytic properties can be influenced by external stimuli. Finally, a fourth part 

is allocated to a concept discovered on bulk perovskites, the exsolution. This process uses 

external reducing conditions to trigger a phase separation in perovskites. Like in the properties 

derived from magnetic fields mentioned in the previous parts, exsolution relies on the response 

of a material to its environment. We will discuss it in this context. 
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II. Magnetic properties 

Bulk manganese perovskites composed of mixed-valence Mn3+/4+ exhibit numerous and 

complex phenomena such as colossal magnetoresistance (CMR),1–5 electronic phase separation 

(EPS),6–9 and metal-insulator (M-I) transition.10,11 These effects have been also found at the 

nanoscale, and thus brought a renewed interest for the scientific community. Manganate 

perovskites such as La2/3Sr1/3MnO3 or La1/3Pr1/3Ca1/3MnO3
1,6,9,12,13 possess such magnetic 

properties that of course depend on the application of magnetic fields. In this part, we will focus 

principally on two of these magnetic properties, the colossal magnetoresistance (CMR), and 

later on briefly, the electronic phase separation (EPS).  

The colossal magnetoresistance effect has been discovered in the 1950s by Van Santen 

and Jonker.14 It consists in a change of resistance of several orders of magnitude of the material 

due to the modification of the magnetic alignment of neighbor Mn cations15 under the influence 

of a magnetic field. The authors discovered the CMR when experimenting with changes in the 

chemical composition of manganese perovskites. By replacing A3+ cations with alkaline earth 

elements (A=Ca2+, Sr2+ or Ba2+) they observed a change of the magnetic properties of the 

perovskites, from paramagnetic to ferromagnetic under Curie temperatures.1,14 The 

ferromagnetic properties arise from the formation of Mn3+/4+ mixed-valences in these 

perovskites. The chemical composition has thus an important impact on manganates magnetic 

properties and will be developed in the following part. In this section, we will summarize the 

different factors involved in the appearance of CMR in manganese perovskites. 

Perovskites of composition A1-xA’xMnO3 where A is a rare earth metal, A’ an alkaline 

earth elements present a distorted structure due to the Jahn Teller effect of Mn3+.16 Introducing 

divalent A’ cations directly affect the electronic state occupancy by creating Mn4+ cations. 

Moreover, the ionic size mismatch in the A-site modulates the Mn-O-Mn bond angle.8 It has 

been found that to obtain the CMR effect, these Mn-O-Mn chains need to be linear, with an 

angle between Mn3+, O2- and Mn4+ of 180°. This yields an overlapping of the 3dMn and 2pO 

orbitals, allowing the eg electrons from Mn3+ to be delocalized, thus resulting in the 

ferromagnetic interaction.17–19 Several factors are involved in the apparition of magnetic order 

and have an influence on the Curie temperature of the perovskites, i.e the doping ratio, the 

doping cation size, and the A-site disorder within the lattice. Noteworthy the same parameters, 

especially size and concentration of the divalent cations, impact the strength of the CMR. 
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1. Doping ratio 

The original theory explaining this CMR effect and the coupled ferromagnetism in manganites 

was based on the double-exchange interaction conceptualized by Zener3. The Mn cations in the 

perovskites present three different interactions, Mn3+-Mn3+, Mn3+-Mn4+, Mn4+-Mn4+. Let’s take 

LaMnO3 and La1-xSrxMnO3 and their Curie temperatures as examples to understand the effect 

of these interactions on the magnetic properties of manganite perovskites. The Mn3+-Mn3+ 

interaction present in LaMnO3 is weak, thus resulting in an insulating behavior. Moreover, the 

Curie temperature is impacted by this single Mn3+-Mn3+ interaction and is below room 

temperature. Doping with A’ divalent cations results in the two other interactions involving the 

Mn3+-Mn4+, so-called strong positive interaction, which leads to a strong increase of the Curie 

temperature and ferromagnetic properties above x>0.08. Finally, the Mn4+-Mn4+, so-called 

negative interaction, occurs for A’ doping rates above x>0.4, resulting in a decrease in the Curie 

temperature.14 The phase diagram in Figure 1 illustrates the importance of the chemical 

composition for obtaining  ferromagnetism in the La1-xSrxMnO3 perovskite family.20 

  

Figure 1. Electronic and magnetic phase diagram of La1-xSrxMnO3.20  Inset shows the resistivity of the x=0.3 crystal used in 

the present study from Urushibara et al.10 
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2. Doping cation’s size 

However, the simplicity of the Zener model does not grasp the whole complexity of the 

manganese perovskite magnetic properties, for example the difference of Curie temperatures 

for different A’ cations. Indeed, A2+ cations size is also of importance to stabilize the lattice. 

This is reflected by the Goldshmidt tolerance factor fgt, which helps predicting the stability of 

the perovskite structure: 𝑓𝑔𝑡 =  (𝑟𝐴 + 𝑟𝑜)/√2(𝑟𝑀𝑛 + 𝑟𝑂) where 𝑟𝐴, 𝑟𝑂 and 𝑟𝑀𝑛 are the average 

radii of the A-site cations, oxygen and manganese respectively. A Goldschmidt factor fgt = 1 

corresponds to the most stable state the perovskite can obtain, with an Mn-O-Mn bond angle 

θ=180°, which as mentioned above is optimal for electron hopping from Mn3+ to Mn4+.21 The 

A-site cations size has then an effect on the magnetic22 and electrocatalytic properties.23 At 

constant doping ratio, the Curie temperature and thus the M-I transition temperature increase 

with the mean A-site cation radius (<rA>) values.24,25 For example, La0.75Sr0.25MnO3 has a Curie 

temperature of 348 K, but by replacing some Sr2+ by Ca2+ in La0.75Sr0.25-yCayMnO3 the Curie 

temperature decreases down to 283 K (y=0.125) (rSr > rCa).
26  

Figure 2 sums up the effect of <rA’> at a constant doping value x = 0.3 on the Curie 

temperature (Tc) for manganese perovskites. The fgt being below the perfect size match value 

of 1, the Mn-O-Mn bond has an angle θ<180° due to tilting of the MnO6 octahedra. This tilting 

compensates for the space provoked by the too small A2+ cations. Thus, the more space created 

by the doping cations sizes, the more the octahedra tilt, leading to a decrease of the Mn-O-Mn 

bond angle θ and of Tc. By increasing the fgt and thus the average radius <rA>, Tc increases up 

to a maximum for La0.7Sr0.3MnO3 (LSMO). However, for fgt above 0.93, the Curie temperature 

decreases with the average radius increasing. This is most likely due to a transition from the 

orthorhombic to a trigonal structure, or to a too large size mismatch between A and A’ cations.27 
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Figure 2. Phase diagram of temperature vs tolerance factor for the system A0.7A’0.3MnO3, where A is a trivalent rare earth 

ion and A’ is a divalent alkali earth cation. Open symbols denote 𝑇𝑐
𝑀measured at 100 Oe. Closed symbols denote 𝑇𝑐

𝑝
.24 

 

3. A-site disorder 

Another important factor involved in the overall magnetic properties of manganese perovskites 

is the A-site disorder induced by the doping of divalent A’ cations. The randomness of the 

doping leads to the formation of different phases inside the material in the case of LSMO. This 

induced disorder breaks the symmetry at the surface of the material, which disturbs the double 

exchange interaction and leads to the formation of an insulating “dead magnetic layer”.28 More 

generally, the coexistence of several magnetic domains in bulk perovskites is also called 

electronic phase separation (EPS). This phenomenon has been deeply investigated6,13,29,30 and 

its length scale was found to range from few tens of nanometers up to microns in some cases. 

Zhu et al.8  have investigated the effect of dopant ordering onto the EPS. The authors focused 

on (La1-yPry)1-xCaxMnO3 (LPCMO), which presents one of the largest EPS length scales. They 

synthesized an ordered LPCMO (O-LPCMO) by growing alternatively unit cells of 

La0.625Ca0.375MnO3 (LCMO) and of Pr0.625Ca0.375MnO3 (PCMO). Then they compared the EPS 

domain size with a randomly doped LPCMO (R-LPCMO) with the same nominal composition 

(La0.44Pr0.22Ca0.33MnO3), synthesized by conventional methods. Magnetic force microscopy 
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(MFM) (Figure 3) showed that ordering LPCMO drastically decreases the EPS scale. However, 

the ferromagnetic metallic (FMM) volume fraction is up to three-time larger in O-LPCMO than 

in R-LPCMO despite the smaller sizes of the domains.  

 

Figure 3. Ferromagnetic metallic (FMM) domain size distribution of O-LPCMO (yellow) and R-LPCMO (blue). The domain 

size was analyzed from five MFM images for both samples at each temperature. The scanning region is 20 x 20 μm for each 

image. Insets show MFM images (7 x 14 μm) of R-LPCMO at 140 K and O-LPCMO at 220 K under 1 T field. 

The random distribution of the divalent A-site cations inside manganese perovskites can 

therefore be considered as one of the major parameters influencing the magnetic properties of 

manganese perovskites, alongside the doping ratio and the size of the doping cations.  

 

4. Nanoscale effect on magnetotransport: the case of 

La0.7Sr0.3MnO3 nanocrystals 

4.1 Magnetic properties of LSMO  

The magnetic behavior of LSMO nanocrystals have been reported by Thi N’Goc et al.15 

Magnetoresistance curves (Figure 4) show that under an applied magnetic field, the resistance 

of LSMO nanoparticles decreased by one order of magnitude at 7 T (Figure 4a). This 

phenomenon is a magnetoresistance effect (MR). The origin of this decrease of the electrical 

resistance has been searched for. By normalizing the magnetoconductance from Figure 4a and 

Figure 4b as a function of the sample magnetic moment the identification of two MR responses 
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were observed (Figure 4d). One low-field magnetoresistance (LFMR) response ascribed to the 

alignment of the core moments and a second response at higher field from a paramagnetic-like 

shell. The LFMR response exhibits few to no change under magnetic field whereas the 

high-field magnetoresistance (HFMR) response of the shell of LSMO showed a large increase 

of the conductivity. Hence, the change in electrical resistivity was ascribed to change of the 

shell from a paramagnetic to a ferromagnetic-like behavior. This magnetoresistance effect is 

explained by the magnetic alignment under magnetic field of the paramagnetic component. 

Therefore, under magnetic field, the material is approaching a fully ferromagnetic state. The 

presence of two distinct magnetic responses suggested the presence of a core-shell magnetic 

structure of the LSMO nanoparticles.31 Such peculiar response of the surface has been reported 

for LSMO thin films possessing the core shell model mentioned above. The surface has been 

designated as the “dead magnetic layer”28 or surface antiferromagnetic/spin glass-like phases.32 

The origin of such a different magnetic response of the surface has been investigated by 

analyzing of the surface of the LSMO nanocrystals. 

 

Figure 4. Electrical properties of LSMO nanoparticles. (a-b) Magnetoresistance curves at several temperatures for an applied 

bias of 2 V. (c) magnetoconductance (d) Normalized magnetoconductance (from a and b) as a function of the sample 

magnetic moment shown in (a), with bottom colored areas as a reminder of the dominant magnetic nanoparticles component 

contributing to the moment (blue: ferromagnetic core, red: paramagnetic shell).15 
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4.2. LSMO surface investigation 

Thi N’Goc et al.15 investigated by STEM-HAADF, STEM-EDS and STEM-EELS. The 

structural and compositional characteristics of the aforementioned paramagnetic LSMO shell. 

They showed the presence of the crystal structure up to the outer surface layer of the cubes 

(Figure 5a), thus indicating that the 2 magnetic phases mentioned above did not originate from 

surface amorphization. EELS measurements (Figure 5b) from the surface of the cube to the 

core showed an Mn average charge value of +3.3 ± 0.1, except for the outer two unit cells closer 

to the surface where manganese oxidation state was found to be of +2.8 ± 0.1.  These 2 unit 

cells with a different oxidation state were ascribed to a 0.8 nm thick layer homogeneous over 

the particle. The origin of such differences in the Mn oxidation state was searched for. The 

Sr:La ratio was measured by EELS and EDS (Figure 5c) across the nanoparticle. The results 

were in agreement with ICP-OES measurements of the nominal composition. Hence the 

difference in oxidation state of the manganese at the surface could not be related to the 

segregation of Sr as observed in the literature.33 The oxygen content was analyzed as a possible 

cause of the lower manganese oxidation state of the surface. Figure 5d shows that the 2 unit 

cells possessing lower oxidation state manganese also present a slightly higher Mn:O ratio, 

hence a decrease in the oxidation state of manganese can only be attributed to an increase in 

oxygen vacancies at the surface of the particles.  

Thi N’Goc et al.15 showed that a layer in average 1 nm thick at the surface of LSMO 

nanocubes presented higher content in oxygen vacancies than the rest of the particles. This 

resulted in a decrease in the Mn oxidation state contained in that layer. The magnetic properties 

of the particles being directly linked to the manganese oxidation state, this 1 nm-thick layer led 

to the formation of a paramagnetic-like shell for LSMO nanocubes.  
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Figure 5. Electron microscopy study of LSMO nanocrystals. STEM analysis of the particles edges. (a) STEM-HAADF 

image of the edge of a nanocube where high energy resolution EELS spectra have been recorded along a scan line (green 

line). Inset shows the HAADF signal recorded during the simultaneous acquisition of EELS and EDS line spectra. (b) EELS 

spectra of selected unit cells (black) and references of Mn2+ (purple), Mn3+ (orange), and Mn4+ (green) oxidation state (c) 

Signal profiles of the different elements obtained from EDS (green) and EELS (blue) signal and the black dashes lines are 

included to better identify the first two unit cells. (d) La:Mn and Mn:O relative compositions (%) obtained from EELS 

signals. The HAADF signal and the black dashed lines are included to better identify the first Mn-O and La/Sr-O planes, as 

well as the two first unit cells in the STEM-HAADF image.15 
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5. Conclusion on magnetism in perovskite 

We have shown in this part how several parameters are critical for obtaining and tuning the 

magnetic properties of manganese perovskites. The first one, doping ratio, has an impact on the 

core behavior of the material explained by the Zener double exchange model. It also allows to 

specifically target a chemical composition to obtain precise magnetic properties. Secondly, we 

have discussed the size of the divalent A-site cation A’, which influences directly the stability 

of the lattice through the Goldschmidt factor (fgt). This factor translates the ease for the electrons 

hopping in the Mn-O-Mn bond when approaching the perfect match value (fgt = 1). We also 

underlined the wide changes of Tc in manganese perovskites induced by the average radius of 

the cations on the A site. Finally, the effect of the A-site disorder on the electronic phase 

separation is such that by ordering the system, the EPS length scale decreases but the volume 

fraction of ferromagnetic domains increases. One can see that these parameters are entangled 

and that a small change in one of them will ineluctably result in changes for the others. 

 

III. Manganese perovskite electrocatalysis 

Besides the interesting magnetic properties depicted above, manganese perovskites are also of 

great interest for catalysis. The emerging energy crisis due to the depletion of fossil resources 

has motivated scientists to find new energy sources, energy storage, and conversion systems. 

Fuel cells and aqueous metal-air batteries fit within this trend. The performance of these devices 

relies on two reactions. The first one is the oxygen evolution reaction (OER), used during 

batteries charge or water splitting. OER is the half redox reaction generating molecular O2 from 

water. The second reaction is the oxygen reduction reaction (ORR) involved in batteries 

discharge and fuell cells. ORR is the half redox reaction of O2 reduction to water. However, the 

use of fuel cells, water electrolysers and metal-air batteries on a global scale is tempered by the 

slow kinetics of these reactions.34,35 Therefore, the use of sustainable electrocatalysts exempt 

from noble metals and able to speed up the reactions by reducing the energy barrier of short-

lived transition states is nowadays necessary. Perovskite oxides and more specifically 

manganese perovskites have shown promising performances towards ORR in alkaline media.36 

Some manganese perovskites exhibit an activity towards ORR equivalent to the currently used 

electrocatalyst (Pt/C, Pd).37,38 As more than 90% of the metallic elements in the periodic table 

can form a perovskite structure, a wide variety of tunable systems are achievable for 

electrocatalysis.39 This possibility to chemically tailor perovskites for targeting specific 
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reactions, combined with the elemental abundance and the low cost of the constitutive elements 

make perovskite oxides promising materials for electrocatalysis. This chapter attempts to give 

a brief understanding of ORR where manganese perovskite oxides can be used as potential 

decisive electrocatalysts. Several groups have reported the electrochemical activity toward 

ORR of manganese oxides such as Mn5O8, Mn3O4, Mn2O3, MnO2, MnO(OH) and their 

polymorphs.37,40–45 A wide number of manganese perovskites has also been investigated, as 

discussed below.  

 

1. Oxygen reduction reaction (ORR): 

The equation of the oxygen reduction reaction in alkaline aqueous media is: 

𝑂2 + 2𝐻20 + 4𝑒− → 4𝑂𝐻−  

The ORR is a cathodic chemical process composed of several steps where electrons are 

transferred. In a fuel cell these reactions are occurring at the cathode and usually in alkaline 

media. The use of an alkaline media at ambient temperature prevents the adsorption of spectator 

ions onto the surface of the electrocatalysts, thus enhancing the kinetics of the reaction.46 

Moreover, if one wants to use manganese perovskites, alkaline media become mandatory since 

manganese perovskites amorphize and dissolve in acidic media. The mechanism of ORR is still 

widely investigated, two different pathways have been proposed on perovskites:  

The first pathway is a 4-electrons direct mechanism involving a 4-electron transfer 

leading to hydroxides (Figure 6).47–52 (1) The O2 molecule adsorbs as OO2- onto an Mn site, an 

OH- group from the surface is displaced. (2) the peroxo group is protonated and forms OOH-. 

(3) An OH- group is removed from the OOH- at the surface, leaving a superoxo O2-. (4) This 

superoxo group is protonated to reproduce the hydroxyl-covered starting surfaces. The 

kinetically limiting step of the four electron pathway is ascribed to the adsorption of O2 

replacing the OH group in step (1). In this pathway, the B-site cation Mn undergoes a redox 

switch. 
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Figure 6. Four-electron pathway reducing O2 to hydroxides.47  

The second pathway (Figure 7) follows the same steps (1) and (2) of the four-electron 

mechanism. This pathway arises from difficulties to cleave the O-O bond at (2) and results in 

the desorption of the protonated group as hydroperoxide 𝐻𝑂2
−-.37,50–53  

 

Figure 7. Two-electron pathway reducing O2 to peroxide. Orange denotes species on the catalyst surface, and blue/purple 

denotes species in solution.37 

The desorption of the hydroperoxide group can then either lead to a two electrons reduction or 

to the peroxide disproportionation. The first case (Figure 8a) arises from re-adsorption of the 

𝐻𝑂2
− on the catalyst surface followed by its reduction by an additional 2-electron pathway 

presented in (2) and (3). This leads to the production of 3 OH- species.37,50–53 The second 
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possible case (Figure 8b) is the chemical disproportionation of 𝐻𝑂2
− species resulting in 

formation of  2OH- and O2.
53  

 

Figure 8. (a) two-electron reduction of peroxide. Orange denotes species on the catalyst surface, and blue/purple denotes 

species in solution.37 (b) chemical disproportionation of 𝐻𝑂2
−species. 

Amongst these pathways the four-electron route is the most desirable for energy conversion, 

because the generation of peroxide species during the ORR in fuel cell is detrimental to the 

overall performances and lifetime due to chemical attack of the catalysts54,55, the catalyst 

support56 or the ion-conducting membrane.57,58 However, it has been recently proved by 

experimental study and mathematical modeling that these different pathways may occur 

simultaneously and compete with each other.59 Aside from the complexity intrinsic to the ORR, 

the choice of the electrocatalysts is of great importance to enhance the efficiency of the reaction. 

The selection of adequate elements composing the perovskite can greatly affect their reactivity.  

 

2. Influencing factors 

Manganese perovskites and generally perovskites can adapt to substitution on their A and B 

sites at various concentrations, thus a wide pool of compositions is accessible for 

electrocatalysis.21 A or B site cationic substitutions yield perovskite formula A1-xA’xB1-yB’yO3, 

leading to different oxidation states of the metallic B sites. It is admitted that the B-site cations 

play a dominant role in the catalytic properties of perovskites.60 In manganese perovskites, the 

involvement of Mn(IV)/Mn(III) species in ORR electrocatalysis has been demonstrated by an 

in situ X-Ray absorption near edge structure (XANES) study.40 The presence of divalent Mn is 

key to achieve high ORR activities in manganese perovskites.37,47 It can be obtained by partial 

substitution of the A-site. 
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The A-site cation is not involved as an active site in the ORR. However, it plays an 

important role in tailoring the oxidation state of the B-site cations and thus the B-O bond 

strength. The effect of A-site cations on the ORR activity has been investigated by Yamazoe 

et al.61 The authors found out that for LnMnO3 (Ln = La, Pr, Nd, Sm, Gd, Dy, Yb or Y), the 

ORR activities decreased with the ionic radius of the A-site element 

(La > Pr > Nd > Sm > Gd > Dy > Y > Yb). Out of these perovskites, LaMnO3 exhibited the 

highest current density at a given overpotential. The authors ascribed this observation to the 

increase of the A-site cations radius, which increases the tolerance factors approaching thus a 

quasi-perfect perovskite structure with higher electronic transport. In addition, Sr2+ doping 

results in the formation of B-site metal ions with different oxidation states (B3+/B4+), thus 

changing the electronic state of the B-site cations of the perovskite.62 Therefore, the doping rate 

of divalent A’ cations has a direct impact on the electronic transport and thus the electrocatalytic 

activity, for example amongst seven different Sr doped La1-xSrxMnO3 perovskites, 

La0.67Sr0.33MnO3 exhibited the highest ORR activity.47,63,64 

Shao-Horn et al.47 have proposed a way to identify the potentially most active electrocatalysts 

for ORR by highlighting the relationship of 3d electrons of the B-site ions and the ORR activity. 

Indeed, the authors highlighted that these 3d electrons were antibonding electrons of the B-O 

bond and that they can influence the B-O2 bond strength.65 This hypothesis is based on the fact 

that the B-O2 adsorption energy is directly correlated to the B-O bond energy.66 According to 

this relationship, Shao-Horn et al. observed that the ORR activity of perovskites was higher for 

average d4 and d7 configuration of B-site cations (Figure 9). 47  
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Figure 9. ORR activity of perovskite transition-metal-oxide catalysts. Potentials at 25 μA 𝑐𝑚𝑜𝑥
2− of the perovskite oxides as 

function of the average d-electron number of B-site cations. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, 

grey; Co, green; Ni, blue; mixed compounds, purple), where x = 0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. Errors bars 

represent standard deviations of at least three measurements.47 

The authors further investigated the relationship between the number of d electrons and the 

ORR activities of perovskites. They proposed an orbital model to explain these preferential 

systems. When the O2 adsorbs on the surface via the B-sites, the B-eg orbital overlaps with the 

O-2pσ more strongly than the B-t2g with the O-2pπ. Therefore, the energy gained by 

adsorption/desorption of the oxygen on B ions depends on the B-eg filling. A too low B-eg 

filling for example in La1-xCaxCrO3 (𝑡2𝑔
3 𝑒𝑔

0 for x = 0, 𝑡2𝑔
2.5 𝑒𝑔

0 for x = 0.5) leads to a  B-O2 bonding 

too strong. On the contrary, a high occupancy B-eg in La1-xCaxFeO3 (𝑡2𝑔
3 𝑒𝑔

2 for x = 0, 𝑡2𝑔
3 𝑒𝑔

1.75 

for x = 0.25, 𝑡2
3 𝑒𝑔

1.5 for x = 0.5) results in a O-O bond too weak. Finally, La1-xCaxMnO3 (𝑡2𝑔
3 𝑒𝑔

1  

for x = 0, 𝑡2
3 𝑒𝑔

0.5  for x = 0.5) (Figure 10), corresponds to a balance between these two previous 

cases and gives the highest activity. The strong correlation between eg electrons and the ORR 

activity suggests that the eg filling can be considered as a primary descriptor of ORR effective 

catalysts.  
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Figure 10. Role of eg electron filling on ORR activity of perovskite oxides. Potential at 25 μA 𝑐𝑚𝑜𝑥
2− as a function of eg 

orbital in perovskite-based oxides. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, grey; Co, green; Ni, blue; 

mixed compounds, purple), where x = 0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. Errors bars represent standard deviations 

of at least three measurements.47 

So far in this electrocatalysis part, enhancement of the ORR activity through the perovskites 

structural changes have been depicted, however, other strategies are possible. First by 

increasing the active sites of the catalysts, secondly by the use of external stimuli.  

Traditionally to increase the amount of actives sites, researchers have searched 

nanostructured catalysts. Indeed, the change from bulk to nanoparticles results in an increased 

surface-to-volume ratio and so does the number of active sites. Perovskite oxides at the 

nanoscale have been displaying different properties than their bulk counterparts, leading to 

gains in their catalytic activities.66,67 For example nanosized La1-xSrxMnO3 has shown 

remarkable ORR electrocatalytic performance, compared to conventional La1-xSrxMnO3 

particles (1 μm).68 Therefore, one can already see how pivotal nanostructuration can be. The 

design and control of the stoichiometry for specific nano-perovskites should be of great 

significance toward the development of efficient electrocatalysts for the ORR. 

 

3. External stimuli for enhance electrocatalysis 

We showed above how the compositional properties of perovskites are crucial for 

electrocatalysis but also how to select and design more efficient electrocatalysts. In this section, 

we show how non electrocatalytic properties can be used or activated under external stimuli for 

electrocatalytic purposes. 
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3.1. Gravity field enhanced electrocatalysis 

The gravity field was used for electrocatalysis purposes, in order to facilitate the removal of gas 

produced and spillover on the surface of the electrode.69–71 In a gas/liquid system, the heavy 

phase, i.e. the electrolyte, moves along the direction of the gravity acceleration while the lighter 

phase, herein gas bubbles, move along the opposite direction. Hence if the electrocatalytic 

reaction is carried out under a super gravity field the produced acceleration acts as a separation 

force between gas bubbles and the electrode surface as schematically shown Figure 11a-b by 

Wang et al.70 The authors showed that the use of gravity field grandly enhanced the current 

density obtained for the hydrogen evolution reaction (HER) as a consequence of bubbles 

removal Figure 11c. 

 

Figure 11. (a) moving track of bubbles on the electrode surface under normal gravity condition (b) and super gravity field. 

(c) polarization curves of HER.70 
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3.2. Light enhanced electrocatalysis 

The surface plasmon resonance (SPR) has been investigated as a way to trigger electrocatalysis. 

Under light, energetic electrons are excited by resonant photons and then transferred to the 

nearby conductive or semiconductive surface. These electrons called “hot holes” are thus usable 

as energetic source for chemical reaction and leave energetic holes on the surface of the catalyst, 

which can act as electron trap to form higher active species.72–76 Guigao et al.77 coupled Au 

nanoparticles to Ni(OH)2 nanosheets and observed under light a very large increase of the 

oxygen evolution reaction (OER) current density (Figure 12). This is explained by the coupling 

of Au as a plasmonic transducer to the nickel complex acting as the electrocatalyst. Indeed, Au 

nanoparticles are excited by light and the plasmon effect produces excited electrons, which 

facilitate the charge transfer from the catalyst to Au nanoparticles. Then, the nickel complex is 

easily oxidized from Ni2+ to an active Ni3+/4+. Therefore, enhancing the electrocatalytic 

performance of the reaction. Xu et al.78 were also able to enhance the OER activity of 

manganese oxide using Au-MnO2 electrocatalysts activated by a green light. The development 

of electrocatalysis assisted by light field is still at an early stage but shows promising results.  

 

Figure 12. OER polarization curves of Ni(OH)2-Au hybrid catalyst and control samples measured in 0.1 M KOH electrolyte 

with and without light irradiation (523 nm laser).77 
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3.3. Magnetic field enhanced electrocatalysis 

a) The magnetothermal effect 

The magnetothermal effect derives from magnetic hyperthermia, which consists in a local 

heating of magnetic nanoparticles by the use of an external high-frequency alternating field 

(AMF) as presented Figure 13.79 Niether et al.79 used FeC-Ni nanoparticles as electrocatalysts 

for the oxygen evolution reaction (OER). In these objects the iron carbide core is magnetic and 

the nickel shell acts as the catalytic surface. When exposed to an AMF the magnetic core 

instantly and strongly heat, the authors observed then that as the AMF is activated, the 

overpotential of the OER decreases from 2.12 down to 1.6 V vs. RHE. Therefore, the FeC-Ni 

catalyst approaches competitive value versus state-of-the-art OER electrocatalysts. 

Temperature is a primary factor affecting reaction kinetics, thus, when heated the activation 

energy is reached easily and the overpotential of the electrocatalytic reaction decreases.80 

However, an increase in temperature obtained by conventional heating process lead for batteries 

to the corrosion of the electrolyzer and gas pollution. Hence the ability to heat locally magnetic 

nanoparticles would avoid such degradation and yield higher electrocatalytic performances 

compared to traditional heating. 

 

Figure 13. FeC-Ni catalyst heated locally in a high-frenquency alternating magnetic field (AMF).79 

 



Magnetic properties and electrocatalytic properties of manganese perovskites 

38  

 

b) The magnetohydrodynamic effect 

The magnetohydrodynamic effect (MHD) is the interaction of a local current density with a 

magnetic field. This effect is driven by the Lorentz force (FL), where j is the current density, B 

the magnetic field strength and FL = j × B. This effect influences the gas produced at the 

electrode but also the ionic species in solution by orienting the flow in a certain direction. 

Figure 14 represents the different magnetic convection achievable on the surface of an 

electrode. When B is perpendicular to j, FL reaches its maximum (Figure 14a). In the case of 

B parallel to j, the flow obtained is null, but translates into a whirlpool movement at the surface 

of the electrode because of boundary effect on the flow of species (Figure 14b).81,82 The 

orientation of the magnetic field versus the local current density can thus influence the flow of 

species near the electrode, hence the rate of the reaction for reactions different than ORR and 

producing gas.83,84 Indeed, the whirlpool movement (Figure 14b) can contribute to evacuating 

the amount of gas produced, which can also enhance the yield of the reaction. 

 

Figure 14. MHD flow types under homogeneous magnetic field. (a) MHD flow parallel to the electrode surface when B⊥j. 

(b) MHD whirlpool around the edge of the electrode when B//j.85 

 

c) The Maxwell stress effect 

The Maxwell stress effect is occurring when the dipole moment in an object interacts with a 

magnetic field. In the case of a paramagnetic droplet, a uniform magnetic field can cause 

deformation of the droplet shape. This deformation can be transverse or even longitudinal.86 

Depending on the orientation and the strength of the magnetic field applied, the stretching 

direction and degree are affected (Figure 15a-c). Therefore, the Maxwell stress effect can have 

an influence on the interfacial tension, contact angle, wettability or even the adhesion to the 

surface of the electrode.87–89 Dunne and Coey90 reported that the Maxwell stress effect changes 

the solvation of paramagnetic ions in the electrochemical double layer. Hence, it is possible 

under magnetic field to influence the shape of the ionic cloud near the electrode. To our 
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knowledge there has been no reported of modified electrocatalysis using the Maxwell stress 

effect so far. However, the ability to affect the electrochemical double layer may open up 

interesting perspectives for electrocatalysis. 

 

Figure 15. Distortion of a paramagnetic droplet induced by Maxwell stress in a magnetic field. The shape of a paramagnetic 

droplet changes from (a) parallel magnetic field, (b) zero magnetic field and (c) vertical magnetic field.85 

 

d) The Kelvin force effect 

The Kelvin force effect is another effect impacting the paramagnetic and diamagnetic species 

under magnetic field.91 It requires a non-uniform magnetic field.91–93  This effect can accelerate 

the mass transfer of the paramagnetic and diamagnetic species but also make the diffusion layer 

thinner and increase the limiting current.94 For electrocatalytic application, the species targeted 

by the Kelvin force effect are paramagnetic O2 molecules. When concentration gradients are 

observed in the electrolyte and a perpendicular non uniform magnetic field is applied, the 

paramagnetic species are attracted towards the strongest magnetic field strength. On the other 

hand, the diamagnetic species are repulsed to the lowest magnetic field strength area.95 This 

effect can be applied to resolve issues encountered when diamagnetic species are poisoning 

active sites on the electrocatalyst surface or even to drag O2 species towards the catalyst 

surface.95,96 

 

4. Conclusion on electrocatalysis on perovskites 

In this second part of the chapter, we have shown how ORR is a complex reaction with different 

reaction pathways. This is the reason why a better understanding of the mechanisms and how 

to improve the kinetics of this reaction is of great interest. We showed how manganese 

perovskite are of great interest for the ORR electrocatalysis and can be adjusted by 

compositional changes to provide the highest activity possible for the material. Finally, the use 
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of different stimuli impacting electrocatalysis has been presented. The use of external stimuli 

showed that intrinsic properties of material or triggered ones could greatly change the yields of 

the sluggish reactions in fuel cells and metal-air batteries. In this context, magnetic 

field-assisted electrocatalysis showed promising results and could be developed with 

manganese perovskites, making use of their magnetic properties. 

Table 1 shows the scarce occurrences of ORR electrocatalysis assisted by magnetic 

field. These few cases have been mainly using the Kelvin effect97–102 to influence the flow of 

oxygen species to the electrode. However, Shi et al.99 and later Wang et al.102 demonstrated 

that under magnetization, magnetic particles would form magnetic poles, which could interact 

together and disturb or weaken the oxygen transfer to the electrocatalytic surface and thus affect 

the Kelvin force. Likewise, Zeng et al.103 worked with Co3O4 under magnetic field. The 

presence of mixed valence Co2+/Co3+ resulted in enhancement of the electron exchange under 

magnetic field due to polarization of the unpaired electrons, facilitating the oxygen reduction. 

The electrocatalysis assisted by magnetic field has been thus mainly focus on the controlled 

diffusion of O2 species towards the electrocatalytic surface. 

Recently Garcés-Pineda et al.104 studied the effect of a small magnet (<0.4 T) on 

Ni-based catalysts for the OER. They observed an increase of the OER current density with the 

magnetic field. By excluding the possibility of the magnetohydrodynamic effect, they affirmed 

that any enhancement observed was directly coming from the material by spin-polarization. 

However, the authors used a permanent magnet for electrocatalysis by simply approaching it 

from the electrochemical setup. This experiment results in the formation of a field gradient 

which can provoke the Kelvin force effect but was never mentioned. Overall, the 

comprehension of the mechanisms and effects involved in electrocatalysis under magnetic 

fields are still hard to apprehend and more thorough research are required on that matter. These 

experiments enlighten the importance of the use of a homogeneous magnetic field, the control 

of the electrolyte temperature and of the diffusion layer. These three parameters are taken into 

account in the following chapters.
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Catalyst Field intensity Redox reaction Magnetic effect References 

Nd2Fe14B/C 

Tiny magnetic 

field 

ORR Kelvin force 97,98 

Fe3O4/PANI 
Tiny magnetic 

field 

ORR Kelvin force 99 

Fe, Co and Zn 

microcrystals 

360 mT ORR Kelvin force 100 

CoPt nanowires 20-25 mT ORR Kelvin force 101 

Fe3O4, γ-Fe2O3, 

and Fe-N-C 

0-0.56 T ORR Kelvin force 102 

Co3O4 
0-1.32 mT ORR Polarization of 

unpaired electrons 

103 

Ni foil/Pt/NiW 

films 

G= 1-541 HER Gravity field 69–71 

Au-MoS2 
808 nm laser 

excitation 

HER Light field 73 

Ni(OH)2-Au 
532 nm laser 

excitation 

OER Light field 77 

Au-MnO2 100-200 mW OER Light field 78 

Ni-based 

catalysts 

<0.4 T OER Spin-polarization 104 

FeC-Ni 24.3-48 mT OER Magnetothermal effect 79 

Co-based 

catalysts 

1 T OER Spin-polarization 105 

Co3O4 
125 mT OER Magnetohydrodynamic 

effect/Spin-polarization 

106 

Nickel electrode 
06-4.5 T Water splitting Magnetohydrodynamic 

effect 

83,84 

Au nanorods Visible light Water splitting Light field 76 

 

Table 1. ORR, OER and HER performances of different catalysts under magnetic field, adapted from 85 
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IV. The exsolution process 

1. Introduction 

The exsolution process consists in a phase segregation triggered into an initially single-phase 

material that results in the formation of particles protruding at the surface of the material. This 

segregation is mostly but not exclusively,107 reported in perovskites doped with a reducible 

transition metal M on the B-site, with general formula AB1-xMxO3-. By applying reducing 

conditions as an external stimuli, the metallic cations are reduced, they migrate to the surface 

and form nanoparticles, dragged out of the parent ABO3- perovskite lattice and socketed on the 

surface. This opens up a wide range of possibilities in terms of perovskite hosts but also 

reducible cations. However, a lot of parameters are involved to exsolute transition metals, and 

the understanding of this exsolution process is still ongoing. 

The interest of the scientific community for the exsolution process has been mainly 

motivated by the environmental concerns we are nowadays facing. Indeed, the design of 

supported metal or oxide nanoparticles is of great interest for their key roles in catalysis, energy 

conversion and energy storage including batteries, fuel cells and electrocatalysis cells.108–111 

Such materials are usually prepared by impregnation where the catalyst precursors are deposited 

on the surface support followed by thermal and reductive treatments to form metallic 

nanoparticles. However, this widely applied method gives poor control over the particles 

interaction with the support and does not ensure strong anchoring at the surface, so that it often 

leads to deactivation by agglomeration, sintering and coking during industrial critical 

processes.112,113 Exsoluted particles have been proven to be more uniformly dispersed on the 

surface of the substrate (the parent perovskite) but also partially immersed (or socketed) into 

the surface of the parent perovskite.114 This last feature makes the particles highly resilient to 

agglomeration or coking114,115 and thus could highly enhance and improve catalytic rates of 

numerous reactions as well as the stability of the materials and of their performances.  

The interest in the exsolution process, also called solid-state recrystallization116, started 

when it was first reported in 2002 by Tanaka’s group and Daihatsu Motor Co.117 Using a bulk 

perovskite LaFe0.57Co0.38Pd0.05O3 where palladium is extracted from the perovskite structure 

under reducing atmosphere and forms dispersed nanoparticles on the surface. By changing from 

reductive to oxidative atmosphere, Tanaka et al. were able to reincorporate Pd back into the 

perovskite and thus maintain a high catalyst activity after re-exsolution. For the past two 
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decades research on exsolution has advanced towards more understanding of the mechanisms 

underlying this process. 

To our knowledge exsolution has been observed mostly on perovskites and rarely on 

other oxide families. This is mainly due to perovskites’ fuel resistivity, carbon/sulfur tolerance 

and most importantly their structural stability under reducing and oxidizing atmosphere at high-

temperature.118,119 On the downside, most of the perovskite-based catalysts present lower 

catalytic activities than common industrial catalysts. This is where the exsolution process is 

very interesting. The possibility to increase the catalysis activity and stability of such stable 

materials and thus to enhance the cost/lifetime of the catalysts would be a major progress.  

Most of the research on the exsolution has been focused on increasing efficacy in solid 

oxide fuel cell (SOFC) more specifically to provide highly active and durable anodes 

performing under high temperature and reductive atmosphere, which are perfect conditions to 

trigger exsolution.120–123 The exsolution has been also used for electrodes of high-temperature 

electrolysis systems coupled with electrocatalysis124, CO2
125–127, steam27,128,129 and 

electrochemical gas reforming.130 Recent literature has stressed out the use of exsolution for 

chemical looping materials131–133, oxygen permeation membranes134,135, CO oxidation 

catalysis136–138 and finally electrocatalysis in aqueous media using (Ca0.92Ni0.04)TiO2.96 and 

Ca(Ti0.96Ni0.04)O2.96.
139  

The exsolution can be sequenced in four different physical steps, diffusion, reduction, 

nucleation and growth. In order for the exsolution to happen the doping cations have to be 

reduced to a metallic state. This can be written such as: 

 

Or in a Kröger-Vink notation: 

 

With 𝑀𝑀
×  and 𝑂𝑂

×, the metal M and oxygen ion in the oxide host, Mexsolution being the exsolved 

metallic phase and 𝑉𝑀
𝑚′ and 𝑉𝑂

•• the cation and anion vacancies. m being the oxidation state of 

M. In an ideal model, under reductive atmosphere the oxygen ions form dioxygen gas, which 

creates positively charged O vacancies concomitant with reduction of the metal cations. If an 

oxidative atmosphere is afterwards applied, the reduced metal re-oxidize and dissolves back 
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into the host structure if the kinetics allow it. However, the reaction aforementioned can only 

occur if thermodynamically favored. This is associated to a negative Gibbs free energy of the 

reaction. On Figure 16 it is visible that many oxides (e.g Ti, Mn, Fe, Cu oxides) exsolute as 

oxides, this is why exsolution is commonly performed with elements reducible into metals.  

 

Figure 16. Calculated Gibbs free energy change of the reduction of transition metal oxides under reducing atmosphere at 

900 °C.140 

Apart from the thermodynamic aspect of the reduction of exsolvable cations, other parameters 

must be considered. The first one is the A-site deficiency. Indeed, the work of Tanaka et al.117 

was focused on stoichiometric perovskites with A/B=1 mole and restricted to few transition 

metals, which are easily reducible Ni, Rh, Pd, Pt.141 Almost a decade ago Irvine’s group has 

proven that by using an A-site deficient perovskite, the exsolution of hardly reducible transition 

metals becomes feasible.114,141,142 By comparing the exsolution of an A-site deficient Ni-doped 

perovskite La0.52Sr0.28Ni0.06Ti0.94 with a stoichiometric one (La0.3Sr0.7)(Ni0.06Ti0.94)O3, Irvine et 

al.141 observed that exsolution only occurred in the case of A-site deficiency, even if both 

perovskites were doped with the same Ni ratio (6%). The fact that exsolution did not occur in 

the stoichiometric perovskite was considered as an evidence that the exsolution limiting factor 

cannot only be the presence of reducible ions in the lattice, but that other parameters are 
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impacting the exsolution process. Indeed, for a stoichiometric perovskite, exsolution of B-site 

cations will lead to an A-site rich perovskite, thus destabilizing the host lattice. A-site deficient 

perovskites can then be seen as B-site rich perovskites, which will drive the host perovskite 

under adequate conditions to exsolute B-site cations in order to reach the stoichiometric and 

stable state. 

 

Irvine et al.141 were able to form La0.4Sr0.4MxTi(1-x)O(3-) where M = Mn, Ni, Fe, Cu and 

x=0.06. The authors noted that by introducing A site deficiency (site occupancy 0.8 in this case) 

and inserting B cations with lower charge than Ti(IV) leads to the formation of 𝑂2
− vacancies. 

These vacancies, like A-site deficiency, will dynamically facilitate exsolution of B-site cations. 

However, a threshold in oxygen vacancies exists above which the perovskite structure is 

destabilized. According to these considerations, the optimal composition of a perovskite prone 

to exsolution is 𝐴1−𝛼𝑀𝑥𝐵1−𝑥𝑂3−δ with α =0.2. The presence of oxygen vacancies clearly stands 

out as a major factor in exsolution, as Irvine et al.141 have found that for a perovskite with A-site 

vacancies α=0.2, exsolution only occurs if the  value above 0.05. The amount of oxygen 

vacancies (δ) can be adjusted independently from the B and A site occupancy by external factors 

such as the partial pressure of oxygen (PO2) and temperature. During the reaction under 

reducing conditions, the oxygen ions from the perovskite structure are expelled, leading to the 

formation of oxygen vacancies and electrons, which reduce the metal and nucleate the particle. 

This can be summed up into two Schottky defects equations: 

 

Once the threshold amount of oxygen vacancies mentioned above is reached through 

reduction and thermal treatment, and provided that the A-site occupancy is low enough, the 

doped perovskite is destabilized and evolves in an attempt to regain stability by reducing the 

B-site cation and exsoluting it to the surface. Tailoring of A-site and of O-site vacancies is 

therefore a prime strategy to tune the exsolution process. 
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2. Mechanistic approach 

The mechanism of exsolution is still controversial. One of the important question is directly 

linked to whether exsolution is a surface process or a subsurface one. Irvine and Neagu 

performed morphological investigations of the exsolution process using atomic force resolution 

(AFM) and in situ transmission electron microscopy to shed some light on this question.143,144 

After mild reduction, pit-like structures are forming (Figure 17). This first step is followed by 

the emergence of metal particles from the pit centers. This observation suggests that nucleation 

of the particles is occurring beneath the surface of the perovskite inside the oxide matrix.145 The 

formation of surface pits is unique to the exsolution process. If the experimental conditions are 

made harsher (higher temperature and time), the particles grow epitaxially and isotropically out 

of the surface from the pits (Figure 17).  

 

Figure 17. (a) 3D images of the formation of pit after reduction at 600 °C, (b) 3D view model of AFM image after reduction 

at 700 °C and (c) 3D view model of a nickel nanoparticle exsoluted.143 

Trenches are then observed around the pits. As the particles emerge from the pits, the trenches  

soften until disappearance, followed by a rise of the surface at the junction with the particles, 

giving a volcano shape-like as represented Figure 18. This phenomenon results in particles 

partially socketed into the surface of the host perovskite. The fraction of the submerged surface 

of the particles has not been deeply investigated. However, approximately 30 to 40% of the Ni 

particles are submerged on a stannate substrate.143,146 This fraction is a key factor in the 

efficiency of these new tuned catalysts against deactivation and the minimal submerged 

percentage required to keep the particles embedded is a must-known.     
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Figure 18. (a-d) Schematic illustration of particle-socket genesis during exsolution.144 

A correlation between the height of the lattice rise during socketing and the size of the 

nanoparticles was described144, showing that the host surface rises by lattice expansion until a 

third of the diameter of the particle is reached. In order to validate these observations, the 

authors used a strain field model. They first considered the interaction between the oxide matrix 

and a spherical metal nucleus dispersed in the bulk. The exsolution deforms the host lattice and 

thus imposes an elastic strain to it. As the particles approach the surface, the latter evolves 

towards the formation of a "pre-pit" in an attempt to lower the elastic strain, which also 

decreases the surface energy. Thus, a coordinated stabilization phenomenon arises to balance 

the increasing surface energy and the increasing elastic strain, as the particle rises.  

The consequence of these considerations is that a threshold depth of nucleus exists, 

beyond which the particles are not able to reach the surface due to a high resistive elastic 

strain.143 As mentioned above, the growth of the particles being isotropic, Irvine et al.144 could 

estimate the amount of exsolved cations in their La0.43Ca0.37Ti0.94Ni0.06O3 system at different 

steps during exsolution. Three different contributions, linked to plausible limiting factors of the 

exsolution are found in the literature. The first one considers the concentration of exsolvable 

cations as a limiting factor: 

 

The second one accounts for the diffusion of exsolvable cations to the surface:  
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Finally, the third contribution corresponds to the strain occurring at the particle-perovskite 

interface during formation of the particles: 

 

With d, t and τ being a particle dimension at a given time, time and time constant respectively. 

Using the experimental data of the amount of exsolved ions as a function of the time, the authors 

showed Figure 19 that the main limiting factor of exsolution is the amount of exsolvable ions 

present in the host structure, the strain contribution being also close. 

 

Figure 19. Plot of the number of Ni metal atoms contained within an exsolved particle as a function time, together with three 

models describing the rate-limiting processes that govern particle growth during exsolution.144 

Following these considerations, Gao et al.147 used three similar contributions to determine also 

the limiting factor of the exsolution of Ni on a La0.4Sr0.4Sc0.9Ni0.1O3-δ perovskite. By using 

different reducing atmospheres, the authors were able to fit the experimental data to the models 

and found results similar to those of Irvine. Another study of Kim et al.137 on SrTi0.75Co0.25O3-δ 

once again showed that the reactant-limiting model is directly associated with the growth of 

exsoluted nanoparticles.  

Aside from these basic thermodynamic and kinetic aspects related to the nucleation and 

growth of exsolved particles, other parameters are of interest. These parameters can be divided 

in two groups, intrinsic and extrinsic parameters. The intrinsic ones are directly associated to 

the host perovskite itself, the porosity and roughness of the surface148, the mechanical stress 

and strain143 mentioned earlier in this chapter, the surface wetting149 and finally the 
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crystallographic orientation.150,151 Regarding the extrinsic parameters, these are more classical, 

such as temperature, treatment time or the partial gas pressure.  

We focus our attention to the partial gas pressure PO2 and the surface orientation 

parameters. The partial gas pressure is of great importance in the exsolution process since a 

reducing atmosphere is required for exsolution. In addition, PO2 has an influence on the growth 

and nucleation of the exsoluted particles.152 Zhu et al.120 created a model to predict the 

composition of exsoluted particles of Fe-Ni directly linked to PO2. Through experimentation 

on Sr0.95Ti0.3Fe0.63Ni0.07O3-δ, they were able to predict the composition of the exsolved particles.  

Kim et al.151 investigated the role of the surface orientation on exsolution in 

La0.2Sr0.7Ti0.9Ni0.1O3-δ thin films. The perovskite interfacial energy γint, with the (001) 

orientation is higher than the (111). This difference suggests that the nucleation barrier is 

lowered on (111) than on (001) surfaces. A lower γint translate into smaller and more numerous 

particles. Kim et al. confirmed their hypothesis by obtaining a larger pool of smaller 

nanoparticles on the (111) than on the (001) surfaces. However, Neagu et al.114 observed a 

preferential exsolution on the (110) surface for Ni on the La0.4+2xSr0.4-2xNixTi1-xO3 (x=0.03/0.06) 

system. This discrepancy most likely comes from differences in lattice’s strains, which are 

much more complex in polycrystalline perovskites than in thin films.  

Overall, the most important factors driving exsolution are the partial O2 pressure but 

also the crystallographic orientation of the perovskite facets. 

 

3. Alternative methods to trigger exsolution 

Exsolution has been first reported on perovskites dedicated to SOFC applications. It historically 

has been achieved at high temperatures for a long period and under reductant atmosphere.153 

These conditions bring some constraint, for example damage to the surface of the host material. 

They also narrow the pool of host materials and exsolvable elements. For this reason, 

researchers have not ceased to explore and discover other paths to exsolute metallic 

nanoparticles. 
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3.1. Electrochemical switching 

 Myung et al.142 worked on electrochemical switching as an alternative way to exsolute 

particles. Indeed, they noticed that reduction under H2 is usually a slow process. Therefore, they 

used electrical current in order to bring the reducing electrons into the host structure (Figure 

20b). The team experimented on a fuel electrode La0.43Ca0.37Ni0.06Ti0.94O3-δ using an electrical 

bias of 2V in 50% H2O/N2 at 700 °C and 900 °C. They observed nearly instant formation of a 

large amount of exsolved nanoparticles (Figure 20d), whereas lower particles density was 

observed for reduction by hydrogen at 900 °C for 20 h (Figure 20c). The larger observed 

particle density compared to classic exsolution (6.2 X 10-7 Ni nanoparticles μm -2 vs 3.7 X 10-7 

Ni nanoparticles μm -2), resulted in an increased power density of the fuel cell electrode. Zhou 

et al.154 also reported the use of this concept on the cathode material (La0.8Sr0.2)0.95Ag0.05MnO3-

δ. By applying a cathodic bias, Ag nanoparticles were exsolved, leading to an increase of the 

electrocatalytic activity for the ORR. Overall, electrochemical switching allows fast and 

extensive operando production of exsolved nanoparticles, making this process of huge interest 

for the scientific community.  
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Figure 20. Conditions used to trigger exsolution in a solid oxide electrochemical cell at the fuel electrode by (a) reduction in 

5% H2/N2 or (b) electrochemical switching while applying 2 V across the cell. (c) SEM micrographs of 

La0.43Ca0.37Ni0.06Ti0.94O3-δ electrodes produced by reduction by hydrogen at 900 °C for 20 h and (d) electrochemical 

switching under 50% H2O/N2 at 900 °C for 150 s.142 

 

3.2. Thermally induced exsolution 

Thermally induced exsolution consists in heating the doped perovskite at high temperature 

under air. Tan et al.155 triggered the exsolution of Ni nanoparticles out of Gd1.5Ni0.5Ce0.8O2-δ at 

1250 °C. However, the fact no reducing atmosphere was used led to the oxidization of Ni into 

NiO nanoparticles at the surface. Furthermore, one should also consider that applying such high 

temperatures to the host structure can result in damage to the surface and/or the parent material 

itself. These techniques present advantages in terms of safety since no reducing gases are used, 

which at high temperatures are usually explosives and/or flammable. The use of vacuum can 

also be considered.144 Tuning the heating rate is a simple way to tune particle size, as a high 

rate favors nucleation and then yields a high particles density with decreased sizes. In general 
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thermally induced exsolution can be considered only for temperature resistant materials and for 

high temperatures reaction such as chemical looping combustion or solar thermal 

applications.156–158 

 

3.3. Heterogeneous doping 

Heterogeneous doping leading to exsolution has been proposed recently by Kwak et al.159 but 

already pointed out earlier by Harvey et al.160 on Ba0.5Sr0.5Co0.8Fe0.2O3-δ and by Beschnitt 

et al.107 on non-perovskites oxides such as CeO2 and ZrO2. Indeed, this process consists in the 

insertion of metal cations (e.g. Ni into Sm0.2Ce0.8O1.9-δ) into grain boundaries of oxides (Figure 

21a), so that there is no bulk doping. This allows to work beyond the scope of perovskites as 

the host does not have to be tolerant to doping. The metal source is sputtered onto the oxide 

followed by annealing at 700 °C under air. This treatment forces the foreign cations to disperse 

at the grain boundaries but not to diffuse into the bulk. A classic reductive treatment is then 

performed, resulting in nucleation of nanoparticles in corners of grain boundaries at the triple 

point “grain(I)-grain(II)-atmosphere leading to socketed particles (Figure 21b-c). This 

technique is of great interest for several reasons: the metal cations can be inserted 

homogenously in grain boundaries, since no diffusion of cations in the structure is involved, 

one could think of using a variety of oxides hosts which were so far unsuitable for exsolution. 

Finally grain boundaries have a larger capacity to incorporate cations than the bulk, meaning 

that larger densities of nanoparticles can be obtained, this is also very interesting if the cations 

present a low solubility into the host structure. To sum up, heterogeneous doping offers a lower 

exsolution temperature (700 °C) than classic homogeneous doping, a high production yield of 

nanoparticles but most importantly a wider number of usable structures to support exsolution.  
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Figure 21. (a) schematic representation of the overall synthesis procedure for heterogeneous doping. (b) cross-sectional 

scanning transmission electron microscope (STEM) image, and (c) STEM-energy-dispersive X-ray spectroscopy (EDS) 

mapping results of Sn-doped CeO2 film with a Ni particle.159 
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3.4. Topotactic exchange 

Topotactic exchange relies on the stabilization of the host material by combining exsolution 

and doping. The usual technique for wet chemical deposition of metals at the surface of a host 

is the infiltration of the host/support by a liquid containing the doping metal salt, thus 

incorporating the metal at the surface of the host structure (Figure 22a).161,162 Further thermal 

treatment triggers diffusion of surface deposited cations in the host structure. With this 

technique, various doping metal salt compositions can be introduce, representing then a major 

advantage versus simple exsolution in terms of cations diversity. As many techniques involving 

surface treatment, the wet chemical deposition leads to poor control over the size and 

distribution of particles at the opposite of exsolution which excels in formation of size 

controlled particles but lacks metal diversity. The combination of these two techniques was 

proposed by Joo et al.161 under the denomination of topotactic ion exchange approach. The 

authors worked on PrBaMn1.7Co0.3O3-δ systems with Fe as the infiltrating cations. In order for 

the topotactic ion exchange to work, the exsolvable cations must have a higher segregation 

energy than the infiltrating one. In this case Fe segregation energy is lower than Co (-0.15 eV 

vs -0.55 eV). Then, after reductive thermal treatment the authors observed exsolution of Co 

nanoparticles and the transformation of the host perovskite into PrBaMn1.7Fe0.3O3- δ. During 

topotactic ion exchange, the Co is exsoluted from the B site, which is filled by Fe cations, 

therefore no B-site vacancies are created and the stability of the host perovskite endures. In 

addition of the occupancy of the B-site, Fe was also reported161 in the Co nanoparticles thus 

forming a Co-Fe alloy (Figure 22b). 
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Figure 22. Topotactic ion exchange with infiltration to introduce guest cations: (a) exsolution process without and with 

topotactic ion exchange of Fe guest ion on PrBaMn1.7Co0.3O5+δ’. (b) EDS elemental maps of Pr, Ba, Mn, Co and Fe.161 

Recent studies of Joo et al.163 pushed the topotactic ion exchange method further by using 

atomic layer deposition (ALD) rather than infiltration. ALD yields uniform conformal layers 

independently of the morphology of the support. Moreover, this thin film technique creates high 

specific surface area and allows control over the rate of deposition. The authors were then able 

to deposit a uniform and controlled thickness layer of iron cations on to the host perovskite 

La0.6Sr0.2Ti0.85Ni0.15O3-δ. Since the diffusion rate in the host of the deposited cations is a 

determining factor for topotactic ion exchange, the uniformity brought out by ALD topotactic 
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ion exchange accelerate the exsolution and produce anchored nanoparticles of Ni-Fe alloy with 

an increase in the density population compared to classic exsolution.  

 

4. Conclusion on exsolution in perovskite 

Throughout this part we showed the complexity at work for the exsolution process. A 

phenomenon composed of four different physical steps, diffusion, reduction, nucleation, 

growth. The admitted mechanism for the exsolution involves reduction of cations beneath the 

surface of the host lattice, followed by formation pits-like structures and finally emergence of 

the metal particles from the pit centers.144 This phenomenon results in particles socketed into 

the surface up to 30-40% of their heights.143,146 

The exsolution process has been of high interest for the scientific community for the last 

two decades and thus new ways to exsolute have been proposed.  The aforementioned pathways 

toward exsolution have all been performed on bulk perovskites systems but never on nanosized 

systems. 

In the view to produce efficient electrocatalysts, the downscale from bulk to nanosized 

systems is attractive, and the exsolution process appears as a way to produce potentially 

enhanced electrocatalysts. However, questions can be raised: is exsolution feasible on 

nanosized system and will the properties of the exsolved particles be maintained? Is the 

mechanism observed in bulk system similar at the nanoscale? Finally, is the use of thermal 

treatments and reducing atmospheres a requirement to the formation of exsolved particles or 

could some other stimuli provoke the exsolution?  In chapter IV we address these questions by 

using nano-objects as support to the exsolution. 

 

V. Conclusion 

In this chapter we provided the basic understanding for the magnetic properties of manganese 

perovskites through the example of the colossal magnetoresistance and the electronic phase 

separation. The determining factors of these magnetic properties have been highlighted by a 

thorough study of the literature. Thus, we showed that these properties are directly related to 

the electronic conductivity of manganese perovskite and how the use of external stimuli could 

change it through the case study of La0.7Sr0.3MnO3. In a second part we showed how pivotal 

can be the use of manganese perovskite as electrocatalysts for the oxygen reduction reaction 

and what advantages the use of magnetic field can bring to the kinetics reaction. Finally, the 
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use of other stimuli towards the formation of new electrocatalysts is shown via the exsolution 

process.  

In the following chapters of this manuscript, we will first show the synthesis of a new 

nano-electrocatalysts La0.33Pr0.33Ca0.33MnO3 (LPCMO), chosen for its peculiar magnetic 

properties. The benefits of the use of magnetic fields to directly stimulate the magnetic 

properties of LPCMO during electrocatalysis is presented in preliminary results. We will then 

investigate the effect of the magnetic field during ORR with La0.7Sr0.3MnO3. Finally, the 

exsolution process will demonstrated at the nanoscale contrary to the literature on bulk 

perovskites. Indeed, we will present a guide through the exsolution at the nanoscale by using 

different external stimuli to produce new electrocatalysts This chapter enlighten the differences 

and advantages that nanosized object have for being tune by external stimuli. 
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I. Introduction 

Manganite perovskites such as La0.7Sr0.3MnO3 are known to be efficient metal-free 

electrocatalysts for the oxygen reduction reaction.1 They also exhibit the so-called electronic 

phase separation (EPS), which leads to the co-existence of different magnetic domains inside 

the material, paramagnetic insulating and ferromagnetic conductive domains. These perovskites 

can also exhibit large change of their electrical resistivity under a magnetic field (colossal 

magnetoresistance effect). One of the largest EPS known (1 μm) in the bulk state has been for 

La0.33Pr0.33Ca0.33MnO3 (LPCMO).2 By producing defect-free particles below that EPS length, 

the formation of a single ferromagnetic domain would be possible.  The combination of these 

two phenomena brings up interesting perspectives for electrocatalysis under magnetic field. 

However, the perquisite to study such properties is to design crystalline nano-objects of this 

material. Such an achievement has not been reached according to the literature. In this chapter 

we demonstrate the synthesis of highly crystalline nanoparticles of LPCMO for the first time, 

using molten salt synthesis. We also show the difficulties arising from the synthesis of 

quaternary manganese perovskites throughout the variations of numerous parameters. The 

importance of the heating process and of the choice of adequate molten salt media is 

demonstrated. Finally, early results of the use of LPCMO nanoparticles as electrocatalysts for 

the ORR under magnetic field are shown. 

 

II. Original synthesis 

As a first attempt to synthesize LPCMO nanoparticles we have adapted the synthesis of LSMO 

nanoparticles reported by H. Le Thi N’Goc et al.3. Potassium nitrate (10 eq), lanthanum nitrate 

hexahydrate (0.3 eq), praseodymium nitrate hexahydrate (0.3 eq), calcium nitrate tetrahydrate 

(0.27 eq) and manganese nitrate tetrahydrate (1 eq) were heated at 750 °C for 1h, this synthesis 

is labelled A-750 °C. The powder was then analyzed by X-ray diffraction (XRD) as 
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shown Figure 1. The pattern is overall consistent with the LPCMO phase but also exhibits an 

asymmetry of peaks at ca. 33.5°, 49.1° and 61° (2θ) ascribed to CaMnO3 by-product. 

 

Figure 1. Powder XRD pattern of synthesis A-750 °C (black), LPCMO reference (red) and CaMnO3 reference (blue). 

The morphology of the nanoparticles was then analyzed by transmission electron microscopy 

(TEM), scanning electron microscopy (SEM) and high-resolution transmission electron 

microscopy (HRTEM) (Figure 2). The TEM and HRTEM images (Figure 2a-e) showed highly 

crystalline cubical particles ascribed to a perovskite phase, according to XRD and HRTEM. 

SEM analysis (Figure 2b) confirms the cubical morphology of these particles, but also 

highlights a second type of morphology consisting in foils, which seem to arise from single 

particles fused together. Figure 2c shows that these foils have the thickness of single particles, 

and confirms their presence all over the sample. Selective sedimentation was realized to 

separate single nanoparticles from the large foils. The latter were then studied with energy 

dispersive X-ray analysis (EDX) in a scanning electron microscope (Figure 2d). The cationic 

composition of the foils was estimated to La0.68Pr0.33Ca0.1MnO3 (LPMO). This calcium-poor 

phase was not detected by XRD, because of the close lattice parameters for LPCMO and 

LPMO. Nonetheless, the formation of CaMnO3 as a side-product hinted at the presence of an 

additional side-product poor in calcium. We then embarked in a study to avoid the formation 

of these two secondary phases during synthesis. 
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Figure 2. (a) TEM, (b, c, d) SEM and (e) HRTEM images of a sample obtained at 750 °C for 1 h in molten potassium nitrate: 

(a) LPCMO nanoparticles, (b) LPCMO nanoparticles and foils, (c) foils, (d) 4 spots analyzed by EDX, (e) LPCMO 

nanoparticle. Inset: corresponding FFT indexed along the LPCMO structure. 

 

1. Influence of the reaction temperature  

The first parameter studied in order to synthesize phase pure LPCMO nanoparticles was the 

temperature, which was screened according to the previously described protocol of synthesis 

A-750 °C. The synthesis was performed at 600 °C (A-600 °C), 650 °C (A-650 °C), 700 °C (A-

700 °C) and 800 °C (A-800 °C). From the powder XRD diffractograms presented Figure 3, it 
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is visible that increasing the temperature above 750 °C leads to the formation of impurities, 

which are ascribed to a praseodymium oxide. The optimal temperature is then 750 °C, which 

minimizes the relative intensities of the CaMnO3 peaks described in section 1.1. We then 

adopted this temperature and moved on to the second parameter, the heating time.  

 

Figure 3. Powder XRD patterns of the products of syntheses at different temperatures: A-600 °C, A-650 °C, A-700 °C, 

A-750 °C, A-800 °C. The reference patterns of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes 

respectively. 

 

2. Influence of the reaction time 

The protocol described in synthesis A-750 °C was adopted by screening the reaction time from 

30 min (B-30min) to 4 h (B-4h) and 8 h (B-8h). XRD (Figure 4) shows that increasing the 

reaction time above 1 h leads to the formation of a praseodymium oxide impurity while 30 min 

heating leads to the LPCMO phase and the CaMnO3 impurity. SEM (Figure 5) indicates the 

presence in all samples of the characteristic foil morphology ascribed to a Ca-poor perovskite. 

The optimal reaction time then appears to be 1 h (A-750°C). 
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Figure 4. Powder XRD patterns of the products of syntheses at 750 °C with different reaction times. The reference patterns 

of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively. 
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Figure 5. SEM images of LPCMO samples obtained at 750 °C and different reaction times: (a) B-30 min, (b) B-1 h, (c) 

B-4 h, (d) B-8 h. 

 

3. Influence of the reagent ratios 

Since the formation of the secondary phases Ca-poor LPCMO (LPMO) and CaMnO3 cannot be 

avoided by varying the reaction temperature and time, the issue was approached differently. 

The LPCMO structure desired is composed in its A-site of three different elements, La, Pr and 

Ca. The two side-products detected indicate a tendency of segregation of Ca versus La and Pr, 

which readily coprecipitate. We then modified the reagent ratios between La, Pr, and Ca to 

impact this coprecipitation affinity. 

Firstly, we decreased the Pr reagent content, to favor coprecipitation of Ca with La, by 

targeting reagents ratios corresponding to La0.43Pr0.23Ca0.33MnO3 (A-Pr0.2) and 

La0.53Pr0.13Ca0.33MnO3 (A-Pr0.1). The samples were synthesized using the protocol from 

synthesis A-750, i.e. 750 °C for 1 h in potassium nitrate. XRD (Figure 6) shows that a decrease 

in the Pr reagent content led to the formation of a more pronounced peak asymmetry around 

33.5° ascribed to the CaMnO3 (CMO) phase, which shows that Ca still segregates from the La 

and Pr phase, even at low Pr content.   
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Figure 6. Powder XRD patterns of samples obtained during LPCMO synthesis with different Pr reagent stoichiometries. The 

reference patterns of LPCMO and CaMnO3 are displayed in red and green dashes respectively  

Then, the La and Ca contents were modified: the La content was decreased (A-La) and the Ca 

content was increased (A-Ca), by maintaining the original Pr/Mn ratio. By decreasing the La 

content, we can expect to favor coprecipitation of Ca with Pr. Furthermore, by increasing the 

Ca content we aimed at changing the coprecipitation affinity of La and Pr and yielding a 

complete coprecipitation of Ca with Pr and La. The XRD patterns of both powders (Figure 7) 

show again the presence of the LPCMO phase and of the CaMnO3 impurity. The increase in 

calcium content and decrease in La content did not lead to the formation of a more distinct 

CMO phase. However, by decreasing the La content, another impurity was formed 

corresponding to a praseodymium oxide observed at 28.5° (2θ Cu Kα). Overall, we conclude 

that the variation of the reagents ratios did not enable avoiding the CMO sub-product, which 

indicates that its counter-part, a Ca-poor perovskite in the form of foils, should also be present.  
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Figure 7. Powder XRD patterns of samples obtained during LPCMO synthesis with Ca excess and La default, respectively. 

The reference patterns of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively. 

 

4. Influence of the reagents concentration 

Finally, we investigated the effect of the concentration of reagents. Indeed, this parameter 

classically impacts nucleation and growth kinetics, but could have a specific effect in the 

procedure described herein, since the molten salt not only plays the role of liquid medium at 

high temperatures, but also provides O2- ions for the formation of the perovskite. Increasing the 

O2- content versus the amount of metal cations could favor coprecipitation of La, Ca, and Pr 

cations. Thus, the quantity of precursors was divided by 10 by maintaining the potassium nitrate 

amount, to obtain a 10-times diluted medium. The protocol (A-D10) followed the synthesis 

A-750, i.e. 750 °C for 1 h heating. The XRD pattern (Figure 8) of this diluted synthesis shows 

the presence of the desired LPCMO phase. The contribution of the CMO phase is still present, 

although with a decreased relative intensity, which could be ascribed to an increase in the O2- 

content of the reaction medium versus the metal cations. Nonetheless, a praseodymium oxide 

impurity also appears with a characteristic peak at 28.5°. TEM (Figure 9) shows that by diluting 

the medium, the cubical aspect of the LPCMO nanoparticles is partially lost and the particles 

are aggregated, so that the sample does not meet the requirements for a phase pure and 

morphologically controlled nanomaterial.  
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Figure 8. Powder XRD patterns of samples obtained during LPCMO synthesis with reagents concentration divided by 10. 

The reference pattern of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively. 

  

Figure 9. TEM image of nanoparticles obtained during LPCMO synthesis with reagents concentration divided by 10. 

We have then modified the molten salt itself. Al Raihani et al.4 reported that molten NaNO2 

exhibits a much higher oxo-basicity than molten nitrates, due to the dissociative constant of 

NO2
- that is 1010 times more important than NO3

-. This basicity increase is expected to level 

the reactivity of the different cations, as observed in water with Brönstedt basicity5. In this case, 

all cations would have a stronger tendency to coprecipitate together. Sodium nitrite (10 eq), 
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lanthanum nitrate hexahydrate (0.3 eq), praseodymium nitrate hexahydrate (0.3 eq), calcium 

nitrate tetrahydrate (0.27 eq) and manganese nitrate tetrahydrate (1eq) were then introduced 

into an alumina crucible and heated at 750 °C for 1 h. (Synthesis Cx). 

To study the effect of the change of molten salt, the reaction temperature has been 

screened again from 600 °C to 850 °C (C-600 °C, C-750 °C, C-800 °C, C-850 °C) to compare 

with synthesis Ax, Figure 3. The XRD patterns (Figure 10) revealed that above 750 °C, the 

LPCMO phase is not obtained and several impurities of praseodymium oxide and manganese 

oxide are formed. The syntheses at 600 °C and 750 °C did not lead to the formation of the CMO 

subphase, however the praseodymium oxide impurity is detected at 750 °C (C-750 °C). 

Therefore, XRD indicates that the use of molten NaNO2 instead of KNO3 led to single phase 

LPCMO at 600 °C (C-600 °C). The samples from synthesis C-600 °C and C-750 °C were 

observed by TEM and SEM (Figure 11), to assess the presence of Ca-poor perovskite foils 

undetectable in routine XRD (Figure 10). Both samples do not show any foil morphology, but 

a new architecture that we name filaments, made of a tortuous wire-like morphology. SEM and 

TEM images suggest that the fraction of filaments increases from 750 °C down to 600 °C. The 

filaments were observed by HRTEM and STEM-EDS mapping (Figure 12) to assess their 

crystallinity and composition. The filament structure shows high crystallinity (Figure 12b), the 

STEM-EDS mapping (Figure 12c) exhibits all the elements of LPCMO. Therefore, the change 

of molten salt from KNO3 to NaNO2 was efficient to avoid the formation of CaMnO3 and Ca-

poor perovskite phases. However, it led to a polydisperse sample in terms of morphology, 

encompassing not only LPCMO cube-shape nanoparticles, but also LPCMO anisotropic 

filaments.  
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Figure 10. Powder XRD patterns of samples obtained in molten NaNO2 at different temperatures during 1 h. The reference 

pattern of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively. 

 

Figure 11. (a, c) SEM and (b, d) TEM images of samples obtained in molten NaNO2 during 1 h at (a-b) 600 °C and (c-d) 

750 °C. 
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Figure 12. TEM images (a-b) and EDS mapping (c) of filament structure obtained in molten salt NaNO2 during 1 h at 

750 °C. 

We then assessed in molten NaNO2 at 750 °C the impact of the reaction time, from 15 min 

(synthesis C-15min) to 30 min (synthesis C-30min) and 1 h (synthesis C-1h). XRD (Figure 13) 

indicates that a reduction of the reaction time to 15 and 30 min yields the CaMnO3 impurity 

and a decrease of the relative intensity of the characteristic peaks (e.g. at 28.5°) of the 

praseodymium oxide impurity, which even disappeared at 15 min. The nanoscale morphology 

of these samples was investigated by SEM (Figure 14), which showed that a decrease in the 

reaction time reduced the amount of filaments observed. Nonetheless, lowering the reaction 

time does not enable full coprecipitation of La, Ca, and Pr cations as CaMnO3 is detected by 
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XRD. We observed that increasing the temperature of the synthesis above 750 °C yields 

impurities and even the loss of the LPCMO aimed phase (Figure 10). However, decreasing the 

temperature down to 600 °C yields LPCMO and CaMnO3 phases with two types of 

morphologies. We showed in Figure 13 and that reducing the reaction time led to less 

impurities (C-15 min) and less filaments structures. Therefore, increasing the temperature and 

reducing the reaction time both yield fewer filaments.  

 

Figure 13. Powder XRD patterns of samples obtained in molten NaNO2 at 750 °C during different reaction times. The 

reference patterns of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively 

.

 

Figure 14. SEM images of samples obtained in molten NaNO2 at 750 °C during different reaction times. 
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We then screened the reaction temperature from 650 °C (D-650 °C), 700 °C (D-700 °C) 

and 800 °C (D-800 °C) (Figure 15) at short reaction time, 15 min, to react all cations together, 

while still limiting the formation of filaments. The XRD patterns revealed the same behavior 

observed before, i.e. increasing the temperature above 750 °C leads to the formation of 

additional impurities, while below 750 °C down to 650 °C, the CaMnO3 by-product is detected. 

Thus, competitive coprecipitation is still present during synthesis below 750 °C. TEM images 

(Figure 16) shows that lowering the temperature and the reaction time did not prevent the 

formation of the filaments. 

 

Figure 15. Powder XRD patterns of samples obtained in molten NaNO2 during 15 min at different reaction temperatures. 

The reference pattern of LPCMO, PrO1.88 and CaMnO3 are displayed in red, black and green dashes respectively.  

 



Synthesis of quaternary phase manganite perovskite La0.33Pr0.33Ca0.33MnO3 

93  

 

 

Figure 16. TEM images of samples obtained in molten NaNO2 during 15 min at 650 °C (synthesis D-650) and at 750 °C 

(synthesis D-750).  

To sum up, the experiments in molten sodium nitrite NaNO2 discussed above showed 

that increasing reaction time and/or temperature yielded impurities and even loss of the targeted 

LPCMO phase above 1h and 750 °C. When lowering the temperature and/or diminishing 

reaction time below 1h and 750 °C, CaMnO3 was formed and filaments were observed. The 

latter behavior can be ascribed to incomplete reaction between all cationic precursors, and to 

coalescence of the single particles. Both phenomena can be related to heating not efficient 

enough to react all cations and to trigger crystallization of the perovskite phase before 

coalescence of the particles. Therefore, by seeking for a more efficient heating process, we 

turned toward microwave-assisted synthesis. This process is well developed for hydrothermal 

and solvothermal syntheses of nanoparticles. Especially, Niederberger et al.6 reviewed and 

explained how microwave heating enables efficient and fast heating to yield smaller 

nanoparticles, less polydisperse samples, shorter synthesis time, and faster nucleation rate, 

compared to conventional heating.  

 

5. Influence of the heating process: microwave heating 

The synthesis was performed using a patented microwave oven7 suited to perform high 

temperature synthesis. Microwave-assisted synthesis presents several advantages to the 

synthesis of crystalline and homogeneous nanoparticles. First the heating ramp is faster than 

conventional heating devices. Second the whole reaction volume is heated homogeneously 

rather than by heat diffusion. This leads to shorter dwelling times for the obtention of crystalline 

material. The homogeneous temperature inside the medium avoids temperature gradients and 

heterogeneities thus allowing a better control over the particle morphology and size.6 Sodium 

nitrite (10 eq), lanthanum nitrate hexahydrate (0.3 eq), praseodymium nitrate hexahydrate 
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(0.3 eq), calcium nitrate tetrahydrate (0.27 eq) and manganese nitrate tetrahydrate (1 eq) were 

used as reported for previous procedures. (Syntheses Ex). 

For microwave-assisted syntheses, the reaction media were heated from room 

temperature to the targeted temperature over a ramping time noted Xramp. The temperature was 

then dwelled over a time noted X’plateau. The overall reaction time is then noted Xramp+X’plateau. 

Syntheses were performed at 750 °C for 2+2min (synthesis E-2+2), 4+2min (synthesis E-4+2), 

4+5min (synthesis E-4+5). According to powder XRD patterns (Figure 17), no CaMnO3 phase 

was detected for 4+2min and 4+5min synthesis. A low intensity peak at 25° ascribed to 

CaMnO3 is visible only for the synthesis at shortest reaction time (E-2+2). Noteworthy, reaction 

times are strongly reduced compared to conventional heating. Nonetheless, according to TEM 

(Figure 18), microwave heating did not avoid the formation of the filament structures.  

 

Figure 17. Powder XRD patterns of samples obtained by microwave heating in molten NaNO2 at 750 °C during different 

ramping and dwelling times. The reference patterns of LPCMO and CaMnO3 are displayed in red and green dashes 

respectively. 
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Figure 18. TEM images of samples obtained by microwave heating in molten NaNO2 at 750 °C during different ramping and 

dwelling times. 

We have underlined above that changing the molten salt from KNO3 (syntheses A) to 

NaNO2 (syntheses C, D and E) enabled avoiding the formation of Ca-poor perovskite foils, 

through an increase of the oxo-basicity of the molten salt. Because we hypothesized that the 

filaments observed in NaNO2 were originating from overlapped nucleation and growth stages, 

we have sought to further increase the nucleation rate by further increasing the oxo-basicity of 

the medium. To do so, 3 equivalents of Na2O versus Mn were added to the initial salt mixture. 

The corresponding XRD diffractogram (Figure 19) shows that the addition of Na2O prevented 

the formation of any detectable impurities at 800 °C, including CaMnO3. TEM (Figure 19a-b) 

shows the disappearance of the filaments when Na2O is added to the reactive media. Regarding 

the particles shapes, they appeared to be either spherical or cubical. The HRTEM image (Figure 

20c) shows a high crystallinity for a LPCMO nanoparticle. Finally, the size distribution from 

TEM (Figure 20d) gave an average size of 25 nm and clearly showed a high polydispersity. 

The general composition was assessed by EDS mapping (Figure 20e) and we observed the 

presence of the five compositional elements with a calculated composition of 

La0.35±0.1Pr0.35±0.1Ca0.29±0.1MnO3. X-ray photoelectron spectroscopy (XPS) analysis reported in 

Appendix 2 gave an elemental ratio of La0.2±0.1Pr0.2±0.1Ca0.4±0.1MnO3 which is close to the 

La1/3Pr1/3Ca1/3MnO3 targeted. Despite shape and size disparity, the synthesis of single-phase 

nanoparticles of LPCMO was achieved. 
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Figure 19. Powder XRD pattern of the sample obtained by microwave heating in molten NaNO2 at 800 °C for 3 min by 

addition of 3 equivalents of Na2O (synthesis F-3eq). The reference patterns of LPCMO and CaMnO3 are displayed in red and 

green dashes respectively  
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Figure 20. (a-b) TEM images, (d) corresponding diameter distribution, (c) HRTEM images and (d) EDS mapping of the 

sample obtained from synthesis F-3eq with 3 eq of Na2O. 
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III. Conclusion 

To sum up, the synthesis of single phase La0.33Pr0.33Ca0.33MO3 nanoparticles has been attempted 

in KNO3 molten salt, which resulted in the formation of the aforementioned nanoparticles but 

also CaMnO3 (CMO) impurities and La0.66Pr0.33MnO3 foils. To avoid a competitive 

coprecipitation between Pr and Ca responsible for the formation of CaMnO3 and the 

calcium-poor perovskite, the molten salt was changed from KNO3 to NaNO2. NaNO2 increased 

the oxo-basicity of the reactive media due to its faster dissociative constant, thus, lowered the 

Ca solubility. The change of molten salt hindered the formation of LPMO foils and of the CMO 

phase but led to the formation of LPCMO filaments. It was hypothesized that changing the 

heating process of these syntheses from conventional heating to microwave heating would help 

the formation of well-defined La0.33Pr0.33Ca0.33MO3 nanoparticles. However, the filament kept 

being formed during the synthesis. Finally, more oxygen was added to the reactive media using 

Na2O. It resulted in the disappearance of the filament structures and the obtention of single-

phase LPCMO nanoparticles close to the one aimed for in the first place. Hence, the 

oxo-basicity of the flux is the key factor for enabling the synthesis of phase-pure multicationic 

oxides. 

The electrocatalytic properties of LPCMO nanoparticles were investigated in 

preliminary measurements for the oxygen reduction reaction (Appendix 1). We observed a 

clear response of the nanoparticles to the magnetic field, which cannot yet be unambiguously 

ascribed to the colossal magnetoresistance effect. Several results are open for discussion such 

as the high number of electrons measured by Koutecky-Levich analysis (Appendix 3) during 

ORR. Also, the reason for the higher response of La0.33Pr0.33Ca0.33MO3 under magnetic field in 

a 4 M KOH (Appendix 4) and the mechanism behind is yet to be established. Electrochemical 

impedance spectroscopy measurements are required for the understandings of the mechanisms 

involved in ORR with LPCMO under magnetic field. The next chapter will provide a more 

indepth study of the entanglement between electrocatalysis and a magnetic field with the case 

study of La0.7Sr0.3MnO3.
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I. Introduction 

Manganese perovskites composed of mixed-valence Mn3+/4+ are of great interest for the 

scientific community due to their peculiar properties described in the previous chapter. Some 

of them are considered as best precious-metal free electrocatalysts for the oxygen reduction 

reaction (ORR), especially La0.7Sr0.3MnO3 (LSMO).1 Besides LSMOs’ interesting 

electrocatalytic properties, this perovskite also possesses gripping magnetic properties. The 

special magnetic behavior of LSMO nanocrystals has been reported by Thi N’Goc et al.2, who 

showed that under a magnetic field, the nanoparticles resistivity strongly decreases (Figure 

1Figure a). This magnetoresistance effect (MR) at temperatures far away from the bulk Curie 

temperature has been ascribed to the magnetic structure of the particles. Indeed, the 

magnetization curves could be decomposed into two different magnetic components (Figure 

1b), one ferromagnetic component ascribed to the core and another paramagnetic-like 

component from a 4 nm-thick shell. This behavior relates to the electronic phase separation 

(EPS), well documented for manganese perovskite oxides.3–6 

 

Figure 1. Magnetic characterization of LSMO nanoparticles. a) Magnetization curves at several temperatures. b) 

Decomposition of the magnetization at 1.8K into a ferromagnetic core component (blue curve) dominant at low field and a 

paramagnetic-like shell (red curve) dominant at high field. 

The presence of both MR and EPS in LSMO nanoparticles adds a new dimension to the 

electrocatalytic properties of this system. Applying a magnetic field to LSMO nanoparticles 

leads to a decrease of the electrical resistivity (MR effect) and more specifically of the electrical 

resistivity of the shell of the particles (EPS). Hence, under a magnetic field, a fully conductive 

ferromagnetic system would form, thus enhancing charge transport that is directly linked to the 

electrocatalytic activity. In this chapter we first present the synthesis of highly crystalline 
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nanoparticles of LSMO using a molten salt synthesis. Then the electrocatalytic activity of these 

LSMO nanoparticles for the oxygen reduction reaction is shown. The electrocatalytic properties 

measured in standard conditions are then compared to those measured under magnetic field.  

 

II. Synthesis of La0.7Sr0.3MnO3 nanoparticles 

The synthesis of La0.77Sr0.33MnO3 (LSMO) nanoparticles was performed following the protocol 

reported by N’Goc et al.2. Manganese nitrate tetrahydrate (1 eq), lanthanum nitrate hexahydrate 

(0.6 eq), strontium nitrate (0.3eq), and potassium nitrate (10 eq) were heated at 600 °C for 2 h. 

After washing with water, the powder was analyzed by X-ray diffraction (XRD) (Figure 2) The 

pattern obtained is consistent with LSMO, as the sole crystalline phase.  

 

Figure 2. Powder XRD pattern of a LSMO sample synthetized in molten KNO3 (black) and LSMO reference (green). 

The morphology of the nanoparticles was then analyzed by transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM) (Figure 3). TEM (Figure 3a) and SEM 

(Figure 3b) show highly crystalline cubical particles as expected from a perovskite structure. 

HRTEM (Figure 3c) confirms the LSMO pseudo-cubic perovskite structure. Analysis of 

several HRTEM images enables identifying facets of the particles, leading to the morphology 

shown in Figure 3e-f. The size distribution from TEM (Figure 3d) gives an average size of 20 

nm. 
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Figure 3. (a) TEM and (b) SEM images of LSMO nanoparticles obtained at 600 °C for 2 h in molten potassium nitrate. (c) 

HRTEM image of a LSMO nanocube and (e) its corresponding projection. (d) size distribution of LSMO nanoparticles. (f) 

3D model of a LSMO nanocrystal.7 
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III. Electrochemical behavior of LSMO in a rotating disk 

electrode (RDE) configuration 

The LSMO nanoparticles were deposited on a glassy carbon rotating disk electrode (RDE), as 

a catalyst/Nafion/carbon black composite electrode film. The use of the RDE allows the control 

of the diffusion barrier, which drives the flux of reactive species/products towards/from the 

catalytic surface.  

Cyclovoltammetry cycles (CVs) in 0.1 M KOH saturated with O2 were performed at 

15 °C, below the Curie temperature of LSMO (≃87 °C)8. The CVs were recorded at different 

speed to control the aforementioned diffusion barrier (Figure 4). The ORR onset potential was 

found to be of 0.9 V vs. RHE and the diffusion plateau was obtained at 0.47 V vs. RHE. 

According to Koutecky-Levich (KL) analysis at 0.4 V vs. RHE, 4.1 electrons were transferred 

per O2 molecule, which is close to the theoretical 4-electrons value for the overall reduction 

reaction of O2 into H2O. 

 

Figure 4. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO RDE at 15 °C in O2- saturated 0.1M KOH. 

Inset shows the Koutecky-Levich analysis and the number of exchanged electron per O2. 

We then assessed the effect of the magnetic field on the ORR with LSMO. To do so, a 

Haalbaar permanent magnet of 1 T was installed around the electrochemical cell for magnetic 

field experiments (Figure 5a). The magnetic field was then parallel to the surface of the 
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composite electrode film. Finally, such magnet has the particularity to have a contained and 

homogeneous field. The use of such magnet avoids the formation of magnetic field gradient 

during the experiments contrary to what can be found in the literature.9 

 

 

Figure 5. Representation of the experimental setup under magnetic field using (a) a RDE and (b) a microelectrode (ME). 

Experiments have been sequenced in three steps, to observe the effect of a permanent magnetic 

field of 1T onto the electrocatalytic activity of LSMO nanoparticles. The first phase is described 

as “no magnetic field” (NMF), followed by the use of the “magnetic field” (MF) and finally, 

by removal of the magnetic field, described as “no magnetic field recovered” (NMFR).  

The results are shown Figure 6. Firstly, increasing the rotation speed from 250 rpm to 

1600 rpm increases the cathodic current density by almost twice for each phase. This increase 

of the cathodic current with the speed arises from the thinning of the diffusion layer by the 

rotation of the RDE, resulting in an increase of the reagents flux to the electrode. Secondly, 

under magnetic field (MF) (Figure 6b) perturbations are creating a periodic signal rendering 

hard to distinguish the exact values of the cathodic current density. This periodic signal is most 

likely due to the induced current in the rotating device within the magnetic field. Thirdly, the 

current density in MF conditions is lower than in NMF conditions (Figure 6a). Then, once the 

LSMO composite electrode undergoes again cyclovoltammetry measurements without 

magnetic field (NMFR) (Figure 6c), the initial activity (NMF) is not recovered. The current 

density observed for NMFR at each rotation speed is close to the one obtained under MF. The 

number of electrons transferred during ORR was measured by KL analysis of the diffusion 

current at 0.4 V vs. RHE for the three steps. For MF and NMFR, KL analysis indicates that 4.3 

and 5.5 electrons are transferred, respectively, which is higher than in NMF (Figure 4) and 

larger than expected for ORR. 
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Overall, we did not observe any enhancement of the electrocatalytic activity of LSMO 

under magnetic field at 15 °C, and the signal was very noisy. Nonetheless, we observed a clear 

effect of the magnetic field. 

 

Figure 6. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO RDE at 15 °C in O2- saturated 0.1M KOH. 

a) no magnetic field (NMF), b) under magnetic field (MF) and c) with no magnetic field recovered (NMFR).  

Based on the magnetization curves expressing an increase of the magnetoresistance 

effect of LSMO at low temperatures and shown in the state-of-the-art chapter (part I.4).a), we 

then decided to decrease the operation temperature to 10 and 5 °C. The results at 10 °C and 

5 °C were similar to those obtained at 15 °C. Increasing the rotation speed increases the current 

density values. Under magnetic field (MF) (Figure 7b-e) the activity of the electrocatalyst is 

lower than without magnetic field (NMF) (Figure 7a-b). Upon cycling again with no magnetic 

field (NMFR) (Figure 7c-f), the initial activity is not recovered. Hence, decreasing the 

temperature had no positive effect, the maximal cathodic current values obtained decreased 

with the temperature. The Koutecky-Levich analysis performed at 10 °C and 5 °C gave an 

electron number close to 4 for NMF and MF experiments. However, this amount increased to 

values close to 5 electrons for NMFR experiments.  

Three different issues were brought up by these experiments. First the decrease in 

activity observed across the three different steps of measurement could come from damage or 

loss of the LSMO composite film. The second issue is the periodic noise observed while cycling 

for all speed rates under magnetic field (Figure 6b and Figure 7b-e). Due to the periodicity of 

the signal, we supposed that it was a consequence of the induced current in the rotating device 

within the magnetic field. Finally, the impossibility to recover the initial activity observed 

during the third step (NMFR) could come from a low kinetics of the mechanisms bringing back 

the particles to their initial state. In order to test these hypotheses and seek further effect of the 

magnetic field on the catalytic properties of LSMO nanoparticles, the RDE system was changed 

to microelectrodes, which enable control of the diffusion layer without any moving part. 
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Figure 7. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO RDE at 10 °C (a, b, c) and 5 °C (d, e, f) in 

O2-saturated 0.1M KOH at 250, 500, 100, 1600 rpm, a & d) no magnetic field (NMF), b & e) under magnetic field (MF) and 

c & f) no magnetic field recovered (NMFR). 

 

IV. Cyclic voltammetry studies of LSMO using a microelectrode 

(ME) 

Microelectrodes enable detecting small variations of current and do not encompass any moving 

parts. The absence of moving part should eliminate the noise observed under magnetic field 

with the RDE (Figure 5b). In addition, microelectrodes do not require anything else than the 

nanoparticles, freeing the system from other electrode components such as carbon black or 

Nafion. Thus, we ensure that any magnetic response directly arises from the electrocatalyst. 

Copper microelectrodes have been prepared following a protocol reported by Cachet-Vivier 

et al.10. The microelectrode is then set operational following oxidative etching of the copper 

wire up to few micrometers, thus creating a microcavity where nanoparticles are inserted by 

manual stamping. Note however that microelectrodes have downsides. Indeed, due to the 

manual stamping to fill the microcavity, precision and reproducibility concerning the amount 

of nanoparticles inserted are hard to achieve. This results in the impossibility to compare 

current-wise different experiments. Nonetheless, responses to a magnetic field should still be 

detectable. We then assessed the role of the O2 saturation. 
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1. ORR activity in ME configuration 

We first assessed the occurrence of ORR in the microelectrode configuration. To do so, 

cyclovoltammetry cycles were recorded using a microelectrode at 15°C in 0.1 M KOH first 

saturated by Ar, then by O2. Figure 8 shows that changing the electrolyte saturation from Ar to 

O2 without magnetic field increases the cathodic current. We ascribe this effect to the 

occurrence of the ORR. 

 

Figure 8. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 15°C in KOH 0.1M 

saturated first by Ar (purple) then by O2 (blue). 

 

2. Purity of the electrolyte  

The standard 0.1M KOH electrolyte used in the previous experiments is known to contain small 

quantities of paramagnetic iron cations.11 Therefore, the electrolyte was purified in order to 

ensure that this impurity had negligible impact on the electrocatalytic activity and on the effect 

of the magnetic field. The protocol used was described by Trotochaud et al.11 and allowed 

obtaining Fe-free KOH. Cyclovoltammetry cycles were then recorded with microelectrodes at 

20 °C, 15 °C and 5 °C (Figure 9). The CVs show that purifying the electrolyte did not change 

the responses of LSMO under magnetic field (Figure 9) as we observed the same behavior 
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reported previously with a rotating disk electrode (Figure 6-Figure 7). Thus, small traces of Fe 

in the electrolyte are of no influence on LSMO surface changes. 

 

Figure 9. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at (a) 5 °C, (b) 15 °C and (c) 

20 °C in O2-saturated 0.1M KOH and purified, without magnetic field (NFM-blue) and under magnetic field (MF-red). 

 

3. Impact of the magnetic field 

We then assessed LSMO filled Cu microelectrodes and their response to a 1T magnetic field. 

The microelectrode electrochemical response was studied by CV in 0.1M KOH at 15 °C. First, 

argon-saturated electrolyte was used to deprive the material from the ORR reagent and then 

obtain the LSMO magnetic response (Figure 10) in the absence of electrochemical reaction. 

 The cyclovoltammetry cycles Figure 10 show an increase of the overall current density 

under a magnetic field. The enhancement observed can originate from either the 

aforementioned magnetoresistance effect or the magnetohydrodynamic effect. Observation of 

a magnetic field effect in microelectrodes confirms their sensitivity and utility to detect small 

variations of current. We then moved to the study of this effect during ORR. 
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Figure 10. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 15 °C in Ar-saturated 

0.1M KOH, without magnetic field (NMF-blue) and with a magnetic field of 1T (MF-red). 

 

4. Impact of the magnetic field on the ORR 

A LSMO microelectrode was studied at 20 °C in O2-saturated 0.1M KOH using a 1 T magnetic 

field. The cyclovoltammograms (Figure 11) indicate a decrease of the current under magnetic 

field. The microelectrode was left 2 h in the electrolyte to observe if a resting time had an impact 

on the current and then the activity. The activity further decreased after this resting time. We 

then decided to verify if the activity of LSMO would change if the sample was put under 

magnetic field without applying current for a long period of time and then investigated the 

electrochemical response right after removal of the magnetic field.   
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Figure 11. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 20 °C in O2-saturated 

0.1M KOH, without magnetic field (NMF-blue), magnetic field (MF-red) and without magnetic field after 2 hours resting 

(NMFR-green). 

CVs were recorded first without magnetic field. Then the electrochemical cell was placed under 

magnetic field for an hour, the electrochemical response was investigated after removal of the 

magnetic field (Figure 12). The measurements were done in O2-saturated 0.1M KOH at 5 °C 

to enhance the magnetic response of LSMO as mentioned before. 

Figure 12 shows that the cyclovoltammetry cycles of LSMO pre and 

post-magnetization are similar, the magnetic field had then no persistent effect on the 

electrocatalytic activity. Therefore, it is concluded that the impossibility to retrieve the initial 

activity after MF is not coming from an irreversible change due to a magnetic interaction. We 

then measured electrochemical responses at 15 °C and 5 °C by the same three steps operation 

using a microelectrode to confirm that decreasing the temperature does not enhance the 

magnetic response. 
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Figure 12. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 5°C in O2-saturated 

0.1M KOH without magnetic field (blue), and without magnetic field after staying 1h under magnetic field (green). 

We observed at 5 °C (Figure 13a) a decrease in the absolute value of the cathodic current when 

the sample was put under magnetic field. Once the magnetic field was removed (NMFR-green), 

the initial current was not retrieved (NMF-blue) but stayed the same as under magnetic field 

(MF-red). At 15 °C (Figure 13b-c) we observed two different responses depending on the 

electrode used. Over 10 experiments we obtained 25 % of the cases where the behavior of 

LSMO followed the same trend as for the other temperatures, meaning a decrease in the current 

density under magnetic field (MF-red) that is maintained upon removal of the magnet 

(NMFR-green). However, 75% of the experiments at 15 °C showed an increase of the absolute 

cathodic current value under magnetic field (MF-red). The cathodic current once the magnetic 

field was removed did not recover its initial value either (NMF-blue) but as at 5 °C, remained 

steady as under magnetic field. It is worth noticing that between 0.7-0.8 (V vs. RHE) for both 

experiments, MF and NMFR curves (Figure 13a-c) showed a reduction wave that is reversible. 

This wave is characteristic of the reduction from Mn4+ to Mn3+ that occurs during the ORR 

cycle. This phenomenon was not observed at 20 °C (Figure 11).  
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Figure 13. Last cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrodes at a) 5°C b-c) 15°C in 

O2-saturated 0.1M KOH 0.1 M without magnetic field (NMF-Blue), magnetic field (MF-red) and without magnetic field after 

1h relaxation (NMFR-green). (b) and (c) correspond to two different microelectrodes. 

In order to assess the origin of changes in the electrochemical response in the magnetic 

field, electrochemical impedance spectroscopy (EIS) was performed on an LSMO electrode at 

15 °C. EIS measurements (Figure 14) were implemented at the open circuit voltage between 

cyclovoltammetry cycles following the same protocol as described above. LSMO after cycling 

without magnetic field did not exhibit any significant change of the gain and phase, as observed 

in the Bode diagrams (Figure 14a). However, once the material was cycled under magnetic 

field, the gain component changed, which can be ascribed to a decrease in the resistance of the 

material. Indeed, CVs acquired for an empty microelectrode (Appendix 5), do not exhibit any 

impact of the magnetic field. Hence, we attribute the change measured by EIS to the material 

itself. This impact of the magnetic field is confirmed by the evolution of the phase component, 

again differing from the NMF counterpart (Figure 14b). Finally, once the magnet is removed 

and cyclovoltammetry performed again, both gain and phase show a trend towards the recovery 

of the initial behavior. This indicates that LSMO under magnetic field and at the open circuit 

voltage, is transitioning reversibly to a different state. These preliminary observations require 

further studies, especially at different electrochemical potentials, to provide insights into 

materials changes in ORR electrocatalytic conditions under magnetic field. 
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Figure 14. Bode diagrams of LSMO microelectrode at 15°C in O2-saturated 0.1M KOH (a) before and after ten CVs without 

magnetic field (NMF), (b) after ten CVs without magnetic field (NMF), after ten CVs with magnetic field and after ten CVs 

post recovering (NMFR). 

According to EIS results, LSMO is changing only under magnetic field upon cycling in 

O2-saturated KOH. This change leads to a decrease in the electrocatalytic activity which is 

irreversible or in some case at 15 °C to the opposite. However, the transformation happening to 

LSMO is hard to study due to the microelectrode device making difficult any recovery of the 

material for post mortem analysis. If such variations of the cathodic current are related to the 

surface of LSMO, any parameters affecting it could be of importance to understand the 

mechanism behind these changes. We then investigated the role of the concentration of the 

0.1 M KOH electrolyte. 

 

5. Concentration of the electrolyte 

The usual concentration for ORR electrocatalytic tests reported in the literature is 0.1 M KOH. 

However, for practical metal-air batteries, the ORR is performed in very concentrated alkaline 

media.12 The activity of manganite perovskites has been found to be enhanced in concentrated 

alkaline media, while maintaining the 4-electron pathway. This activity enhancement was 

ascribed to the formation of surface oxygen vacancies after the hydroxylation decomposition 

of the adsorbed peroxide species.13 We then decided to increase the concentration of the KOH 

electrolyte in order to act on the interplay between vacancies, conductivity and magnetism.  

The cyclovoltammetry cycles were recorded at 20 °C, 15 °C and 5 °C by using a 

microelectrode in O2-saturated 4 M KOH. The cyclovoltammetry cycles at 5 °C and 15 °C 

under magnetic field (Figure 15) show that the cathodic current increases. The CVs recorded 

at 20 °C, however, did not show any improvement upon application of the magnetic field to the 
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LSMO microelectrode. An important oxidation wave is visible at each temperature around 0.75 

V vs. RHE and ascribed to the oxidation of the copper wire from the microelectrode itself 

(Appendix 6). The increase in the KOH concentration led to an obvious magnetic field effect 

at 5 °C and 15 °C. We are yet unable to give a proper mechanistic reason for this enhancement 

at 5 °C 4M KOH compared to the 0.1M KOH electrolyte. Based on the literature the increase 

of alkaline concentration led to change of the surface of LSMO. In these specific conditions if 

the CMR effect occurs, this property of LSMO should be retrieved also at 0.1M. The fact that 

an effect under magnetic field was observed only at 15 °C for 75% of the experiments in 0.1M 

KOH confirms the hypotheses of competitive trends occurring during ORR, which could be 

related to the surface of the catalyst.  

 

Figure 15. Cyclovoltammetry of the LSMO microelectrode at (a) 5 °C, (b) 15 °C and (c) 20 °C in O2-saturated 4M KOH, 

without magnetic field (NFM-blue) and magnetic field (MF-red). 

 

IV. Conclusion  

In this chapter, we first design an experimental set-up enabling to apply a high strength and 

homogeneous magnetic field while providing low noise during electrochemical measurements. 

The set-up relied especially on microelectrodes instead of classical rotating disk electrodes. We 

observed an increase of the cathodic current at 15 °C in O2-saturated 0.1M KOH in 75% of the 

cases. Electrochemical impedance spectroscopy (EIS) at the open circuit voltage evidenced 

changes occurring in the LSMO electrode within a 1 T magnetic field. On the contrary to what 

was observed with cyclovoltammetry cycles, EIS preliminary results showed the reversibility 

of this behavior at the open circuit voltage. Further EIS experiments at different potential in 

ORR conditions are now required to provide deeper insights into the changes occurring in 

LSMO under magnetic field. We then sought to understand what parameters was key to 

influence the LSMO response to the magnetic field. An important observation is the increase 
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of the cathodic current under a magnetic field in a highly alkaline electrolyte. Overall 

concluding on the mechanism occurring during ORR with LSMO and under magnetic field is 

still presumptuous. Further EIS experiments are at this point required in order to understand the 

change in LSMO.
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I. Introduction 

This chapter retrace the experiments and the methodology for the exsolution of several metals 

out of a commonly used for exsolution structure, SrTiO3 (STO).1–4 We then attempt to trigger 

exsolution from another perovskite material La0.7Sr0.3MnO3 (LSMO), widely discussed in the 

previous chapters for its interest as electrocatalyst in the oxygen reduction reaction (ORR). As 

mentioned above, several metals have already been exsoluted out of bulk perovskites, therefore 

to achieve the exsolution from nanosystems we used several reference metals. We started with 

Pt as a model, then extend the scope of metallic exsolution to other compounds such as nickel, 

copper and silver. 

 The aim of this PhD project was to synthesize nano-catalysts enhanced by external 

stimuli and more specifically during electrocatalysis. Reducing conditions are required to 

trigger exsolution of the doping metal atoms as nanoparticles at the surface of the matrix. Three 

different ways to produce exsolution by stimuli have been investigated. The first method is the 

use of electron irradiation in a transmission electron microscope (TEM), which allows both 

occurrence and observation of exsolution and has never been done before. The second way 

investigated in this chapter consists in heating the synthesized doped nanoparticles under a H2 

atmosphere. This method is the most used in the literature as routine exsolution process, 

nevertheless it requires high temperatures and long reaction time, which are suited for bulk 

perovskites but not for maintaining nanoparticles.1,3–6 We will show how going to the nanoscale 

highly increases the sensibility of the systems towards exsolution in milder conditions but also 

facilitate the exsolution by providing a higher strain tolerance enabling a decrease of atomic 

diffusion lengths, which opens up numerous possibilities of host structures. Finally, a third way 

is explored: exsolution during electrocatalysis. This last method is of great interest for further 

work on exsolution, as the possibility to enhance electrocatalysts in situ is very attractive. 

Overall, this chapter is a guide through the exsolution from nanoparticles and the possibility to 

create long lifetime electrocatalysts for the oxygen reduction reaction.  

 

II. SrTiO3 synthesis  

Firstly, the supporting matrix SrTiO3 (STO) chosen as reference for the exsolution was 

synthetized in molten salts. We used a eutectic mix of potassium chloride (2.6 eq) and sodium 

chloride salts (2.6 eq), TiO2 nanoparticles (1 eq) and strontium nitrate (1.2 eq). After heating a 

700 °C for 6 h the powder was washed and dried. The XRD pattern (Figure 1a) is consistent 
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with the sole STO phase. TEM images (Figure 1b-c) show cubical nanoparticles ascribed to 

STO. The size distribution (Figure 1d) reveals a particle size of average 45 nm. 

 

Figure 1. (a) Powder XRD pattern of STO particles (black) with the corresponding reference pattern (purple), (b-c) TEM 

images of STO nanoparticles at 700 °C for 6 h, and (d) corresponding size distribution. 

 

III. SrTi1-xO3 doped with platinum 

We have then modified the synthesis protocol by incorporating platinum tetrachloride as dopant 

metal precursor. The doping ratios targeted were 20 at.%, 10 at.%, 5 at.% and 2 at.% of platinum 

over the B site cations, herein titanium (SrTi1-xPtxO3). The XRD patterns (Figure 2) show that 

from 2 at.% to 10 at.%, Pt doping leads to STO as the sole crystalline phase. However, at 20%, 

peak impurities at 25° and 40° (Cu Kα 2θ) are observed. They are respectively ascribed to 

titanium oxide anatase and metallic platinum. Therefore, a limit exists between 10 at% and 

20 at% doping rate, for reaching a homogeneous perovskite compound. According to X-ray 

fluorescence (WDXRF), the composition of STO-Pt 2% is Sr0.97±0.05Ti0.99±0.05Pt0.01±0.05O3 in 

agreement with the expected value.  
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Figure 2. Powder XRD patterns of STO samples at different platinum doping ratio with SrTi1-xPtxO3 nominal composition. 

STO, Pt and TiO2 reference patterns are displayed in purple, black dashes and green respectively. 

The TEM (Figure 3) images show cubical particles ascribed to the STO perovskite for each 

doping ratio, which shows that doping does not impact significantly the nanoparticles 

morphology (Figure ). 

20 30 40 50 60 70 80 90

In
te

n
s
it
y
 (

a
.u

.)

2θ (°Cu Kα)

 STO-Pt 20%

 STO-Pt 10%

 STO-Pt 5%

 STO-Pt 2%



The exsolution process, towards enhanced new catalysts 

126  

 

 

Figure 3. TEM images of Pt doped STO samples with different ratio in platinum: (a) 2 at.%, (b) 5 at.%, (c) 10 at.% and (d) 

20 at.%. 

In order to confirm the incorporation of platinum in the structure, STEM-EDS mapping (Figure 

4) was performed on the sample doped at 10 at.%. Strontium, titanium and platinum are 

collocated, thus confirming homogeneous incorporation of Pt into the STO structure.  
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Figure 4. EDS images of STO nanoparticles doped with 10 at.% platinum 

 

1. Exsolution assisted by transmission electron microscopy 

Exsolution was first triggered in the 10 at.% Pt doped STO by using the electron beam of a 

transmission electron microscope operation at 120 kV. The TEM images (Figure 5b) show that 

after 2 min, small defects can be detected, but the exsolution is not yet visible. At 4 min (Figure 

5c-d) small black dots of about 1-2 nm appear over the surface of the STO nanoparticles. 

HRTEM (Figure 5e-f) confirms that the perovskite structure is maintained during this process. 

The composition of the small objects protruding on the surface was then analyzed by STEM 

coupled to high-angle annular dark-field (HAADF) detection, which is sensitive to the atomic 

number. 
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Figure 5. TEM images of STO-Pt 10 at.% sample at (a) t=0, (b) t=2 min, (c- d) t=4 min and (e) HRTEM image of STO-Pt 

10 at.%, with (f) corresponding FFT indexed along the STO structure. 

STEM-HAADF images obtained with a Cs-corrected JEOL ARM at 200 kV are shown Figure 

6, after irradiation over 20 min. Figure 6a-c show bright spots all over the surface. Figure 6b-

d clearly indicate the presence of 1-2 nm bright nanoparticles at the surface of the perovskite 

nanocrystals. The high contrast indicates that the particles are made of platinum. Thus, 

exsolution was successfully performed using an electron beam.  
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Figure 6. STEM-HAADF images of STO doped with 10 at.% platinum after 20 minutes of irradiation in a Cs-corrected 

JEOL ARM at 200 kV. 

We then probed the occurrence of exsolution at lower doping ratios by electron irradiation. The 

2 at.% platinum doped STO was first observed using TEM (Figure 7). Figure 7a show particles 

in their original state, no black dots are observed and the surface of the particles is soft. After 

1 minute of beam irradiation (Figure 7b), the surface of the STO nanocrystals starts to change 

and become more rugous. Besides, black dots are appearing in the bright field images. At 2 and 

3 min of irradiation (Figure 7c-d) the rugosity of the surfaces is more visible and indicate the 

formation of ≈ 2 nm nanoparticles over all the facets of the nanoparticles. According to 

observation made for the STO sample doped at 10 at.%, we ascribe these nanoparticles to Pt. 

Thus, a 2 at.% Pt doping rate is high enough for Pt particles to undergo exsolution. Moreover, 
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the exsolution does not provoke any change of the morphology and crystalline structure (Figure 

5e-f) of nanoscaled perovskite structure.  

 

Figure 7. TEM images of STO doped with 2 at.% platinum at different times under a 120 kV beam, (a) t= 0, (b) t= 1 min, (c) 

t= 2 min, (d) t= 3 min. 

We so far demonstrated exsolution of platinum out of STO nanocrystals by using an electron 

beam. However, this approach is hardly transferable to materials production and then for 

electrochemical measurements. We then embarked in triggering exsolution through other ways. 

Exsolution is performed classically in the literature by heating the material under a reducing 

atmospheres which allows to retrieve the material afterwards. We then attempted to adapt this 

method to the STO nanoparticles doped with Pt.  
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2. Exsolution under reductant atmosphere 

Conventionally, bulk perovskites are exsoluted at high temperatures (900-1200 °C)7,8 and for 

long times (24 h) as explained in the bibliography chapter. However, such long and harsh 

treatments would lead to sintering of the STO nanoparticles. Interestingly, using nanoscaled 

perovskite matrixes could facilitate exsolution by providing more strain tolerance and by 

enabling a decrease of atomic diffusion lengths. Therefore, Pt doped STO nanoparticles may 

undergo exsolution at lower temperature than reported for the bulk. To test this hypothesis, we 

then studied exsolution on STO doped by 5 at.% platinum under reducing atmosphere 

(5 %H2/95 %Ar). The reaction time was set to 4 h for 3 different temperatures: 600, 700 and 

800 °C. The XRD pattern of the resulting samples (Figure 8) showed that no change occurred 

during exsolution in the 3 samples, as STO is the only detected crystalline phase.  

 

Figure 8. Powder XRD patterns of 5 at.% Pt doped STO after treatment at different temperatures for 4 h in reducing 

atmosphere 5 %H2/95 %Ar. STO and Pt reference patterns are displayed in purple and black dashes respectively. 

TEM (Figure 9) indicates that the sample exsoluted at 600 °C (Figure 9a) exhibits black dots 

characteristic of platinum nanoparticles exsoluted. The size distribution (Figure 9b) highlights 

an average of 2 nm platinum nanoparticles. At 700 °C (Figure 9c), the Pt nanoparticles size 

distribution shifts towards bigger nanoparticles (Figure 9d). At 800 °C (Figure 9e) the size 
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distribution is widened and indicates a significant amount of nanoparticles larger than 3 nm 

(Figure 9f).  

Two hypotheses can be invoked to explain the growth of Pt nanoparticles. First, the 

feeding of the particles by Pt species remaining in the STO host structure at low temperature. 

Second, the diffusion of the Pt nanoparticles at the surface of STO particles. This process is 

thermally activated and would yield to aggregation and sintering of the Pt objects. This 

phenomenon is well-known for classical deposited materials.9,10 However, this second 

hypothesis is in opposition to the knowledge on exsolution in bulk perovskites. Indeed, Irvine 

et al.11,12 have proved that the exsolution resulted in the exsoluted particles being anchored on 

the surface of the host structure, because they are socked in the surface. We then attempted to 

clarify if the temperature impacted the migration of the platinum nanoparticles. 
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Figure 9. TEM images of 5 at.% Pt-doped STO and corresponding size distributions of platinum nanoparticles exsoluted at 

(a-b) 600 °C, (c-d) 700 °C, (e-f) 800 °C after 4 hours. 

To do so, we acquired snapshots of the 10 at.% Pt-doped STO sample during exsolution. The 

sample was irradiated in a JEOL JEM2100Plus Lab 6 at 200 kV and analyzed by 

STEM-HAADF for 20 min (Figure 10). These observations show no significant movement of 

the Pt nanoparticles over the STO surface after 20 min irradiation. This surface immobility is 

similar to the aforementioned bulk counterpart. Although the exsolution stimulus is different, 

we then ascribed the growth of the Pt particles observed Figure 9 to the migration of the 

platinum out of the core structure of the perovskite nanocrystals hosts. 
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Figure 10. Snapshots acquired by TEM of STO-Pt 10 at.% at (a) t=0, (b) t=5 s and (c) t=10 s. 

So far, we have been able to exsolute nanoparticles of platinum using TEM but also by heating 

under reductant atmosphere. We also showed no differences of stability of the resulting 

heterostructures between bulk exsolution and the nanoscale. The last way to trigger exsolution 

is by using an electrochemical stimulus. Indeed, under reducing potential, electrons are 

transferred to the material, thus providing the possibility to reduce the doping metal and 

provoke exsolution. The cyclovoltammetry cycles were performed using a composite of carbon 

black, Nafion and STO doped with 10 at.% platinum deposited on a glassy carbon electrode in 

0.5M H2SO4. Figure 11a shows that the CVs measured for STO undoped and doped were 

identical for a scan rate of 10 mV s-1. However, reducing the scan rate down to 1 mV s-1 led to 

a large increase in the current density of doped STO after 3 cycles. This large change was 

ascribed to the exsolution of platinum nanoparticles on the surface of the STO nanocubes. 

Noteworthy the shape of the curves show that the material has a strong ohmic character, which 

indicates its low electrical conductivity, reminiscent of the insulating behavior of the STO 

matrix. 

 

Figure 11. Cyclovoltammetry cycles of STO-Pt 10 at.% (a) 10 mV s-1 and (b) 1 mV s-1. 
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3. Exsolution of other doping metals 

The exsolution of platinum presented above has been done throughout 3 different techniques: 

electron irradiation, heating under reducing atmosphere and finally electrochemistry. We then 

assessed the versatility of the process by exsoluting other metals such as nickel, copper and 

silver. The choice of these metals has been made out of the perspective of electrochemical 

exsolution, and catalytic active metals were selected to be incorporate in the host perovskite. 

The same STO system was used as the host structure. We aimed for doping ratios of 10, 5 and 

2 at.% of nickel, copper and silver as we previously showed that above 10 at.%, platinum 

doping resulted in impurities. The STO syntheses adjusted for nickel, copper and silver 

incorporation were performed at 700 °C for 6 h. XRD (Figure 12) shows that the nickel-doped 

(Figure 12a) samples have the STO structure, however the 10 at.% sample also exhibited small 

impurity peaks ascribed to NiO at 37°, 43° and 62° (Cu Kα 2θ). Regarding copper-doped STO 

(Figure 12b), we observed the same behavior, where targeting 10 at.% doping ratio resulted in 

the formation of a CuO side product visible at 37° and 39° (Cu Kα 2θ). Finally, the STO-Ag 

system (Figure 12c) also led to the formation of AgCl impurities at 28° and 54° (Cu Kα 2θ) 

but for all doping ratios targeted. AgCl is coming from the reaction of Ag nitrate with the molten 

chloride. From the powder XRD patterns presented Figure 2 and Figure 12, we observed that 

above a doping ratio threshold at 10 at.%, segregation of the doping cations occurred and led to 

the formation of oxide impurities. Furthermore, silver doping revealed that some metals are 

harder to insert into the STO perovskite structure by using molten salt synthesis, because of a 

competitive reaction with the salt constituents.  
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Figure 12. Powder XRD patterns of STO samples by targeting doping ratio of 10, 5 and 2 at.% for (a) nickel, (b) copper, (c) 

silver. The STO, NiO, CuO and AgCl reference patterns are displayed in purple, blue dashes, red dashes and orange dashes 

respectively. 

The presence of impurities does not refute the partial insertion of the doping cations inside the 

host STO. The exsolution of nickel, copper and silver was then performed on the 10 at.% doped 

systems using electron beam irradiation (Figure 13). After few minutes under the beam, the 

exsolution of nickel (Figure 13a-b), copper (Figure 13c-d) and silver (Figure 13e-f) was 

observed as small objects formed on the surface of STO particles.  
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Figure 13. TEM images of exsoluted STO doped at 10 at.% with (a-b) nickel, (c-d) copper and (e-f) silver. 

We have synthetized homogeneous systems composed of STO and different doping metal 

cations. We also observed the limits of this doping strategy with thresholds above which 

segregations and formation of impurities occurred. Besides we showed that exsolution was 

successfully obtained either by electron irradiation, thermal treatment under reducing 

atmosphere or electrochemical reduction. In a next step, in order to use the exsolution process 

to yield higher electrocatalytic activities we moved to a new perovskite host, which is more 

conductive than STO. Choice was made to focus on La0.7Sr0.3MnO3 (LSMO) nanocubes, widely 
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discussed in a previous chapter for its interesting magnetic properties but also efficient 

electrocatalytic activity.13 

 

IV. Synthesis of La0.7Sr0.3MnO3 doped for the exsolution process 

 The synthesis of doped La0.7Sr0.3MnO3 (LSMO) nanoparticles was performed by adapting the 

protocol of N’Goc et al14. As for the STO system, we first chose to insert platinum into LSMO. 

We then assessed the threshold of doping rate enabling the recovery of a homogenous 

perovskite. The XRD patterns (Figure 14) show that the doping ratios of 20 and 10 at.% both 

presented peaks at 39, 46 and 68° (Cu Kα 2θ) ascribed to metallic platinum. These peaks were 

not detected for 5 and 2 at.%, suggesting that platinum was fully inserted. However, a peak at 

25° was detected on 2, 5 and 10 at.% sample. We could not identify this peak, but we note that 

it was also reported in a previous work15 on LSMO synthesis. Wavelength dispersive X-ray 

fluorescence (WDXRF) analysis of the 2 at.% Pt-doped sample gave a nominal composition of 

La0.7±0.05Sr0.3±0.05Mn0.98±0.05Pt0.02±0.05O3, in agreement with expected value.  

 

Figure 14. Powder XRD patterns of LSMO sample doped at 20 at.%, 10 at.%, 5 at.% and 2 at.% of platinum. The LSMO and 

Pt reference patterns are displayed in green and black dashes respectively. 
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The exsolution process was then studied on LSMO doped with 2% platinum, by using beam 

irradiation (Figure 15). TEM (Figure 15a) shows that the sample was in the early stage of the 

exsolution visible by very small (~ 1 nm) black dots after 30 s. After 2 min (Figure 15b), Pt 

nanoparticles were visible over the surface of LSMO nanocubes, thus demonstrating successful 

exsolution. Finally, the crystallinity of the LSMO perovskite nanocrystals after exsolution was 

confirmed by TEM (Figure 15c-d).  

 

Figure 15. HRTEM images of LSMO doped with 2.% platinum (a) after 30 s and (b-c-d) after 2 min. 

We then attempted the exsolution of the same sample under heating and reducing atmosphere. 

XRD patterns (Figure 16) show that the LSMO structure was kept. However, a secondary phase 

ascribed to La0.1Sr0.9MnO3 appeared at 47°, 59° 79° (Cu Kα 2θ), indicating that this method led 

to a phase segregation of the host perovskite. Finally, no platinum was detected even after 
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reductive treatment. Note that a small amount of platinum was inserted and probably fewer 

exsoluted for this sample doped with 2 at%, hence the difficulty to detect platinum even post 

exsolution by XRD. 

 

Figure 16. Powder XRD patterns of LSMO samples doped with 2 at% platinum before and after thermal treatment and 

reducing atmosphere. LSMO, Pt and La0.1Sr0.9MnO3 references are displayed in green, black dashes and blue dots 

respectively. 

To assess the occurrence of exsolution we observed by TEM the samples thermally treated H2 

The sample reduced for 30 min does not show evidence of exsolution (Figure 17a). However, 

exsolution was detected after 2 h of reducing treatment at temperature ranging from 200 to 

400 °C.  
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Figure 17. TEM images LSMO Pt 2 at.% post exsolution at several times and temperatures. 

We showed that insertion of platinum into the LSMO perovskite structure and its exsolution 

was possible. The electron irradiation method as well as the reductive thermal treatment method 

led to the exsolution of platinum nanoparticles. The fact that exsolution was successfully 

obtained at 200 °C for only 2 h under reducing atmosphere shows how nanoscaled perovskite 

are more reactive than bulk perovskite. It also suggests the possibility to trigger exsolution in 

very mild conditions, thus enabling the use of perovskite hosts sensitive to reducing conditions, 

which could not be used in conventional high temperature exsolution. However, under heat and 

reducing atmosphere the LSMO perovskite seems to segregate while exsoluting. 

 

V. Conclusion 

To conclude, the exsolution process has been performed first on a reference perovskite SrTiO3 

host at the nanoscale by insertion of platinum. We showed that the doped structure was indeed 

able to exsolute nanoparticles of platinum at its surface, which to our knowledge has not been 

reported in the literature for nanoscaled perovskites. We also proved that other doping cations 

could be exsoluted from this nanoscaled perovskite. While exsolution on bulk perovskite has 

been reported during reductive thermal treatment, we showed that nanoparticles could also be 
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exsoluted in these conditions, but in milder conditions. Less harsh method was also usable such 

as electrochemical reduction to obtain the desired phenomenon. We showed a similar behavior 

of the exsoluted nanoparticles compared to bulk perovskites, where exsoluted nanoparticles are 

immobilized on the surface of the host perovskite. Hence, this phenomenon, was preserved, 

even if larger amount of surfaces and edges defects for the nanoscaled perovskite are present. 

This may also relate to the higher strain tolerance of nano-objects compared to the bulk which 

could be considered as an advantage from a catalysis point of view. Indeed, the immobility of 

exsoluted particles over particle deposition during chemical reaction, avoid aggregation and 

thus loss of activity. Exsolution was then applied to La0.7Sr0.3MnO3. We showed that LSMO 

was also able to accept platinum in its structure and to undergo exsolution under an electron 

beam and reducing atmosphere. However, the reducing thermal treatment led to a phase 

segregation in LSMO.  

Overall we developed a protocol using molten salt synthesis able to produce doped 

perovskite nanocrystals enabling exsolution. The perspectives of these results are vast, but first 

doping and exsolution in LSMO with other doping cations is of great interest for catalytic 

applications such as the oxygen reduction reaction. Secondly the use of other systems at the 

nanoscale could open a larger pool of catalytic reaction enhancement. Finally, 3 major points 

are left to investigate deeper. The first one is the dynamics of the exsoluted nanoparticles 

observed on STO: is it specific to STO? Can it be limited at low temperature? Secondly, 

coupling electrochemical exsolution to electrocatalysis, as suggested for STO-Pt 10% (Figure 

11) would be of great interest. The use of milder treatment would also be worth investigating 

for other host perovskites as LSMO as we showed that exsolution on nanosystems was prone 

to occurs at lower temperatures compared to the bulk. The final point is the ability to reoxidized 

exsoluted nanoparticles and reinsert them into the host structure. This last point would open the 

possibility to reactivate catalysts in situ hence reducing the cost of catalysis overall.
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This PhD work aimed at using original synthesis strategies based on molten salts media in order 

to develop nanomaterials able to interact with their environment and then to exhibit stimuli-

dependent electrocatalytic properties.  

We first developed the first occurrence of nanoparticles of a quaternary manganese 

perovskite, La0.33Pr0.33Ca0.33MnO3. We showed that the usual experimental parameters, such as 

temperature, reaction time and reagents ratio were not adapted to avoid the formation of 

byproducts and of ill-defined objects. Instead, we highlighted the key role of two parameters: 

heating ramps and molten salt solvent oxo-basicity. We hypothesized that media with strong 

oxo-basicity, thanks to the choice of the salt itself and to the use of additives, enabled forcing 

coprecipitation of all cations in the same crystal structure and enhancing nucleation rates for a 

better morphological control. Likewise, very high heating ramps were instrumental in triggering 

coprecipitation of all cations, and then avoiding the formation of byproducts. Because the 

synthesis of this material appeared very challenging, the electrocatalytic and magnetic 

properties could not be addressed thoroughly within the timeframe of this PhD work. This is 

the major medium-term perspective for this quaternary oxide. 

We specifically addressed the relationship between magnetism and electrocatalysis on 

the case study of La0.7Sr0.3MnO3 nanocrystals derived from molten salts. To do so, we first 

designed an original dedicated set-up enabling to control the diffusion layer in the vicinity of 

the electrode, to bypass the use of any composite electrodes with multiple components, and to 

ensure a highly homogeneous magnetic field in the electrode area. We then observed a sporadic 

and poorly reproducible increase of the cathodic current under magnetic field at 15 °C and in a 

KOH electrolyte with conventional 0.1 M concentration. Preliminary electrochemical 

impedance spectroscopy (EIS) measurements suggest a reversible change of the material under 

magnetic field, although more in-depth studies will be performed on the short-term to 

understand the behavior of the material in electrocatalysis conditions. We also highlighted a 

dramatic impact of the electrolyte concentration, where a 40 fold increase of the KOH 

concentration (4 M) ensured a reproducible positive effect of the magnetic field (1 T) on the 

cathodic current. According to the literature, we ascribe this effect to the occurrence of anionic 

vacancies in the perovskite, although more EIS experiments and a screening of electrolyte 

compositions will be required on the short term to understand the origin of this current 

enhancement in the potential region of the oxygen reduction reaction.  
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Finally, we addressed another way to trigger “externally” the properties of nanoscaled 

perovskite oxides by modifying their intrinsic properties. We showed that platinum 

nanoparticles can be exsoluted from Pt-doped SrTiO3 (STO) crystalline nanocubes initially 

produced by molten salts synthesis. To our knowledge, exsolution from nano-objects has never 

been reported in the literature. The synthesis protocol we developed enabled versatile doping 

of perovskite nanocrystals, in terms of doping cation nature and concentration. Hence, we were 

able to trigger exsolution of a wide range of reducible metals, although with varying behavior. 

Thermal exsolution could be triggered hundreds of degrees below the temperatures reported for 

bulk perovskite matrices, so that using nano-objects with enhanced reactivity provides a way 

to perform exsolution in mild conditions and to explore a wider range of perovskite 

compositions, even among the compounds chemically sensitive to reducing conditions, as 

shown for the La0.7Sr0.3MnO3 perovskite. We showed that various reducing conditions can be 

envisioned, including electron irradiation, reducing thermal treatment and electrochemical 

reduction. Then, several perspectives emerge from these promising results. Firstly, 

electrochemically triggered reduction needs to be deeply investigated as it could yield in situ 

efficient electrocatalysts provided the choice of a sufficiently conductive perovskite matrix is 

chosen. Secondly, the reversibility of electrochemical exsolution in oxidative conditions should 

be addressed, as it might provide the ability to regenerate the catalysts. Thirdly, we showed that 

nanoscaled materials enable using mild conditions to exsolve a wide pool of cations from a 

large range of host perovskites. This enhanced diversity opens an avenue towards additional 

properties coupling, like e.g. probing how magnetic fields can impact the exsolution behavior. 

Overall, in this work we explored different pathways towards the synthesis of new nanoscaled 

electrocatalysts responsive to external stimuli. We showed and discussed how different stimuli 

could be used to tune the properties of perovskites and more specifically, in the case of magnetic 

fields, the complexity that aroused from combining external stimuli with electrocatalysis. 

Finally, this manuscript can be considered as a prequel to a wider project englobing the 

synthesis of nanoscaled electrocatalysts and their use under external stimuli. 
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I. Synthesis 

1. La0.7Sr0.33MnO3 synthesis 

The LSMO synthesis was carried out as follows, according to a previously described 

procedure.1 First, potassium nitrate (65 mmol), strontium nitrate (1.99 mmol), manganese 

nitrate tetrahydrate (6.5 mmol), lanthanum nitrate hexahydrate (3.86 mmol) were ball milled in 

a Retsch MM400 ball miller (50 mL stainless steel irons with one 25 mm ball) for 2 min and 

then dried at 40 °C under vacuum overnight. The powder was then put into an alumina crucible 

and heated at 600 °C for 2 h. After cooling at room temperature the product was redispersed 

with deionized water and stirred for 10 min and a reddish black solution was obtained, which 

was separated by centrifugated (20 000 rpm, 10 min) 8 times, washed with deionized water 

untill a conductance around 10 μS cm-1 was reached. The product was dried under vacuum at 

40 °C overnight.  

2. La0.33Pr0.33Ca0.33MnO3 original synthesis A-750 °C 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 750 °C for 1 h. After cooling 

at room temperature, the product was redispersed with deionized water and stirred for 10 min. 

The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, washed 

with deionized water until a conductance around 10 μS cm-1 was reached. The product was 

dried under vacuum at 40 °C overnight and a powder was recovered. 

2.1. Synthesis A-X °C 1 h, temperature screening 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 600, 700 or 800 °C for 1 h. 

After cooling at room temperature, the product was redispersed with deionized water and stirred 

for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, 
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washed with deionized water until a conductance around 10 μS cm-1 was reached. The product 

was dried under vacuum at 40 °C overnight and a powder was recovered. 

2.2. Synthesis B-Y 750 °C, time screening 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 750 °C for 0.5, 4 or 8 h. After 

cooling at room temperature, the product was redispersed with deionized water and stirred for 

10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, 

washed with deionized water until a conductance around 10 μS cm-1 was reached. The product 

was dried under vacuum at 40 °C overnight and a powder was recovered. 

With Y = 30 min or 4 h or 8 h.  

2.3. Synthesis A-Prx’,  

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.25 or 0.545 mmol), calcium nitrate tetrahydrate (1.79 mmol) and 

manganese nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller 

(50 mL stainless steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under 

vacuum overnight. The powder was then put into an alumina crucible and heated at 750 °C for 

1 h. After cooling at room temperature, the product was redispersed with deionized water and 

stirred for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 

5 times, washed with deionized water until a conductance around 10 μS cm-1 was reached. The 

product was dried under vacuum at 40 °C overnight and a powder was recovered. 

2.4. Synthesis A-La defect 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.69 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 750 °C for 1 h. After cooling 

at room temperature, the product was redispersed with deionized water and stirred for 10 min. 

The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, washed 
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with deionized water until a conductance around 10 μS cm-1 was reached. The product was 

dried under vacuum at 40 °C overnight and a powder was recovered. 

2.5. Synthesis A-Ca excess 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (2.99 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 750 °C for 1 h. After cooling 

at room temperature, the product was redispersed with deionized water and stirred for 10 min. 

The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, washed 

with deionized water until a conductance around 10 μS cm-1 was reached. The product was 

dried under vacuum at 40 °C overnight and a powder was recovered. 

2.6. Synthesis A-D10 

First, potassium nitrate (65 mmol), lanthanum nitrate hexahydrate (0.199 mmol), 

praseodymium nitrate hexahydrate (0.199 mmol), calcium nitrate tetrahydrate (0.179 mmol) 

and manganese nitrate tetrahydrate (0.65 mmol) were ball milled in a Retsch MM400 ball miller 

(50 mL stainless steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under 

vacuum overnight. The powder was then put into an alumina crucible and heated at 750 °C for 

1 h. After cooling at room temperature, the product was redispersed with deionized water and 

stirred for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 

5 times, washed with deionized water until a conductance around 10 μS cm-1 was reached. The 

product was dried under vacuum at 40 °C overnight and a powder was recovered. 

2.7. Synthesis C-X °C 1h, temperature screening 

First, sodium nitrite (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 600, 750, 800 or 850 °C for 

1 h. After cooling at room temperature, the product was redispersed with deionized water and 

stirred for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 
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5 times, washed with deionized water until a conductance around 10 μS cm-1 was reached. The 

product was dried under vacuum at 40 °C overnight and a powder was recovered. 

2.8. Synthesis C-Y 750 °C, time screening 

First, sodium nitrite (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 750 °C for 15, 30 min or 1 h. 

After cooling at room temperature, the product was redispersed with deionized water and stirred 

for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, 

washed with deionized water until a conductance around 10 μS cm-1 was reached. The product 

was dried under vacuum at 40 °C overnight and a powder was recovered. 

2.9. Synthesis D-X °C 15 min, temperature screening 

First, sodium nitrite (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. 

The powder was then put into an alumina crucible and heated at 650, 700, 750 or 800 °C for 

15 min. After cooling at room temperature, the product was redispersed with deionized water 

and stirred for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 10 

min) 5 times, washed with deionized water until a conductance around 10 μS cm-1 was reached. 

The product was dried under vacuum at 40 °C overnight and a powder was recovered. 

With X = 650 °C, 700 °C, 750 °C or 800 °C. 

2.10. Synthesis E-Xramp+X’plateau, 750 °C, time screening 

First, sodium nitrite (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. For 

microwave-assisted syntheses, the reaction media were heated from room temperature to the 

targeted temperature over a ramping time noted Xramp. The temperature was then dwelled over 

a time noted X’plateau. The overall reaction time is then noted Xramp+X’plateau. 2g of the prepared 
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powder was then put into a SiC crucible and 0.13g of Na2O were added. The mixture was then 

heated at 750 °C for Xramp+X’plateau. After cooling at room temperature, the product was 

redispersed with deionized water and stirred for 10 min. The suspension was then separated by 

centrifugation (21 000 rpm, 10 min) 5 times, washed with deionized water until a conductance 

around 10 μS cm-1 was reached. The product was dried under vacuum at 40 °C overnight and a 

powder was recovered. 

With Xramp+X’plateau = 2 + 2 min, 4 + 2 min or 4 + 5 min. 

2.11. Synthesis F-3 eq, 3 min ramp at 800 °C 

First, sodium nitrite (65 mmol), lanthanum nitrate hexahydrate (1.99 mmol), praseodymium 

nitrate hexahydrate (1.99 mmol), calcium nitrate tetrahydrate (1.79 mmol) and manganese 

nitrate tetrahydrate (6.5 mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless 

steel irons with one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. For 

microwave-assisted syntheses, the reaction media were heated from room temperature to the 

targeted temperature over a ramping time noted Xramp. The temperature was then dwelled over 

a time noted X’plateau. The overall reaction time is then noted Xramp+X’plateau. 2g of the prepared 

powder was then put into a SiC crucible and 0.39g of Na2O were added. The mixture was then 

heated at 750 °C for only 3 min ramping time. After cooling at room temperature, the product 

was redispersed with deionized water and stirred for 10 min. The suspension was then separated 

by centrifugation (21 000 rpm, 10 min) 5 times, washed with deionized water until a 

conductance around 10 μS cm-1 was reached. The product was dried under vacuum at 40 °C 

overnight and a powder was recovered. 

3. SrTiO3 original synthesis 

First, commercial 0.24 titanium oxide (3.0 mmol), 0.76 g strontium nitrate tetrahydrate (3.6 

mmol) and 1.0 g of equimolar NaCl/KCl (0.448g/0.571g) were ball milled in a Retsch MM400 

ball miller (50 mL stainless steel irons with one 25 mm ball) for 2 min and then dried at 40 °C 

under vacuum overnight. The powder was then put into an alumina crucible and heated at 

700 °C for 6 h. After cooling at room temperature, the product was redispersed with deionized 

water and stirred for 10 min. The suspension was then separated by centrifugation (21 000 rpm, 

10 min) 5 times, washed with deionized water until a conductance around 10 μS cm-1 was 

reached. The product was dried under vacuum at 40 °C overnight and a powder was recovered. 



Materials and methods 

156  

 

3.1. SrTi1-xPtxO3 synthesis 

First, commercial xgTi g titanium oxide (xmolTi mmol), 0.76 g strontium nitrate tetrahydrate 

(3.6 mmol), xgPt platinum tetrachloride (xmolPt mmol) and 1.0 g of equimolar NaCl/KCl 

(0.45g/0.57g) were ball milled in a Retsch MM400 ball miller (50 mL stainless steel irons with 

one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. The powder was 

then put into an alumina crucible and heated at 700 °C for 6 h. After cooling at room 

temperature, the product was redispersed with deionized water and stirred for 10 min. The 

suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, washed with 

deionized water until a conductance around 10 μS cm-1 was reached. The product was dried 

under vacuum at 40 °C overnight and a powder was recovered. 

 PtCl4 (g) PtCl4 (mmol) TiO2 (g) TiO2 (mmol) 

X = 20 at% 0.2 0.06 0.19 2.4 

X = 10 at% 0.1 0.03 0.22 2.7 

X = 5 at% 0.05 0.015 0.23 2.85 

X = 2 at% 0.02 0.006 0.24 2.94 

 

3.2. SrTi1-xNixO3 synthesis 

First, commercial xgTi g titanium oxide (xmolTi mmol), 0.85 g strontium nitrate tetrahydrate 

(4 mmol), xgNi nickel chloride hexahydrate (xmolNi mmol) and 1.0 g of equimolar NaCl/KCl 

(0.59g/0.76g) were ball milled in a Retsch MM400 ball miller (50 mL stainless steel irons with 

one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. The powder was 

then put into an alumina crucible and heated at 700 °C for 6 h. After cooling at room 

temperature, the product was redispersed with deionized water and stirred for 10 min. The 

suspension was then separated by centrifugation (21 000 rpm, 10 min) 5 times, washed with 

deionized water until a conductance around 10 μS cm-1 was reached. The product was dried 

under vacuum at 40 °C overnight and a powder was recovered. 

 xgPt 

NiCl2.6H2O (g) 

xmolPt 

NiCl2.6H2O (mmol) 

xgTi 

TiO2 (g) 

xmolTi 

TiO2 (mmol) 

X = 10 at% 0.095 0.4 0.29 3.6 

X = 5 at% 0.048 0.2 0.30 3.8 

X = 2 at% 0.019 0.08 0.31 3.9 
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3.3. SrTi1-xCuxO3 synthesis 

First, commercial xgTi g titanium oxide (xmolTi mmol), 0.85 g strontium nitrate tetrahydrate 

(4 mmol), xgCu copper chloride (xmolCu mmol) and 1.0 g of equimolar NaCl/KCl (0.59g/0.76g) 

were ball milled in a Retsch MM400 ball miller (50 mL stainless steel irons with one 25 mm 

ball) for 2 min and then dried at 40 °C under vacuum overnight. The powder was then put into 

an alumina crucible and heated at 700 °C for 6 h. After cooling at room temperature, the product 

was redispersed with deionized water and stirred for 10 min. The suspension was then separated 

by centrifugation (21 000 rpm, 10 min) 5 times, washed with deionized water until a 

conductance around 10 μS cm-1 was reached. The product was dried under vacuum at 40 °C 

overnight and a powder was recovered. 

 xgCu 

CuCl2 (g) 

xmolCu 

CuCl2 (mmol) 

xgTi 

TiO2 (g) 

xmolTi 

TiO2 (mmol) 

X = 10 at% 0.054 0.4 0.29 3.6 

X = 5 at% 0.027 0.2 0.30 3.8 

X = 2 at% 0.011 0.08 0.31 3.9 

 

3.4. SrTi1-xAgxO3 synthesis 

First, commercial xgTi g titanium oxide (xmolTi mmol), 0.85 g strontium nitrate tetrahydrate 

(4 mmol), xgAg silver chloride (xmolAg mmol) and 1.0 g of equimolar NaCl/KCl (0.59g/0.76g) 

were ball milled in a Retsch MM400 ball miller (50 mL stainless steel irons with one 25 mm 

ball) for 2 min and then dried at 40 °C under vacuum overnight. The powder was then put into 

an alumina crucible and heated at 700 °C for 6 h. After cooling at room temperature, the product 

was redispersed with deionized water and stirred for 10 min. The suspension was then separated 

by centrifugation (21 000 rpm, 10 min) 5 times, washed with deionized water until a 

conductance around 10 μS cm-1 was reached. The product was dried under vacuum at 40 °C 

overnight and a powder was recovered. 

 xgAg 

AgCl (g) 

xmolAg 

AgCl (mmol) 

xgTi 

TiO2 (g) 

xmolTi 

TiO2 (mmol) 

X = 10 at% 0.057 0.4 0.29 3.6 

X = 5 at% 0.029 0.2 0.30 3.8 

X = 2 at% 0.011 0.08 0.31 3.9 
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4. La0.7Sr0.3Mn1-xPtxO3 synthesis 

First, potassium nitrate (65 mmol), strontium nitrate (1.99 mmol), manganese nitrate 

tetrahydrate (xmolMn mmol), lanthanum nitrate hexahydrate (3.86 mmol) and platinum chloride 

(xmolPt mmol) were ball milled in a Retsch MM400 ball miller (50 mL stainless steel irons with 

one 25 mm ball) for 2 min and then dried at 40 °C under vacuum overnight. The powder was 

then put into an alumina crucible and heated at 600 °C for 2 h. After cooling at room 

temperature, the product was redispersed with deionized water and stirred for 10 min and a 

reddish black solution was obtained, which was separated by centrifugated (20 000 rpm, 

10 min) 8 times, washed with deionized water until a conductance around 10 μS/cm was 

reached. The product was dried under vacuum at 40 °C overnight. 

 xmolMn 

Mn(NO3)2.4H2O (mmol) 

xmolPt 

PtCl4 (mmol) 

X = 20 at% 5.2 1.3 

X = 10 at% 5.9 0.7 

X = 5 at% 6.2 0.2 

X = 2 at% 6.4 0.1 
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II. Material characterization 

1. Furnace oven 

 

Syntheses were performed using a L 3/11/B410 Nabertherm GmbH muffle furnace oven under 

air. 
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2. Microwave oven (MW) 

 

Syntheses were performed using a patented high temperature microwave from SAIREM.2 

3. Powder X-ray diffraction (XRD) 

 

Powder XRD patterns were recorded on a Bruker D8 advance diffractometer operating at the 

Cu Kα source. ICSD references used for indexation were ICSD 35218, ICSD 18513, 
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PDF 04-021-6265, PDF 04-011-2398, PDF 01-089-3080, PDF 00-031-1238, PDF 00-064-

0863, PDF 00-004-0802, PDF 00-035-0734, PDF 01-078-0428, PDF 04-020-2759 for 

CaMnO3, PrO1.88, La0.7Sr0.3MnO3, La0.275Ca0.375Pr0.35MnO3, NiO, AgCl, TiO2, Pt, SrTiO3, CuO 

and La0.1Sr0.9MnO3 respectively. 

4. Transmission electron microscopy (TEM) 

 

Transmission electron microscopy (TEM) was performed on a JEOL JEM2100Plus LaB 6 

working at an accelerating voltage of 200 kV. 
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5. X-ray fluorescence (WDXRF) 

 

Atomic compositions were assessed by wavelength-dispersive X-ray fluorescence (WDXRF) 

measured on a Bruker S8 Tiger spectrometer after pelletizing the powder. 
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III. Electrochemical Characterization 

1. Magnet  

 

The magnet used for all experiments under magnetic field is a Haalbaar magnet. The magnetic 

field is contained and homogeneous in the cylindrical aperture with a value of 1 T. 

2. Rotating disk electrode (RDE) 

The electrocatalytic properties of the materials were studied through a three-electrode setup in 

an electrochemical cell using a Pt wire as a counter electrode, a saturated Ag/AgCl reference 

electrode, and a glassy carbon (GC) rotating disk electrode (RDE) as a working electrode, 

connected to a VPS Biologic potentiostat. All potentials are referred in the text to the reversible 

hydrogen electrode (RHE, ERHE = EAg/AgCl(sat) + 0.197 + 0.059pH). The GC RDE (geometrical 

disk area (0.07 cm2), Radiometer Analytical) was polished with diamond paste (1 μm, BAS 

Inc.) followed by diamond paste (0.05 μm, BAS inc.) to reach mirror grade before each 

experiment. Then the GC disk was coated with a conductive ink that contains the different 

perovskite catalysts. This ink was composed by the perovskite catalyst powder, hydrophilized 

Acetylene Black carbon (AB, Alfa Aesar) (99.9+%, 75 m2 g−1), and Nafion-117 (5 wt % 

solution in aliphatic alcohols, Sigma-Aldrich). AB was hydrophilized by treating 0.5 g of AB 

in 50 mL of HNO3 20% at 80 °C under stirring overnight, followed by centrifugation, washing 

with water, and vacuum drying. A 10 mg amount of the perovskite catalyst powder, 10 mg of 

the modified AB, and 10 mL of absolute ethanol were mixed and sonicated for 2 h. Then 435 μL 

of ion- exchanged Nafion solution (5 wt % in aliphatic alcohols, Aldrich) was added, and the 

suspension was sonicated for 5 min. A 10 μL (for cyclic voltammetry (CV)) amount of the ink 

(catalyst:acetylene black (AB) = 1:1) was deposited on the polished GC electrode and dried for 

1 h. 
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3. Cavity microelectrode (ME) 

ME were made of a glass tube (5–6 mm diameter with a total length ranging from 80 to 

150 mm) containing a Cu-wire (diameter: 25–50 mm, length 3 cm). Before making the cavity, 

the ME head was made planar with a micro- grained sandpaper (Norton, TUFBAK, ADALOX, 

P1000) and Al2O3 paste (Prolabo). After polishing, the electrode was washed with distilled 

water until it was free of Al2O3. With the help of a microscope, the formation of a metal disk 

free of residual impurities was checked. It was then verified that the connection between the 

platinum and graphite does not induce an ohmic drop at contact. Typically, the resistance of 

this homemade electrode was less than 10 V. The cavity was obtained by controlled dissolution 

of the Cu-wire in a 0.5M H2SO4 solution for 3 min by applying a voltage of 0.4 V vs. SCE. The 

connection between the Cu-wire and the Cu-wire collector was achieved by embedding the end 

of the two wires with compacted graphite powder. The diameter, and the depth, of the 

microcavity were measured with an optical microscope. This arrangement allowed checking 

the material inclusion too. The usual height diameter ratio is between 0.4 and 1. If larger than 

1, then establishing the contact between the grains and Cu is difficult. With a ratio smaller than 

0.4, the grains could easily escape out of the cavity during the experiment. The cavity was filled 

up with material grains using the electrode as a pestle. The amount of grains included within 

the microcavity depended on the hardness of the surface on which the powder was spread. The 

filling of the cavity was controlled with the microscope, and at the same time, it was verified 

that no grain remains on the head outside the cavity. The first CV scan was started a few seconds 

after the electrode was immersed in the electrolytic solution. After the electrochemical 

experiments, the material was dissolved by immersing the electrode head in an appropriate 

solution.3 
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La0.33Pr0.33Ca0.33MnO3 as electrocatalyst for the oxygen reduction reaction 

 

LPCMO possesses one of the largest EPS as mentioned in the introduction, by reducing its size 

to the nanoscale the possibility to obtain only single ferromagnetic domains per particles is 

possible. Moreover, as LSMO the electrical resistance of LPCMO decreases under influence of 

a magnetic field (CMR effect). The Curie temperature in room conditions is ≃ -121 °C. Both 

aforementioned electrocatalysts are of great interest for the oxygen reduction reaction and we 

expected that LPCMO nanoparticles would be stronger impacted by magnetic field compared 

to LSMO, due to the formation of these single ferromagnetic domains. 

The number of electrons transferred during ORR was measured by Koutecky-Levich 

analysis of the diffusion current at 0.4 V/RHE for 20 °C, 15 °C and 5 °C on a rotating disk 

electrode in 0.1 M KOH. The number of electrons measured was of 6.6, 5.6 and 5 for 20 °C, 15 

°C and 5 °C respectively. CVs cycles of the analysis are shown Appendix 3. We are so far 

unable to explain why such high number of electrons are transferred for the ORR and also why 

this number is decreasing with the temperature. 

The ORR on LPCMO was then performed in the same conditions as for LSMO using a 

microelectrode in 0.1 M KOH saturated in O2 at 15°C and 5°C and a magnet of 1T. Appendix 

1 shows that once LPCMO is put under a magnetic field, the current density increases 

significantly for both experiments. The response of LPCMO to the magnetic field cannot be 

ascribed now to the colossal magnetoresistance effect. Electrochemical impedance 

spectroscopy measurements are required. These preliminary results suggest that by reaching the 

nanoscale we were able to obtain single ferromagnetic domain which are more responsive than 

LSMO multi-domains to the magnetic field. Moreover, experiments in 4 M KOH saturated in 

O2 (Appendix 4) show a promising response of LPCMO microelectrodes under magnetic field. 

We are yet unable to explain this different behavior observed at such concentration nor what 

type of mechanism is involved. 
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Appendix 1. Cyclovoltammetry of LPCMO nanoparticles at 5°C and 15°C in KOH 0.1 M saturated in O2, without magnetic 

field (NMF-blue) and with magnetic field (MF-red). 

 

Appendix 2. XPS spectra of LPCMO nanoparticles with (a) La 3d region, (b) Ca 2p region, (c) Pr 3d region and (d) Mn 2p3/2 

region. 
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Appendix 3. Cyclovoltammetry cycles of LPCMO RDE at 20 °C, 15 °C and 5°C in O2-saturated 0.1M KOH. 

Cyclovoltammetry cycles in 0.1 M KOH O2-saturated with were performed at 20, 15 and 5 °C. 

The CVs were recorded at different speed to control the diffusion barrier. The oxygen reduction 

reaction onset potential was found to be of 0.7 V vs. RHE, the ORR reaction was observed at 

0.46 V vs. RHE. However, the diffusion plateau does not seem to be reached at 0.4 V vs. RHE. 

According to Koutecky-Levich analysis at 0.4 V vs. RHE 6.6, 5.6 and 5 electrons were 

transferred for 20, 15 and 5 °C respectively. 

 

 

Appendix 4. Cyclovoltammetry cycles of LPCMO microelectrode at 20 °C, 15 °C and 5°C in O2-saturated 4 M KOH. 
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La0.7Sr0.3MnO3 electrochemical measurements-raw data  

 

Appendix 5. Cyclovoltammograms of empty microelectrode at 5 °C in O2-saturated 0.1 M KOH without magnetic field 

(green) and with magnetic field (red). 

Appendix 5 shows that empty microelectrode are not affected by the magnetic field while 

conducting ORR. 

 

Appendix 6. Cyclovoltammograms of empty microelectrodes at (a) 5 °C, (b) 15 °C and (c) 20 °C in O2-saturated 4 M KOH 

without magnetic field (blue) and with magnetic field (red). 

The CVs in Appendix 6 were obtained by using microelectrodes in 4 M KOH without 

electrocatalysts loading. The oxidation waves observed with and without magnetic field at 

0.7-0.8 (V vs. RHE) are ascribed to the oxidation of the copper wire of the microelectrodes. 

All cycles of the previously shown cyclovoltammograms can be found in the following 

appendix. 
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Appendix 7. Cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 15°C in KOH 0.1M 

saturated first by Ar (purple) then by O2 (blue). 

 

Appendix 8. Cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at (a) 5 °C, (b) 15 °C and (c) 

20 °C in O2-saturated 0.1M KOH and purified, without magnetic field (NFM-blue) and under magnetic field (MF-red). 
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Appendix 9. Cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 15 °C in Ar-saturated 

0.1M KOH, without magnetic field (NMF-blue) and with a magnetic field of 1T (MF-red). 

 

Appendix 10. cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrode at 20 °C in O2-saturated 

0.1M KOH, without magnetic field (NMF-blue), magnetic field (MF-red) and without magnetic field after 2 hours resting 

(NMFR-green). 
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Appendix 11. Cyclovoltammetry cycles obtained after cycling 15 times a LSMO microelectrodes at a) 5°C b-c) 15°C in O2-

saturated 0.1M KOH without magnetic field (NMF-Blue), magnetic field (MF-red) and without magnetic field after 1h 

relaxation (NMFR-green). (b) and (c) correspond to two different microelectrodes.
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Abstract: 

 

Perovskite oxides are studied since decades for their magnetic properties and more recently for 

their electrocatalytic properties in the context of energy conversion, within fuel cells and water 

electrolyzers, for instance. In this work, we have aimed at developing new perovskite-based 

electrocatalysts operating in aqueous media, by targeting nanoscaled perovskites able to interact 

with their environment and then to exhibit stimuli-dependent electrocatalytic properties. This 

work was then at crossroad between the development of synthesis strategies, the design of 

nanomaterials, the study of their electrochemical and magnetic properties and of their interplay. 

We first describe a synthesis strategy suitable to reach quaternary perovskites by using molten 

salt media, innovative microwave heating and precise tuning of the oxo-basicity of the melt. 

We then address the relationship between magnetism and electrocatalysis on the case study of 

La0.7Sr0.3MnO3 nanocrystals derived from molten salts, through the development of an original 

set-up enabling triggering changes in the oxygen reduction reaction electrocatalysis by 

application of a magnetic field. We especially stress out the important of the composition of the 

electrolyte for magnetic enhancement of electrocatalytic activity. Finally, we address another 

way to trigger “externally” the properties of nanoscaled perovskite oxides, by developing a 

synthesis of doped perovskite nanocrystals and then by triggering under reducing conditions 

the exsolution of the metal cation dopants as metal nanoparticles at the surface of perovskite 

nanocrystal hosts, for the first time.  

 

Keywords: [manganese perovskites, oxides, nanoparticles, synthesis in molten salts, oxygen 

reduction reaction, electrocatalysis, exsolution, magnetism] 

Résumé : 

 

Les oxydes pérovskites sont étudiés depuis des décennies pour leurs propriétés magnétiques et 

plus récemment leurs propriétés électrocatalytiques dans le contexte de la conversion d’énergie, 

dans les piles à combustibles et les électrolyseurs, notamment. Dans ce travail, nous avons 

cherché à développer de nouveaux électrocatalyseurs à base de pérovskites opérant en milieu 

aqueux, en visant des objets nanométriques capables d’interagir avec leur environnement et 

donc de présenter des propriétés électrocatalytiques dépendant de stimuli extérieurs. Ce travail 

se situe donc au croisement entre le développement de méthodes de synthèse, la conception de 

nanomatériaux, l’étude de leurs propriétés électrochimiques et magnétiques et du lien entre ces 

propriétés. En premier lieu, nous décrivons une stratégie de synthèse adaptée à l’obtention de 

pérovskites quaternaires en utilisant des milieux sels fondus, un chauffage micro-ondes 

innovant, et l’ajustement des conditions d’oxo-basicité du milieu fondu. Nous étudions ensuite 

la relation entre magnétisme et électrocatalyse dans le cas d’école de nanocristaux de 

La0.7Sr0.3MnO3 obtenus en sels fondus. Nous développons ainsi un dispositive permettant de 

déclencher des changements de propriétés électrocatalytiques pour la reduction du dioxygène 

en appliquant un champ magnétique. Nous mettons en avant l’importance de la composition de 

l’électrolyte pour l’amélioration des propriétés électrocatalytiques sous champ magnétique. 

Enfin, nous abordons un autre moyen de modifier par un stimulus les propriétés de pérovskites 

nanométriques, en développant la synthèse de nanocristaux de perovskite dopées avec divers 

métaux, puis en déclenchant pour la première fois l’exsolution de ces cations métalliques à la 

surface des matrices perovskites nanométriques.  

 

Mots clés : [pérovskite manganèse, oxyde, nanoparticules, synthèse en sels fondus, réaction de 

réduction de l’oxygène, exsolution, magnétisme] 


