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Chapter 1

Introduction

1.1 The need for new energy carriers

With global temperatures constantly increasing at rates never seen before,[1] fossil fuels

are being disregarded and many countries are trying to replace them with less impacting

energy sources. Coal, oil and gas are slowly giving way to other forms of energy, such as

nuclear (with the consequent issues about waste disposal, even for most recent versions

of nuclear reactors) and renewable energies (solar, wind, hydroelectric, geothermic and so

on).[2]

One of the main issues, though, is that while fossil fuels can be used both as energy

source and energy carrier (they are indeed delivered to any final user in various refined

compositions such as petrol, gasoline, gas), some renewable energy sources have an un-

stable electricity production that is transmitted in a small amount of time to the device

that needs it. What if we generate a lot of electricity when it is not needed, or need

more when the natural sources are not available? Electricity could be stored in batteries,

but producing batteries for the whole world is difficult, and even the growing demand

for just car batteries is thought to be sustainable only if the lithium content per kWh

is decreased.[3] Besides, delivery would still be an issue in terms of weight and size (the

energy density, compared to fuels, is very low).[4]

For energy storage and delivery various synthetic fuels are being taken into account

as possible energy carriers: energy from various renewable sources (in form of electricity,

heat or light) can be used to sustain unfavourable reactions, activating molecules such

as CO2, H2O and N2, transforming them in products with high energy density as CH4

or other hydrocarbons, H2 and NH3. These chemicals can then be stored, delivered and

consumed in high-efficiency systems as Fuel Cells.
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Chapter 1. Introduction

Furthermore, the byproducts of the involved reactions (usually oxidations) are the

same small molecules mentioned before: with adequate capture systems, these could be

then converted again to fuels (always employing renewable or sustainable energy sources),

realizing a closed system with net-zero emissions.[5]

1.1.1 Why hydrogen?

Hydrocarbons, hydrogen, ammonia all have various pros and cons, in terms of com-

patibility with present systems, toxicity, products (e.g. CO2 for hydrocarbons), ease of

storage and so on.

Hydrogen in particular has several interesting positive aspects: it has one of the highest

energy densities if compared to other fuels (about 33kWh/kg),[6] no dangerous or toxic

byproducts are produced in its consumption (steam being the only one) and there are

many efficient technologies already developed for its use. At the moment, the employment

of this carrier faces three main issues, two of which are the difficulty of storage (it is usually

stored in tanks at a very high pressure, about 700 atm) and the flammability in the case

of liquid/pressurized hydrogen. These problems might be solved, at least partially, by

innovative storage solutions such as incorporation in metal alloys or adsorption on porous

structures.[7]

Figure 1.1: Sources of hydrogen production.[8] Figure 1.2: Some of the various applications of
hydrogen.[9]

The third issue is the key point that led to the writing of this thesis: nowadays, the

vast majority of hydrogen used for all applications (be it energy or chemicals) comes

from hydrocarbons. Almost of 82% of it is the so-called “grey” hydrogen, produced from

natural gas through reforming (about 62%) or extracted from coal: this means that the

CO2 emissions are not lowered by the usage of this type of fuel. Almost 18% is obtained

as byproduct of other reactions. A small fraction (0.7%), then, is “blue” hydrogen, also

reformed from hydrocarbons, but with Carbon Capture systems.
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1.1. The need for new energy carriers

Finally, just 0.04% is the true “green” hydrogen, obtained through water splitting

fuelled by renewable energies (mainly electricity, through electrolysis), therefore without

contributing to the emission of pollutants into the environment.[8] Green approaches to

hydrogen production through electrolysis are being developed, with even the use of sea

water.[10]

1.1.2 Green hydrogen production

Besides the aforementioned electrolysis, other ways of splitting water involve solar light

(photolysis) and heat from the Sun or other sources (thermolysis). These routes are less

explored than electrolyzers and there is plenty of room for improvement.[11] In particular,

this thesis will deal with catalysts for thermocatalytic water splitting, thought to be

employed in solar concentrators.

In such structures, light from the Sun is reflected on curved mirrors and directed on the

catalyst placed in the focal point, reaching temperatures up to 2000 ◦C.[12] The catalyst

is usually a reducible oxide that can release part of the oxygen in a reaction of thermal

reduction, with general equation

MOx
∆−−→ MOx–δ +

δ
2
O2

After that, a second step involves an oxidation from water, bringing the oxide back to

its original composition:

MOx–δ + δH2O(g) −−→ MOx + δH2

This second reaction allows the regeneration of the starting material. These two re-

actions form a thermocatalytic cycle which, if repeated, can produce good amounts of

hydrogen gas.

Various oxides are used for this kind of reactors, identifying two main categories:

volatile and non-volatile. In the first case, the reduced oxide is in the gas phase, having to

undergo a solid-to-gas transition followed by a gas-to-solid one (it is the case of ZnO/Zn,

GeO2/GeO and others), while in the second the oxide stays in the same phase (usually

solid) in all steps (for oxides such as Fe3O4, CeO2, perovskites and so on).[12]

Despite having high theoretical capacity of hydrogen production (since the reduction

is stoichiometric, releasing a great amount of oxygen), volatile oxides are very difficult to

deal with, because the phase transition (mainly in the gas-to-solid step) requires precise

control of the morphology in order to avoid sintering and to obtain a material that can

exchange oxygen again as in the first step. Catalyst synthesis usually follows precise steps

to produce a material in the desired phase and structure, while reaction conditions might

not be favourable to the restoration of the same properties.

9



Chapter 1. Introduction

Materials employed in non-volatile processes, on the contrary, can retain their morphol-

ogy, even though they might undergo some phase changes in the case of stoichiometric

reduction of the oxides. This is avoided in the case of partial reduction of the material,

in which metal ions change their oxidation state without re-arranging the crystal lattice,

and in the case of substoichiometric oxygen release, in which vacancy formation allows

the exchange of a part of the reticular oxygen without altering the structure. This will

be further discussed in section 1.3.[13,14] For this reason, this simpler approach has been

chosen, focusing on tuning the activity of materials whose morphology is stable.

1.2 State of the art

For non-volatile cycles, three main categories of catalysts are used: ferrite-, ceria-, and

perovskite-based oxides.

In the first case, the starting point is Fe3O4, which can be doped with various cations

to increase reducibility and enhance stability (Mg,Mn,Co, etc.); the cycle oscillates be-

tween Fe3O4 and FeO, with a stoichiometric reduction of the material.[15] The best results

have been obtained with Nickel-doped ferrites, with reduction temperatures below 1400-

1500 ◦C, but with low cycling stability.[16,17] The obtained H2 per cycle is ∼15mL/g.[18]

CeO2 reduction, on the other hand, happens with a non-stoichiometric release of oxy-

gen, in a CeO2/CeO2 –δ redox pair.[19] Reduction temperature lays between 1400 and

1500 ◦C, as for ferrites. The obtained hydrogen depends on the dopants and the support

material, spanning between less than 4mL/g for simple CeO2 reduced at 1400 ◦C[20] and

more than 8mL/g for Zr-doped ceria.[21]

In a similar manner, even perovskite oxides have a step of reduction that consists mainly

in the formation of oxygen vacancies in the crystal lattice and the general catalytic couple

is ABO3/ABO3 –δ. Both reduction temperature and hydrogen production can vary heavily

with the composition, with the former falling between 1000 ◦C and 1400 ◦C and the latter

between 2mL/g and 20mL/g.[22]

It can be observed that, with the objective of keeping temperatures relatively low,

perovskites are the best candidates. In particular, in two recent works by Pérez et al.[23]

and Orfila et al.[24] two perovskites, respectively La0.8Al0.2NiO3 and La0.8Sr0.2CoO3, prove

themselves capable of producing good amounts of hydrogen (4.4mL/g and 15.8mL/g

respectively) at low reduction temperature (800 ◦C and 1000 ◦C).

Some of the most relevant materials are detailed in table 1.1, focusing on reduction

temperature and oxygen release. Where it has not been declared in literature, the released

10



1.3. Perovskites

oxygen is calculated assuming a stoichiometric 2:1 ratio between hydrogen and oxygen

and denoted with an asterisk.

Table 1.1: State-of-the-art materials for thermocatalytic water splitting.

Material Tred (◦C) H2 (mL/g STP) O2 (mL/g STP)

NixFe3–xO4
[18] 1400 11 5.5*

NixFe3–xO4/ZrO2
[18] 1400 15 7.5*

CeO2
[21] 1450 3.8 1.9*

Ce0.8Zr0.2O2
[25] 1400 9.5 4.8*

LaCoO3
[26] 1300 / 8.3

La0.65Sr0.35MnO3
[27] 1400 / 3.7

1.3 Perovskites

Perovskites are a type of metal oxide with general formula ABO3. A and B are two

cations, usually with A larger than B. This class of materials is named after CaTiO3,

which in turn gets its name from Lev Perovskij (1792-1856), a Russian mineral collector.

The crystal system of CaTiO3 is cubic (space group Pm3m-Oh), with 12-fold coordination

for Ca and 6-fold for Ti, as in figure 1.3.[13]

Figure 1.3: Typical ABO3 perovskite structure.[22]

Nevertheless, the composition is greatly variable, with many dodeca-coordinated cations

that can occupy the A-site (such as Sr2+, Ba2+ and several rare earths as La3+, Ce3+,

Nd3+ and so on) and many hexacoordinated cations in the B-site (often transition metals,
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Chapter 1. Introduction

for example Co3+, Mn3
+, Ti4+). The charge balance needs to be maintained, but +3/+3,

+2/+4 and +1/+5 combinations can be found.

Sometimes, two or more ions can contribute to the total composition of one site: this

is the case of doped perovskites, with general formula Ai
1–xA

ii
xBO3 or ABi

1–xB
ii
xO3.

1.3.1 Distortions

Despite the cubic perovskite being the standard one, the same coordination numbers

can be arranged in different structures in the case of ions with different sizes, with or-

thorhombic, rhombohedral, tetragonal, monoclinic, and triclinic geometry. In 1926, V.

M. Goldschmidt derived a tolerance factor that could foresee the geometry of the desired

phase starting from the ionic radius of the metals:[28]

t =
rA + rO√
2(rB + rO)

(1.3.1)

The ideal perovskite (SrTiO3) has t = 1.00 and cubic structure. Deviation from this

value correspond to a higher stability of other geometries:[29]

� t > 1: hexagonal;

� 0.89 < t ≤ 1: cubic;

� 0.8 < t ≤ 0.89: orthorhombic and rhomboedral;

� t ≤ 0.8: various structures, such as ilmenite.

1.3.2 Nonstoichiometry

In perovskites, the deficiency of a part of the ions in the crystal lattice is fairly common,

leading to substoichiometric compounds. In particular, oxygen vacancies are the most

common, usually leaving regular holes in the lattice.[13]

The amount of vacancies depends on the composition of the perovskite, being a very

tunable property. In particular, in lanthanum perovskite doping in the A-site with alkaline

earth metals allows a higher degree of oxygen deficiency because of the different charge.

Among them, strontium is the most used because of the high size compatibility: ionic

radius for dodeca-coordinated La3+ is 1.50 nm, while for Sr2+ it is 1.58 nm.[30] Furthermore,

the charge difference between strontium and lanthanum is compensated by oxidation of

B-site cations (usually in +3 oxidation state in the case of LaMO3), with the formation

of M4+ species which are more readily reduced.[14]

Good results have been observed even with just 20% of strontium content in the A-site,

12



1.4. Investigated materials

with an increasing oxygen release with higher percentages.[31] It has to be noted, though,

that higher strontium content results in a more difficult oxidations step (a higher pressure

of water vapour is needed).[32] For this reason, only perovskites with A-site composition

of La0.8Sr0.2 and La0.6Sr0.4 have been taken into account.

1.4 Investigated materials

The objective of this work is to obtain catalysts for low-temperature water splitting

to be employed in solar concentrators. Using a lower temperature allows to have more

tolerant requirements for the structure and, possibly, to use heat sources other than sun

for the reaction.[33,34]

With this objective, the work will be structured in the following steps: the start-

ing materials of choice have been two perovskite oxides, namely La0.8Al0.2NiO3 and

La0.8Sr0.2CoO3,
[23,24] mentioned in section 1.2, chosen because of their low reduction tem-

perature (800 ◦C and 1000 ◦C respectively). Then, the substitution (at least partial) of

cobalt and nickel has been pursued, with candidate ions known for their catalytic activity

for these reactions and compatible in size. In particular, iron and manganese have been

chosen, since the synthetic route of lanthanum perovskites with these B-site cations is

known and they are known to be active in similar reduction reaction (both of H2O and

CO2).
[35–39] Besides, the ionic radii (rMn = 0.72 nm, rFe = 0.69 nm) are compatible both

with Ni (rNi = 0.70 nm) and Co (rCo = 0.685 nm) while in hexacoordination,[30] and the

precursors happen to be much less toxic than those of nickel and cobal.[40]

While considering the composition of the first literature perovskite, La0.8Al0.2NiO3,

some doubts on the effective stability emerge. The A-site doping with aluminium is

incoherent with the size of the ions, since rLa = 1.50 nm and rAl = 0.675 nm (less than

50% of rLa). A B-site doping would be more reasonable, as rNi = 0.70 nm. Besides,

the reported Al radium is measured for the hexacoordinated +3 ion, while lanthanum is

dodeca-coordinated (as the typical A-site ion), and there is no value for aluminium in a

similar coordination. The same coordination is observed for nickel and is typical of B-site

ions.

In their work, Pérez et al.[23] cited a previous work by Wang et al.[41] in which the

effect of A-site Al doping in SrTiO3 is investigated through means of first-principle cal-

culations, to support the hypothesis of Al going in the A-site. Nevertheless, typical

aluminium doping in similar perovskites have always been observed to have an effect in

the B-site of the perovskite, for various perovskites such as La1–xAxMn1–yAlyO3,
[31,37,42]

13



Chapter 1. Introduction

and SrFe1–xAlxO3.
[43]

For this reason, the possibility that the actual composition is LaAl0.2Ni0.8O3 has been

taken into account and will be discussed in section 3.1 while illustrating the results of the

various syntheses.

1.5 Aim of the thesis

In the following work, the previously mentioned perovskite oxides will be synthesized,

analysed and evaluated as possible catalysts for thermochemical water splitting below

1000 ◦C. The synthetic route will be balanced between obtaining good and pure materials

and employing simple precursors, that allow a scalable synthesis with low environmental

impact, following the green chemistry principles.[44]

The synthesized materials will be analysed by means of XRD and SEM to sample

the crystal structure and morphology, EDX and XPS to analyse composition (the latter

exploited also for oxidation states analysis), N2 adsorption for surface area measurements.

Details of the employed instruments are specified in section 2.3.

The catalytic activity will be measured through TPR (Temperature Programmed Re-

duction) first, in H2 flow, and through TPD-TPO (Temperature Programmed Desorption

- Oxidation) cycles. In the second case, the material is heated in a helium flow up to

1000 ◦C, re-oxidised in 5% O2-He flow, then thermally reduced again.

14



Chapter 2

Experimental

In this chapter, the experimental approach followed in the research activity will be

discussed. After a concise list of the chemicals used during the syntheses, the synthetic

routes and the characterisation methods will be explained in detail.

2.1 Chemicals

Metal precursors:

� Al: Al(NO3)3 · 9H2O, ≥ 98.5%, Emsure

� Co: Co(C5H7O2)3, 97%, Aldrich

� Fe: Fe, 99.98%, Aldrich

� La: La2O3, ≥ 99.9%, Aldrich

� Mn: (CH3COO)2Mn · 4H2O, ≥ 99%, Aldrich

� Ni: Ni(NO3)2 · 6H2O, ≥ 97.0%, Aldrich

� Sr: Sr(NO3)2, ≥ 98%, Sigma-Aldrich

Complexing agents and others:

� Ammonia, 32%, Supelco

� Citric acid monohydrate, ≥ 99.0%, Aldrich

� Ethylene glycol, ≥ 99.0%, Emplura

� Nitric acid, ≥ 65%, Sigma-Aldrich

15



Chapter 2. Experimental

2.2 Synthesis

Based upon the previous considerations in section 1.3 and 1.4, the investigation will

start from “La0.8Al0.2NiO3”/LaAl0.2Ni0.8O3 (referred to as LAN) and La0.8Sr0.2CoO3 (LSC),

assessing their activity to test the reproducibility. The first perovskite has proven to be

very difficult to obtain with good purity, and a segregation of NiO and other perovskite

phases is always observed. For this reason a partial substitution of the B-site cation has

been operated only on LSC: first with 10% of nickel, to determine the contribution of an

element known to work well for this reaction, in particular in ferrites,[18,45–47] and then

with 25% and 50% of iron and manganese, to test the dependence of the activity on the

percentage of doping. On top of that, the two 25% compositions have been also synthe-

sized with a different A-site dopant content (La:Sr=6:4), to measure how much the A-site

ratio affects oxygen release.

In the following table, all the compositions are clarified.

Table 2.1: Target materials and their abbreviations.

Composition Abbreviation

LaAl0.2Ni0.8O3 LAN
La0.8Sr0.2CoO3 LSC
La0.8Sr0.2Co0.9Ni0.1O3 LSCN10
La0.8Sr0.2Co0.5Fe0.5O3 LSCF50
La0.8Sr0.2Co0.75Fe0.25O3 LSCF25
La0.6Sr0.4Co0.75Fe0.25O3 LS40CF
La0.8Sr0.2Co0.5Mn0.5O3 LSCM50
La0.8Sr0.2Co0.75Mn0.25O3 LSCM25
La0.6Sr0.4Co0.75Mn0.25O3 LS40CM

The synthesis of the target materials follows a simple self-combustion synthesis route,

which is cost- and time-effective on laboratory scale, besides usually yielding pure products

in the desired phase and morphology. Each synthesis was set to give 2 grams of product;

final yields ranged between 81.8% and 96.4%. In particular, two main methods have been

followed, which are illustrated in the following paragraphs.

2.2.1 Marcilly method

Described by Christian Marcilly in 1970,[48] Marcilly method uses citrate as chelating

agent. Nitrates of the desired metals (or other salts, oxides or even the metallic element,

to which a stoichiometric amount of HNO3 is added) are dissolved in water, together with
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2.3. Characterization

an excess of citric acid, which acts as chelating agent for a better dispersion of the cations,

and HNO3, which will serve as oxidizing agent in the combustion (the total amount of

65% nitric acid follows the ratio 9mL:1 g for each gram of desired product). The solution

is heated at 70 ◦C for two hours, after which NH3 is added until the pH reaches a value of

7. Then, the solution is heated even further (90-100 ◦C, hotplate at 140 ◦C) and allowed

to evaporate until the resulting material is dry (usually, 24 h).

The obtained product is then heated at over 350 ◦C, temperature at which the auto-

combustion process begins. The citrate, which acts as complexing agent for the metal

ions and thus mixes them randomly, reacts with the nitrate giving an amorphous network

in which metals, oxygen and the leftover organic part are intimately mixed. This is then

ground and calcined in an oven to remove the remaining carbon and to re-crystallise the

mixed oxide in the single, desired perovskite phase. All the materials were heated with

a ramp of 10 °C/min and then kept at 800 ◦C (for LAN) or 1000 ◦C (for all the other

perovskites) for 6 h. The cooling ramp used the same rate.

A citrate:metal rate of 1.9 has been used in the synthesis of La0.8Sr0.2CoO3,

LaxSr1–xCo1–yMnyO3 and LaxSr1–xCo1–yFeyO3, known to work well in the synthesis

of LaCoO3-based perovskites.[49,50]

2.2.2 Pechini method

Maggio Pechini patented a similar method in 1967,[51] using citrate and ethylene glycol

as complexing agents. The procedure is similar to Marcilly route, but ethylene glycol

(EG:M=6:1) is added before heating at 70 ◦C for 2h.

This method proved to be suitable for oxides more susceptible to segregation, such as

those containing nickel, that has the tendency to segregate as NiO. For this reason, it has

been applied for the synthesis of La0.8Al0.2NiO3 and La0.8Sr0.2Co0.9Ni0.1O3. The citrate

to metal ratio, which is 1.5, was chosen following Pérez et al.[23] for LAN synthesis and

applied to LSCN10 because of the presence of nickel.

Calcination conditions are the same as the previously mentioned ones.

2.3 Characterization

Powder X-Ray Diffraction (XRD) analysis was performed in order to identify the

phases that are contained in the product. A Bruker D8 Advance diffractometer in

Bragg–Brentano geometry was employed, with a Cu Kα source (λ=0.154 nm). The pat-

terns were acquired in the range of 2θ=20-80°, with steps of 0.02° and dwell time of
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0.35 s/step.

Scanning Electron Microscopy (SEM) images were acquired with a Zeiss SUPRA 40VP

microscope at 5 kV. For quantification of elements, SEM was coupled with Energy-

Dispersive X-ray analysis (EDX) at 20 kV. In the following chapter, images at mag-

nification of 5000x and 25000x will be shown. Images at 15000x magnification can be

found in Appendix A.1.

N2 adsorption isotherms were collected at −196 ◦C with a Micromeritics ASAP2020

Plus instrument, in the relative pressure range (p/p0) of 0.01–1.00, and vice versa; prior

to experiments, the samples (0.5 g to 1.0 g) were outgassed in a vacuum (p<1.3Pa) at

300 ◦C for 3 h. Specific surface areas (SSA) were determined according to the Brunauer

— Emmett — Teller (BET) model.[52]

X-ray Photoelectron Spectroscopy (XPS) was performed with a Thermo Scientific ES-

CALAB QXi spectrometer, employing a monochromatized Al Kα source (hν=1486.68 eV)

and a charge compensation gun. Survey spectra were acquired at 100 eV pass energy,

0.5 eV/step and 25ms/step dwell time. Elemental quantification was carried by the inte-

gration of the photopeaks, after Shirley-type background subtraction.

2.3.1 Crystallite size

The broadening of reflections observed in a diffraction pattern can be related to the

size of the smallest coherently-diffracting domains, so-called crystallites.[53] Crystallite

size can vary from few nanometres to several micrometres, and their size depends on the

prevalence of nucleation over growth (small crystallites) or vice-versa.

Depending also from the shape factorK and the X-ray wavelength λ, from the reflection

position θ and the FWHM (Full Width at Half Maximum) β the crystallite average

diameter τ can be calculated through the Scherrer equation:[54]

τ =
Kλ

β cos θ

2.4 Activity assessment

Temperature Programmed Reduction (TPR), Desorption (TPD) and Oxidation (TPO)

measurements were performed with a Micromeritics Autochem II 2920 instrument, with

TC detector at 175 ◦C.
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2.4.1 TPR

50mg of the obtained product were placed in a U-shaped quartz reactor over some

quartz wool to keep it in place. After 15 minutes of purging in 50 sccm 5% H2/Ar at

room temperature, the same gas flow was kept while heating at 10°C/min up to 900 ◦C.

The TCD reading was used to measure the consumed H2 that reacted with the oxide to

give H2O, conveniently condensed in a cold trap kept at about −80 ◦C. The consumed

hydrogen is quantified through a previously conducted calibration.

2.4.2 TPD—TPO

For evaluation of oxygen exchange properties, 200mg of sample were placed in the

aforementioned reactor. After proper purging, 50 sccm of He were flowed in the reactor

under a temperature ramp of 10 °C/min up to 600 ◦C and then of 5 °C/min up to 1000 ◦C

measuring the thermal conductivity with the “clean” flow as reference. This, coupled

with an appropriate calibration, allowed to quantify the released oxygen.

At high temperatures, some of the materials release oxygen as a continuous flow and not

in peaks like some others (for instance, LSC), so it was difficult to discern the baseline drift

and the oxygen contribution. For this reason, at every hundred degrees starting at 600 ◦C

(the oxygen release at lower temperature is usually negligible) the ramp was suspended

and the reactor was excluded from the gas flow, to have a reference measurements of the

He flow without O2 contribution.

On top of that, four measurements of an empty reactor with a were conducted, in

order to subtract the contribution of the instrument itself (that is very sensible to slight

changes of the experimental set-up). To quantify the apparent oxygen, a mass of 200mg

was set in the program, which is the mass of the samples used, allowing the subtraction

of an equivalent contribution to the background.

After the first TPD cycle, an oxidation in 50 sccm 5% O2/He for the whole cooling

ramp (to 100 ◦C) with a 30min break at 850 ◦C was performed, in order to restore the

previously released oxygen. After that, a further heating cycle in helium was conducted

to investigate the cyclability of the material.

2.4.3 Reproducibility

To have an insight on the reproducibility of the conducted measurements, the error

was calculated on the measured backgrounds. The raw values are given in the table 2.2

with, as penultimate line, the average and relative error. Average
Error

ratio is reported in the
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last line.

Table 2.2: Background values for each interval (in ◦C) for oxygen release, in mL/g.

Background 600-700 700-800 800-900 900-1000

B1 1.8907 2.0452 2.1012 3.4787
B2 1.7982 1.8073 1.9697 3.3156
B3 2.0987 2.0400 2.1104 3.1704
B4 1.8948 1.9418 2.1071 3.0866

Average±error 1.92± 0.13 1.96± 0.11 2.072± 0.068 3.26± 0.17

A/E 6.6% 5.7% 3.3% 5.3%
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Characterisations

3.1 LAN

3.1.1 Crystal structure

As discussed in section 1.4, this first material posed some issues in terms of synthesis of a

pure phase. La-Al-Ni perovskite was chosen because of its low reduction temperature and

high activity in the water splitting reaction. The literature composition La0.8Al0.2NiO3

proved to be unrealistic for geometric constraints over the ion size. Therefore, it has been

changed to LaAl0.2Ni0.8O3. The most representative synthetic attempts are illustrated, in

order to discuss both compositions and both synthetic routes.

Diffraction patterns of the first composition highlights the presence of many impurities,

with a great amount of segregated NiO phase. This happens with samples synthesized

both with Marcilly and Pechini method, as can be seen in figure 3.1. Moreover, a relevant

amount of Ruddlesden-Popper perovskite La4Ni3O10 can be observed, in particular from a

series of close diffraction reflections at about 2θ = 42°.[55] The selection of this composition,

LaAl0.2Ni0.8O3, immediately leads to a great decrease of the free NiO phase even through

Marcilly route, but it is only with Pechini method that a sufficiently pure sample is

obtained.

The calculated Goldschmidt tolerance factor is 1.017, which predicts an hexagonal

system:[29] this is in agreement with the observed diffraction pattern, that matches the

one of hexagonal LaAl0.1Ni0.9O3.

The crystallite size, calculated through Scherrer’s equation, is fairly low. The table 3.1

sums up the results, that are all around 20 nm.
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Figure 3.1: Diffraction pattern of the various La - Al - Ni perovskites.

Table 3.1: Crystallite size of LAN perovskites.

Sample Crystallite size (nm)

“La0.8Al0.2NiO3”/M 19.9
“La0.8Al0.2NiO3”/P 23.4
LaAl0.2Ni0.8O3/M 21.2
LaAl0.2Ni0.8O3/P 18.0

Post-reaction

Only one of the synthesized samples was chosen for further characterisations and inves-

tigation of the activity. This happens to be the last illustrated one in the previous figure,

which shows the lowest contamination of undesired phases. In figure 3.2, its diffraction

pattern is compared to the pattern of the same sample after two catalytic cycles (a thermal

reduction followed by an oxidation in 5% O2/He and then another thermal reduction).

The sample composition is preserved only partially. An increase of NiO and La4Ni3O10

can be seen by the relative intensity of the reflections. New reflections at 2θ = 23.9° and

31.2° suggest the formation of a new phase: the best hypothesis is the RP perovskite

La2NiO4.
[55]

This suggests that the cyclability of the material is hard to obtain, with the impurities
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rising for every new cycle performed on it.

Figure 3.2: Diffraction pattern of the purest LAN perovskite, before and after the red-ox-red
cycle.

3.1.2 Morphology

As can be seen in figures 3.3 and 3.4, the material shows a fine structure made of

both bigger (about 10µm) and smaller (≤ 1 µm) scale-like particles. Overall, it has the

appearance of a compact material.

Figure 3.3: LAN — 5000x Figure 3.4: LAN — 25000x
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Post-reaction

SEM images of the post-reaction material (figures 3.5 and 3.6) show some differences

in the morphology, in particular some sintering between particles (although it might be

due to different morphologies in the same material), but many of the observable features

are maintained.

Figure 3.5: LAN post-reaction — 5000x Figure 3.6: LAN post-reaction — 25000x

3.1.3 Composition

Table 3.2: EDX composition of LAN.

Element Theoretical Fresh Post-reaction

La 1.00 0.97 1.14
Al 0.20 0.22 0.25
Ni 0.80 0.81 0.61

EDX measurements on the composition of the sample, as in table 3.2, show that the

synthesis was successful in keeping the right proportion between the cations and that

there is not any significant segregation in the first micrometres of the sample. It was not

possible to obtain good results through XPS survey, since the main peaks of La, Al and Ni

have a partial overlapping that makes it impossible to quantify the proportions of these

elements.(source)

Post-reaction

After the two catalytic cycles, there is an increase of the La:Ni ratio measured by EDX.

This can be explained by the segregation of a La-rich phase (La2NiO4), as seen in the

diffraction pattern.
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3.1.4 Surface area

The specific surface area (SSA), measured through N2-physisorption (see chapter 2),

is 9.86 ± 0.14m2/g. This is coherent with literature values for LaNiO3 synthesized with

Pechini’s method, that range between 6m2/g and 12m2/g depending on the calcination

temperatures.[56]

Figure 3.7: Isotherms of LAN in N2. Figure 3.8: Pore size distribution of LAN.

Figure 3.7 depicts a typical adsorption isotherm of a perovskite as those investigated

in the thesis activity. Isotherms of all the other materials are illustrated in the Appendice

(figures A.18 to A.25) and they all confirm the mesoporosity of the materials.[52]

Pore size distribution curve is illustrated in figure 3.8. The most common pore size is

2.8 nm, with the majority ranging between 1.9 nm and 6.6 nm: the material is mesoporous,

with some degree of microporosity.[57]

3.1.5 TPR

The TPR profile of this first material, as illustrated in picture 3.9, shows a series of

peaks, corresponding to temperature ranges in which hydrogen is consumed while reacting

with the material in a reduction reaction. The first two stages, close in temperature, have

their maximums at 370 ◦C and at 425 ◦C respectively.

They match really closely those reported for pure LaNiO3, that fall at 368 ◦C and

480 ◦C.[58] The second one falls about 55 ◦C lower than the literature peak: this could be

a sign that the Al doping is indeed effective in allowing an easier reduction of the material.

The two processes that underlie these two peaks are the two steps of reduction of Ni3+

in the perovskite: the first peak is the Ni3+ −−→ Ni2+ step, followed by Ni2+ −−→ Ni0.[58]

The total consumption of H2 in these two processes, however, accounts for about a third
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of the material (0.38mol/mol of H2 versus 0.8mol/mol of Ni in LAN, in a reaction with

stoichiometric ratio Ni3+:H2=2:3).

The remaining broad peak, with a maximum at about 700 ◦C but spreading between

590 ◦C and almost 900 ◦C, accounts for 0.25mol/mol of H2 more. It is unlikely to be

attributed to Al, since both LaAlO3 and Al2O3 do not react with hydrogen at temperatures

below 900 ◦C.[59,60] This last peak probably still belongs to the series of Ni reductions, for

a total of 0.63mol/mol of H2 consumed, which is about 53% of the amount of Ni in the

sample (considering a 2:3 ratio of H2:Ni for total reduction of Ni3+ −−→ Ni0). It has

been observed previously that NiO or other nickel compounds can be stabilised if they

are supported by other materials, such as alumina, giving a broad peak in the TPR profile

at much higher temperatures than unsupported NiO, which usually falls between 200 ◦C

and 250 ◦C.[61,62]

Figure 3.9: TPR profile of the LAN perovskite.
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3.2. LSC — LSCN

3.2 LSC — LSCN

3.2.1 Crystal structure

LSC material, with composition La0.8Sr0.2CoO3, was reported in literature as very

active in water splitting at low temperatures and for this reason it has been chosen as

starting material to work with. The first operated substitution was a B-site doping with

nickel, La0.8Sr0.2Co0.9Ni0.1O3 (LSCN10).

The synthesis of LSC material proved to be straightforward, being it obtained through

standard Marcilly route with high purity. LSCN10, on the other hand, needed Pechini

route to avoid high segregation of NiO.

For both of them, the main byproducts was a Ruddlesden-Popper perovskite phase

La1+xSr1–xMO4, with M being either Co or Ni in the case of LSCN10: this can be observed

mainly through the highest reflection at 2θ = 31.7°, as in figure 3.10. La1+xSr1–xCoO4 and

La1+xSr1–xNiO4 have very similar diffraction patterns, with many reflections overlapping:

the few visible reflections are highlighted with ochre squares and are very low in intensity.

For this reason, even the reflection at 2θ = 31.7°, due to a FWHM of 2θ = 0.18°, does

not allow the discrimination between the Co and the Ni species. However, the increase

in intensity in comparison to the undoped material of the 31.7° reflection, which is very

subtle, might suggest that at least part of the Nickel is part of the crystal structure of

the perovskite material.

As predicted by the Goldschmidt tolerance factor, which is higher than 1.01 for both

perovskites, the system is hexagonal, matching in all reflections the selected reference

(COD 1533518).[55]

The crystallite size, calculated through Scherrer’s equation, is higher than the previous

material, both of the two LSC oxides being above 40 nm (the precise values are in table

3.3).

Table 3.3: Crystallite size of LSC — LSCN10 perovskites.

Sample Crystallite size (nm)

LSC 52.1
LSCN10 43.7
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Figure 3.10: Diffraction pattern of the two LSC-based materials.

Post-reaction

The comparison between fresh and post-reaction LSC material is shown in figure 3.11.

There is not any particular difference to notice, in agreement with the literature regarding

the material,[24] confirming the high resistance to sintering and degradation during many

catalytic cycles.

On the other hand, LSCN10 (which didn’t have a great purity even when fresh — see

figure 3.12 for comparison) shows a sharp increase in the secondary phases after just two

cycles of reduction (the diffraction pattern is in Appendix A, figure 3.12). The increase

of La1+xSr1–xMO4, with M being either Co or Ni, is relevant; moreover, a phase of cobalt

oxide, highlighted with blue squares, appears.

This suggests that the material is unstable over a long number of cycles and there-

fore not suitable for catalytic applications, since the integrity of the original phase is

compromised.

3.2.2 Morphology

Both the materials have scale-like morphology with particles ranging between more

than 10 µm and about 2-3 µm. The scales show high macroporosity. Figures 3.13 to 3.16
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Figure 3.11: Comparison between LSC diffraction patterns before and after the red-ox-red cycle.

Figure 3.12: Comparison between LSCN10 diffraction patterns before and after the red-ox-red
cycle.
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show images of these two materials at 5000x and 25000x.

Figure 3.13: LSC — 5000x Figure 3.14: LSC — 25000x

Figure 3.15: LSCN10 — 5000x Figure 3.16: LSCN10 — 25000x

Post-reaction

After two catalytic cycles, the morphology (figures 3.17 to 3.21) does not show relevant

differences. The reticulate structure of the scales is preserved.

Figure 3.17: LSC post-reaction — 5000x Figure 3.18: LSC post-reaction — 25000x
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Figure 3.19: LSC post-reaction — 25000x

Figure 3.20: LSCN10 post-reaction — 5000x Figure 3.21: LSCN10 post-reaction — 25000x

3.2.3 Composition

Table 3.4: Composition of LSC.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.80 0.84 0.77 0.78 0.69
Sr 0.20 0.18 0.35 0.26 0.35
Co 1.00 0.98 0.89 0.96 0.96

The measured EDX composition, reported in tables 3.4 and 3.5, is almost coherent

with the theoretical one in the case of LSC, with a 5% excess of Co and a 10% defect of

Sr, while in LSCN10 the percentage of Sr is lower than expected of about 30% and Co in

a 13% excess. This might be due to a segregation of a Co-rich and Sr-poor phase in the

first layers.

In the case of LSC, the slight excess of La and defect of Sr in the EDX quantification

can be explained by the XPS composition, which shows a great excess of Sr on the surface
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Table 3.5: EDX composition of LSCN10.

Element Theoretical Fresh Post-reaction

La 0.80 0.73 0.95
Sr 0.20 0.14 0.25
Co 0.90 1.02 0.69
Ni 0.10 0.12 0.11

(a phenomenon widely reported in literature)[63–66], due mainly to the exposure to high

temperatures in oxidizing environment.[67] This superficial excess must be balanced by

a Sr defect in the deeper layers, which are those investigated by EDX analyses (with a

depth ranging from 30 nm to 1µm), that actually show a La excess.

For LSCN10, the overlapping between Ni2p and La3d3
2
peaks makes it impossible to

determine the exact composition by XPS measurements. Furthermore, since the per-

centage of Ni is just 10% in the B-site, the Ni3p peak at about 70 eV is too weak to be

quantified.[68]

Post-reaction

In LSC, after the two catalytic cycles, there is not any relevant change to note: Sr

remains in large excess, balanced by a defect in La; Co, on the other hand, moved towards

the ideal value. This is a proof of the great stability of the material.

LSCN10, on the other hand, shows an increase in La and Sr percentages, with a decrease

of Co: this might be due to the segregation of La1+xSr1–xMO4 phases, which are rich in

A-site ions.

3.2.4 XPS: qualitative analysis

For LSC (and LSCF50 and LSCM50, as main representatives of LSCF and LSCM

families respectively) a deeper XPS analysis has been conducted, focusing on the main

peak for each element present in the perovskite. Peaks of La3d, O1s, Co2p, Sr3d, C1s

before the reaction are compared to the same elements after two catalytic cycles.

La3d photopeaks (3.22) are characterized by a particularly interesting shape being

composed by at least two contributions for each spin-orbit splitting peak. Focusing on

the 3d5
2
signal, two main components can be observed at 834.9 eV and 838.0 eV. The

component at higher binding energy (BE) is due to a shake-up phenomenon characteristic

of La in oxidation state 3. The peak at lower BE is centred at 834.9 eV in the fresh sample

and at 834.0 eV in the sample after reduction. The slightly different shape is compatible
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with a less relevant presence of hydroxides/carbonates impurities after the treatment.[69]

In the O1s (3.23) signal two main peaks at 528.8 eV and 531.3 eV can be observed.

These two peaks are attributed, respectively, to oxygen in lattice (as that in the perovskite)

and in carbonates and hydroxides terminations, so confirming the suggestions gained by

La 3d peak study.[69] The relative intensity of the two in the fresh material indicates that

the amount of carbonates is high: this is typical for LSC perovskites.[69,70] The main

reason for the increase of the higher BE component in the post-reaction material is the

impurity due to SiO2, with a main peak at 532 eV,[68] residual of the quartz wool used to

realise the catalytic bed.

Figure 3.22: LSC - La3d. Figure 3.23: LSC - O1s.

Figure 3.24: LSC - Co2p. Figure 3.25: LSC - Sr3d.

Co2p (3.24) shows typical cobalt(III) features, with the first main peak (Co2p3
2
) at

about 780 eV. The absence of a satellite at 786 eV allows to exclude the presence of
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Figure 3.26: LSC - C1s.

Co2+.[69] Also in this case the decrease of the Full Width at Half Maximum suggests a

less heterogeneous situation after the reduction treatment.

Sr3d (3.25) shows two close peaks, due to the 3d3
2
and 3d5

2
contributions. The maximum

falls at higher BE than what would be expected for strontium oxide (133.5 eV, compared to

132.9 eV): this is in agreement with a great amount of superficial carbonates, as reported

in literature for LSC, observed even in the diffraction pattern.[69,70]

C1s (3.26) confirms the hypothesis about the presence of a large amount of carbonates.

The most intense peak is due to adventitious carbon, at 284.8 eV, but the peak at higher

binding energies (above 289 eV), typical of O–C––O, is much more intense than what

could be expected for a pure perovskite.[69] The relative intensity of the peak at higher

BE increases after the reaction: this might be indicative of a decrease in purity, although

in disagreement with results for the other elements.

3.2.5 Surface area

Despite the different synthetic route, the two materials show a fairly similar specific

surface area: 3.93± 0.17m2/g for LSC and 3.878± 0.094m2/g for LSCN10.

As a general rule, despite being usually well below 20m2/g,[13] the surface area of

perovskite oxides is highly dependent on the synthetic conditions. In particular, sol-

gel methods usually yield the highest areas, while co-precipitation methods rank the

lowest.[71] It is possible to synthesize perovskites with high surface area (> 25m2/g)

with specific procedures, such as the use of templates, but these procedures are not

easily compatible with the industrial up-scale so, in this thesis work, they have not been

adopted.[72] Moreover, it deserves to be considered that the calcination temperature plays
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the major role in determining the final product’s specific surface area: it has been observed

that calcination above 800 ◦C drastically diminishes those values, bringing them below

10m2/g.[72,73]

Pore size distributions, in figure 3.27, suggest that these two materials are meso-

porous,[57] with maximums slightly above 3.0 nm and a range from 1.9 nm to 7.6 nm.

The surface area of LSC has been measured again after two catalytic cycles, with a

result of 5.31± 0.29m2/g. The reasons of this relevant increase (+35%) are still unclear,

although it is evident that a re-arrangement of the fine morphology (no relevant change

has been observed by means of electron microscopy) has taken place during the heating

cycles. Pore size distribution (in figure 3.27) shows a trend which is similar to the fresh

material, with a maximum for pores that are 3.2 nm in diameter and ranging from 1.8 nm

to 8.2 nm.

Figure 3.27: Pore size distribution of LSC materials.
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3.2.6 TPR

The attribution of the observable peaks (see figure 3.28) for LSC and LSCN10 per-

ovskites is a little bit less straightforward.

LSC shows two main peaks: one at 448 ◦C and one, more intense, at 660 ◦C. Both of

them are quite broad, the first one ranging 320 ◦C to 510 ◦C, and the second one 560 ◦C

to 750 ◦C. In particular, the first peak shows an evident shoulder at lower temperature:

this is a smaller peak hidden by the bigger one, that accounts for the first step of the

reduction. The first process is Co4+ −−→ Co3+, for the small portion of cobalt in +4

oxidation state (hence the lower height of the peak, below 400 ◦C). Then, at slightly higher

temperature, the second step happens (Co3+ −−→ Co2+, between 400 ◦C and 500 ◦C), and

finally Co2+ −−→ Co0, above 600 ◦C.[74,75]

Because of the overlapping between Co(IV) and Co(III) peaks, it is difficult to separate

the contributions: the total consumption of H2 for these two processes is 0.57mmol/g,

which is coherent with the amount of Co in the perovskite (1mol/mol), considering the

stoichiometric ration 2:1 between H2 and Co in the reduction Co3+ −−→ Co2+ (and the

slight excess for Co(IV)). The second peak, with stoichiometric ratio 1:1, amounts to

0.85mol/mol, a reduction of 85% of the total Co in the perovskite. This could be a sign

of the ready availability of the material to the reduction reaction.

Figure 3.28: TPR profile of LSC and LSCN10 perovskites.
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The TPR profile of LSCN10 is similar, with the addition of two sharp peaks at 575 ◦C

and 625 ◦C. It is worth noting that the other two peaks are shifted at slightly lower

temperatures: the first one is at 413 ◦C (ranging from 300 ◦C to 500 ◦C), the second and

narrow one at 575 ◦C (from 550 ◦C to 600 ◦C), and finally the last one at 625 ◦C (ranging

from 600 ◦C to 750 ◦C). Likely, this TPR profile is somewhat the combination of the

previous one and the one for LAN (see figure 3.9): the first peak is due to the reduction

of Co4+ and Co2+, the second one to Ni3+ −−→ Ni2+ and the last one is the overlapping

(as can be seen from the narrow central peak with an evident shoulder at 650 ◦C) of

Ni2+ −−→ Ni0 and Co2+ −−→ Co0. The two nickel peaks fall at temperatures much

higher than those observed for LAN (370 ◦C and 425 ◦C, as in section 3.1): this might be

explained by a stabilisation of the nickel ions due to the different chemical environment

they are in, similarly to what had happened for the peak at 700 ◦C of LAN. In table 3.6,

hydrogen consumption values are summarised.

Table 3.6: Hydrogen consumption of LSC materials in the two main steps of reduction.

Sample Metal (mol/mol) T (◦C) H2 (mol/mol)

LSC 1 (Co)
300-500 0.57
550-750 0.85

LSCN10
0.9 (Co) 300-500 0.51
0.1 (Ni) 550-600 0.24

0.8 (Co), 0.1 (Ni) 600-750 0.28

The hydrogen consumption in the first step, about 0.57mol/mol, is compatible with

the reduction of all the Co(III) in the sample (0.9mol/mol), taking into account the extra

shoulder due to the small amount of Co(IV). However, the first sharp peak (Ni3+ −−→
Ni2+) corresponds to an hydrogen consumption of 0.24mol/mol, much higher than those

expected for the 0.1mol/mol of Ni present in the material. Likely, this is due to the

overlapping between the Ni and Co peaks, that makes difficult a correct evaluation of

the contribution of the two elements. Moreover, the last peak (which should account

for the reductions of both nickel and cobalt to metal, in stoichiometric ratio 1:1 with

hydrogen) shows a very modest hydrogen consumption (0.28mol/mol), showing that not

all the material is available for the reaction.
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3.3 LSCF

3.3.1 Crystal structure

The first series of doped La-Sr-Co perovskites has Fe in the B-site. All the materials

has been obtained with good purity through a Marcilly route. The exact compositions

for each abbreviation is explained in table 3.7.

Table 3.7: LSCF materials.

Composition Abbreviation

La0.8Sr0.2Co0.5Fe0.5O3 LSCF50
La0.8Sr0.2Co0.75Fe0.25O3 LSCF25
La0.6Sr0.4Co0.75Fe0.25O3 LS40CF

It is not possible to compare the diffraction pattern to any pattern in the database,

since there is not any registered material with similar composition. The closest match

is SrCo0.4Fe0.6O3 (COD 1528296)[55] and it has been used as reference in figure 3.29.

Two of the reflections observed for the synthesized material (2θ = 23.0° and 52.9°) are

almost absent in the reference pattern: this appears to be typical of perovskites with Sr

in A-site position, if compared with La-perovskites. This hypothesis is confirmed by the

comparisons between LaCoO3 and SrCoO3 and between LaFeO3 and SrFeO3, as both the

Sr perovskites lack the intense reflections in the mentioned regions.[55] For this reason,

it is clear that the presence of two intense reflections in the experimental pattern which

cannot be seen in the reference is due to the different A-site composition.

The main impurity, as highlighted in the figure, is a Ruddlesden-Popper phase, namely

LaSrCo0.5Fe0.5O4, that has the main visible reflection at 2θ = 31.6°.[55]

The effectiveness of the doping of La0.8Sr0.2CoO3 with Fe can be extrapolated from the

precise position of the reflections. In particular, in figure 3.30 the main peak (between

2θ = 32° and 34°) is compared to those of “pure” phases LaFeO3 and LaCoO3.
[55] For

reference, the reflection of SrCo0.4Fe0.6O3 is shown. In this comparison, LSCF50 falls

in the middle, as it could be expected from this composition, while both LSCF25 and

LS40CF, with Co : Fe = 75 : 25, fall closer to LaCoO3 and more or less in the same

position between them.

All the Goldschmidt tolerance factors of these oxides (detailed in table 3.8) fall in the

range between 1.015 and 1.025, then predicting a hexagonal system. Nonetheless, the

observed patterns agree with a cubic system, as the position and the splitting of the

reflections closely resemble those of the aforementioned SrCo0.4Fe0.6O3, which is indeed
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Figure 3.29: Diffraction pattern of the LSCF-based materials. Figure 3.30: Detail.

cubic. This might be due to the value of Goldschmidt tolerance factor, which is really

close to the threshold value of 1 between hexagonal and cubic systems.

Table 3.8: Goldschmidt tolerance factor of LSCF perovskites.

Sample Tolerance factor

LSCF50 1.016
LSCF25 1.017
LS40CF 1.025

The crystallite size, calculated through Scherrer’s equation, matches that of the previ-

ous materials, ranging from 20 nm to 40 nm. The exact results can be found in table 3.9.

The trend of the size correlates with the percentage of Co in the oxide, with an increase

of 61% from LSCF50 to LSCF25 and of 85% from LSCF50 to LS40CF (both LSCF25 and

LS40CF have 75% Co in the B-site).

Table 3.9: Crystallite size of LSCF perovskites.

Sample Crystallite size (nm)

LSCF50 21.6
LSCF25 34.8
LS40CF 40.0
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Figure 3.31: Comparison between LSCF50 diffraction patterns before and after the red-ox-red
cycle.

Post-reaction

There is not any particular difference to be noted in the pattern after the treatment

of the sample. The same impurity present in the original material can be observed again

(mainly at 2θ = 31.6°) without increasing in quantity.

The pattern of post-reaction LSCF50, compared to fresh LSCF50, is shown in figure

3.31. Diffraction patterns of the two remaining samples can be found in figure 3.32.

3.3.2 Morphology

Figures 3.33 to 3.38 show SEM images at various magnifications. As for the previous

materials, the scale-like morphology is confirmed with high macroporosity on the scales.

Apparently, a higher Co percentage correlates with bigger particle size, but the porosity

is lower.

Post-reaction

Images of reacted LSCF50 (3.39 and 3.40) do not indicate a relevant sintering in the

material after two catalytic cycles. Similar images of LSCF25 and LS40CF can be found
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Figure 3.32: Diffraction patterns of LSCF25 and LS40CF after the red-ox-red cycle.

Figure 3.33: LSCF50 — 5000x Figure 3.34: LSCF50 — 25000x

in the appendices (A.10 to A.13) and confirm this hypothesis.

3.3.3 Composition

The measured EDX composition matches quite closely the theoretical one. Neverthe-

less, while Co and Fe proportions are mainly maintained (both between them and in the

material), La and Sr show a slight deviation from the theoretical value, with La being

higher than expected and Sr being lower. Only in LS40CF this behaviour is more evident

as can be read in table 3.12, with the “actual” ratio being much closer to 80:20 (instead
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Figure 3.35: LSCF25 — 5000x Figure 3.36: LSCF25 — 25000x

Figure 3.37: LS40CF — 5000x Figure 3.38: LS40CF — 25000x

Figure 3.39: LSCF50 post-reaction — 5000x Figure 3.40: LSCF50 post-reaction — 25000x

of 60:40), similarly to LSCF25 and LSCF50.

XPS results are consistent with the surface segregation of A-site cations, in particular

Sr results present in higher amount with respect to EDX composition. Fe and Co are

present in different amount with respect to EDX: in particular, cobalt is more abundant

than the nominal value in LSCF50 while iron is deficient. This is unusual because the

tendency is toward Fe surface segregation in perovskites in which both these cations are

present.
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Table 3.10: Composition of LSCF50.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.80 0.87 0.89 0.89 0.70
Sr 0.20 0.18 0.25 0.16 0.56
Co 0.50 0.45 0.64 0.48 0.51
Fe 0.50 0.50 0.23 0.48 0.21

Table 3.11: Composition of LSCF25.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.80 0.88 0.75 0.88 0.86
Sr 0.20 0.17 0.21 0.15 0.23
Co 0.75 0.69 0.68 0.70 0.63
Fe 0.25 0.26 0.36 0.27 0.28

LSCF50 (table 3.10) shows the greatest divergence between EDX and XPS, with EDX

measurements being in good agreement with theoretical values.

Post-reaction

For LSCF25 and LS40CF, as in tables 3.11 and 3.12, the composition doesn’t change

much in the two cycles, except for the great increase in superficial Sr in LS40CF.

On the other hand, similarly to what has previously been observed for LSCF50, Sr

segregation after two cycles is very high (reaching 28% of the total metallic atoms on the

surface), while there is a further decrease of the already low Fe percentage.

3.3.4 XPS: qualitative analysis

Fe2p can be seen in figure 3.41. The profile is typical for Fe3+ oxides, with the main

peak at 710.8 eV. Fe2+, that should have a contribution at 709 eV, can be excluded.[69] The

coincidence between pre- and post-reaction curves indicates that iron ions near neighbours

are not altered by the activity.

Comparing the O1s signals (3.42) recorded in the fresh materials, the analysis suggests

that there are less superficial carbonates and hydroxides than in LSC. The increase in the

peak at higher BE (531 eV) in the post-reaction material is due mainly to the addition of

SiO2, as previously explained.[69]
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Table 3.12: Composition of LS40CF.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.60 0.74 0.67 0.72 0.55
Sr 0.40 0.20 0.32 0.23 0.55
Co 0.75 0.79 0.72 0.74 0.67
Fe 0.25 0.26 0.28 0.25 0.23

In the La3d spectrum (3.43), the usual splitting between 3d3
2
and 3d5

2
can be observed.

The position is maintained before and after the reaction, with the first peak centred at

834.6 eV. The two close peaks, though, appear less distinguishable: this is due to the

formation of oxyhydroxide species, that increase the FWHM.[68]

In Co2p (3.44), the comparison before pre- and post-reaction material does not show

relevant changes in peak position. 2p3
2
is centred at 780.6 eV in both samples and the

absence of a satellite at 786 eV is indicative of the absence of Co(II).[69]

Sr3d (3.45) shows the first peak below 132 eV, but a second and more intense peak at

133.7 eV suggests that the amount of superficial carbonates is relevant. Furthermore, C1s

(3.46), besides an intense peak at 284.8 eV which is due to adventitious carbon, shows

another peak at 288.9 eV due to carbonates.[69]

An increase between the fresh and post-reaction material in terms of carbonates (both

in Sr3d and in C1s) can be observed. This could be explained by a higher reactivity of

the post-reaction superficial species which, despite being cooled in inert atmosphere, can

then react with air at room temperature and absorb CO2.

Figure 3.41: LSCF - Fe2p. Figure 3.42: LSCF - O1s.
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Figure 3.43: LSCF - La3d. Figure 3.44: LSCF - Co2p.

Figure 3.45: LSCF - Sr3d. Figure 3.46: LSCF - C1s.

3.3.5 Surface area

Specific surface areas (SSAs) for this family, displayed in table 3.13, range from 1.5m2/g

to 3.0m2/g. They are lower than LSC, while in literature LaFeO3 is found to be usually

characterised by SSA higher than LaCoO3 in similar conditions.[72] A dependence on the

cobalt content could be partially confirmed by the 18% decrease in SSA from LSCF50 to

LSCF25 (with a higher Co content). A further decrease is obtained when increasing the

strontium stoichiometry, with a −21% from LSCF25 to LS40CF.

Pore size distributions (PSD), in figure 3.47, show features that are very similar to

those observed for LSC and LSCN10, with a maximum at 3.1 nm and the main range

between 1.8 nm and 7.7 nm. The materials are mesoporous.[57]

Post-reaction LSCF50 has been analysed again, with a resulting area of 3.85±0.24m2/g.
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Table 3.13: BET surface areas of LSCF perovskites.

Sample Specific surface area (m2/g)

LSCF50 2.754± 0.091
LSCF25 2.255± 0.088
LS40CF 1.791± 0.065

Figure 3.47: Pore size distribution of LSCF materials.

Again, an increase of about 40% is observed, for reasons yet to be elucidated. Pore size

distribution, in figure 3.47, is similar to the fresh material, ranging from 1.8 nm to 8.2 nm,

with a maximum at 3.2 nm, and also matches perfectly the one of post-reaction LSC

(section 3.2).

3.3.6 TPR

The three samples of this family show some similarities despite the different composi-

tion, especially at low temperatures, but highly diverse features towards the end of the

ramp.
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As observed in figure 3.48, all of them have a first peak slightly above 400 ◦C, which

accounts for the reduction of Co(IV) and Co(III) in the sample, according to the litera-

ture.[76–78]

This is supported also by the quantification of H2 consumption: in LSCF50 this is about

0.30mol/mol, compared to 0.5mol/mol of Co in the sample (the reaction has 1:2 ratio for

the reduction of Co3+ −−→ Co2+ and a part of Co is Co(IV)); in LSCF25 0.38mol/mol

compared to 0.75mol/mol; finally, in LS40CF, 0.50mol/mol compared to 0.75mol/mol,

which is much higher than 1:2 because of the greater amount of Co(IV) due to the higher

percentage of Sr in the material.[79]

Figure 3.48: TPR profile of the three LSCF perovskites.

The behaviour at higher temperatures is more difficult to understand completely.

LSCF50 shows an increase of the signal without defining a peak, with a monotonous

growth until 900 ◦C (the end of the measurement). This is due to the high Fe content,

with an observable shoulder at about 700 ◦C that can be attributed to Co: the posi-

tion is typical for the element, as evident from the other two curves in the plot, but the

peak is overlapping to a continuous growth. The H2 consumption then comes both from

Co2+ −−→ Co0 and Fe3+ −−→ Fe0 and it is difficult to separate the two contributions,

even calculating the number of consumed mmol, since the peak is not complete.[77]

Both LSCF25 and LS40CF, on the other hand, show a well-defined peak with max-
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imum at 690 ◦C. This is due to the already mentioned reduction of Co2+ to metallic

Co.[77] However, the calculated hydrogen consumption (0.33 and 0.43mol/mol, respec-

tively) doesn’t match the Co content of the perovskites, accounting for 40 to 60% of it.

There might be some Co(II) ions that are less accessible or more stabilised and don’t take

part to the reduction process. However, it should be noted that the increased Sr content

in LS40CF enhances the reducibility of the material, since the hydrogen consumption is

higher. As previously discussed, the amount of Sr2+ has a direct effect on the presence of

M4+ species, such as Co(IV) and Fe(IV), which has been found to be present in strontium

perovskites.[80]

All the quantifications are displayed in table 3.14.

Table 3.14: Hydrogen consumption of LSCF materials in the two main steps of reduction.

Sample Co (mol/mol)
Temperature range
and center (◦C)

H2 (mol/mol)

LSCF50 0.5
300-500 (407) 0.30

650-900 0.32

LSCF25 0.75
300-500 (400) 0.38
650-750 (690) 0.33

LS40CF 0.75
300-500 (405) 0.50
650-750 (690) 0.43
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3.4 LSCM

3.4.1 Crystal structure

This other series of La-Sr-Co perovskites was doped with Mn in the B-site. All the

materials were synthesized by means of a Marcilly synthesis, which allowed to obtain good

results in terms of purity. In table 3.15 the detailed compositions are illustrated.

Table 3.15: LSCM materials.

Composition Abbreviation

La0.8Sr0.2Co0.5Mn0.5O3 LSCM50
La0.8Sr0.2Co0.75Mn0.25O3 LSCM25
La0.6Sr0.4Co0.75Mn0.25O3 LS40CM

The resulting patterns are then compared to La0.7Sr0.3MnO3 (COD 1533730) and

La0.85Sr0.15CoO3 (COD 1533518),[55] as in figure 3.49.

Figure 3.49: Diffraction pattern of the LSCM-based materials. Figure 3.50: Detail.

The main impurity is a Ruddlesden-Popper phase, namely LaSrCoO4, which is visible

mainly in the two samples with 75% Co in a reflection at 2θ = 31.8°. Apart from that, all

the reflections fall in between the two extremes given by the two B-site-pure references,

thus suggesting the good distribution of the cobalt into the lattice.

In figure 3.30, a detail of the single reflection between 47° and 48° can be observed:

as expected, LSCM50 falls closer to the Mn-pure reference, while LSCM25 and LS40CM

have the maximum between the two. It is still unclear why LSCM50 matches many of
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the reflections of La0.7Sr0.3MnO3 despite having only 50% Mn in the B-site, although the

absence of other phases in the sample (and the slightly different position of some less

intense reflections, as those between 52° and 54°) suggests that the doping was indeed

successful.

The splitting between the two reflections between 32° and 33° is in agreement with

a hexagonal system, as predicted by the Goldschmidt tolerance factor, slightly above 1.

Tolerance factors for each material are reported in table 3.16.

Table 3.16: Goldschmidt tolerance factor of LSCM perovskites.

Sample Tolerance factor

LSCM50 1.008
LSCM25 1.013
LS40CM 1.018

Crystallite size is in line with the previous results, between 25 nm and 40 nm. The

trend, visible in the table 3.9, suggests again (as in section 3.3) that a higher percentage

of Co correlates with higher crystallite size.

Table 3.17: Crystallite size of LSCM perovskites.

Sample Crystallite size (nm)

LSCM50 27.6
LSCM25 39.0
LS40CM 36.0

Post-reaction

Similarly to what has been observed for LSCF (section 3.3), no relevant degradation

is observed after two reduction cycles. There is just one new impurity, barely visible in

figure 3.51, which could be attributed to the Ruddlesden-Popper phase not present in

LSCM50 but present in LSCM25 and LS40CM, LaSrCoO4 (see figure 3.49).

Diffraction patterns of the two remaining samples, with similar behaviour, can be found

in figure 3.52.

3.4.2 Morphology

The three materials of this family, similarly to LSCF, present themselves in scales of

about 10µm in diameter. A similar trend in size and porosity is observed: materials richer
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Figure 3.51: Comparison between LSCF50 diffraction patterns before and after the red-ox-red
cycle.

Figure 3.52: Diffraction patterns of LSCM25 and LS40CM after the red-ox-red cycle.
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in Co have bigger but less reticulated scales.

Figure 3.53: LSCM50 — 5000x Figure 3.54: LSCM50 — 25000x

Figure 3.55: LSCM25 — 5000x Figure 3.56: LSCM25 — 25000x

Figure 3.57: LS40CM — 5000x Figure 3.58: LS40CM — 25000x

Post-reaction

Similarly to what has been observed for LSCF, even LSCM do not show any sintering

after two catalytic cycles (images 3.59 and 3.60, and A.14 to A.17).
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Figure 3.59: LSCM50 post-reaction — 5000x Figure 3.60: LSCM50 post-reaction — 25000x

3.4.3 Composition

As already observed for similar compounds, the compositions of these three materials

(in tables 3.18, 3.19, 3.20) have features that appear similar to those of LSCF. Co and

(in this case) Mn ratios are close to the expected ones, while La is always in excess and

Sr in defect.

Table 3.18: Composition of LSCM50.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.80 0.92 0.88 0.88 0.87
Sr 0.20 0.14 0.24 0.18 0.30
Co 0.50 0.47 0.34 0.44 0.32
Mn 0.50 0.48 0.53 0.49 0.54

Table 3.19: Composition of LSCM25.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.80 0.95 0.86 0.89 0.77
Sr 0.20 0.17 0.23 0.18 0.37
Co 0.75 0.63 0.66 0.66 0.59
Mn 0.25 0.25 0.25 0.27 0.27

Even in this case, the XPS analysis of the material confirms that there is a degree of

Sr segregation on the surface, higher when there is more strontium in the perovskite (as

expected — see table 3.20). On top of that, the amount of cobalt appears to be always

lower than the nominal composition.
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Table 3.20: Composition of LS40CM.

Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

La 0.60 0.67 0.56 0.66 0.50
Sr 0.40 0.34 0.55 0.36 0.58
Co 0.75 0.72 0.67 0.73 0.62
Mn 0.25 0.27 0.24 0.25 0.31

Post-reaction

The comparison between pre- and post-reaction surface compositions shows many fea-

tures in common with the previously observed ones.

In particular, the percentage of superficial cobalt is lower than expected but, mainly,

there is a great excess (up to +85% in the case of LSCM25) of strontium. The relative

amount of Sr is higher after two cycles than in the fresh material: this might pose stability

issues over many catalytic activity.

3.4.4 XPS: qualitative analysis

Figure 3.61: LSCM - Mn2p. Figure 3.62: LSCM - O1s.

Mn2p (3.61) has the main peak (2p3
2
) slightly above 642 eV, typical of manganese

oxides. In particular, the peak position is compatible with the presence of Mn(III) and/or

Mn(IV). The peaks shape does not change thus suggesting that no significant changes can

be induced by the treatment on the Mn(III)/Mn(IV) surface atomic ratio. The absence of

a satellite peak at about 646 eV excludes the presence of Mn2+, even in the post-reaction
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Figure 3.63: LSCM - La3d. Figure 3.64: LSCM - Co2p.

Figure 3.65: LSCM - Sr3d. Figure 3.66: LSCM - C1s.

material.[69]

O1s (3.62) two components, the first attributed to lattice oxygen (at 529.2 eV), the

second (at 531 eV) attributed to surface oxygen-containing species (hydroxyl and carbon-

ates). This last peak is even weaker than the LSCF one (in blue, the LSC profile is

compared), because of a lesser extent of these species on the surface. The already men-

tioned increase in the peak at higher BE in the post-reaction material is due to SiO2.
[69]

La3d (3.63), showing 3d5
2
(834 eV) and 3d3

2
(851 eV) components, has no relevant shift-

ing between the pre- and post-reaction material. The peaks, though, increase in FWHM

after the reaction, possibly indicating the presence of a higher amount of hydroxides and

other compounds, decreasing the purity of the perovskite phase on the surface.

Co2p (3.64), in a similar manner, shows typical peaks (for Co(III)) at the same BE

for pre- and post-reaction samples (780.2 eV, without satellites at 786 eV which might
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indicate Co(II)), but with an increase in FWHM, which might be due to the emergence

of hydroxides.

The peak of Sr3d (3.65) at lower binding energies can be found at 132.2 eV, and it

has an intensity comparable to the one of the second peak (133.8 eV), confirming the

presence of both oxides and carbonates. In the post-reaction material the intensity ratio

is in favour of the oxide peak: C1s spectrum (3.66) is in agreement with a decrease of

the carbonate contribution observable in the peak at 288.4 eV, after normalisation on the

peak attributed to the adventitious carbon (284.8 eV).[69]

3.4.5 Surface area

This family of materials shows specific surface areas higher than LSCF, ranging between

2.0m2/g and 3.5m2/g, as in table 3.21. This is in agreement with literature results for

LaMnO3 compared to LaFeO3 in similar conditions.[72]

Table 3.21: BET surface areas of LSCM perovskites.

Sample Specific surface area (m2/g)

LSCM50 3.390± 0.068
LSCM25 3.42± 0.11
LS40CM 2.021± 0.055

In this case, the variation in specific surface area from LSCM50 to LSCM25 (increasing

Co content) is almost negligible. Nevertheless, the great decrease after the addition of

strontium is confirmed (−41%).

Pore size distributions (PSD, in figure 3.67) show a slight degree of variation, with

the maximums increasing from 2.9 nm to 3.1 nm and 3.2 nm along the three materials.

The range is about the same as the previous materials (1.9 nm to 7.5 nm) for LSCM50

and LSCM25, while a bit wider for LS40CM (1.8 nm to 8.3 nm). Nevertheless, all three

materials are clearly mesoporous.[57]

Another BET analysis has been conducted on post-reaction LSCM50, measuring a

specific surface area of 5.07 ± 0.23m2/g, with an increase of almost 50% if compared to

the fresh material (a phenomenon previously observed for LSC and LSCF50). The pore

size distribution, in figure 3.67, is similar to the previous one, with a peak at 3.3 nm and

a slightly wider range (1.7 nm to 9.1 nm).
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Figure 3.67: Pore size distribution of LSCM materials.

3.4.6 TPR

In figure 3.68 the TPR profiles of the three material of this last family are illustrated.

They share many similar features with LSC (figure 3.28) and LSCF (figure 3.48).

However, the peaks that range from 400 ◦C to 450 ◦C are much wider than the previ-

ously observed ones: this is likely due to the overlapping between three processes, two of

which have been already discussed earlier (Co4+ −−→ Co3+ and Co3+ −−→ Co2+), while

the third one involves manganese (Mn4+ −−→ Mn3+).[81–83]

This is further confirmed by the shoulder at higher temperatures on the second peak

of the LSCM50 curve, in the 600 ◦C to 800 ◦C range (that is due to the further reductions

of Mn3+ −−→ Mn2+ and Co2+ −−→ Co0)[74,84]: it has been previously reported that the

reduction of Mn(III) in perovskites falls at higher temperatures than Co(II), in similar

conditions.[85]

Nevertheless, while quantifying the hydrogen consumption (displayed in table 3.22),

it appears that the reduction is not complete: while the total amount of Co and Mn

in the perovskite is 1mol/mol (as both B-site cations are active in reduction reactions),
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Table 3.22: Hydrogen consumption of LSCM materials in the two main steps of reduction.

Sample Co, Mn (mol/mol)
Temperature range
and center (◦C)

H2 (mol/mol)

LSCM50 0.5, 0.5
300-550 (435) 0.37
600-800 (690) 0.25

LSCM25 0.75, 0.25
300-550 (439) 0.44
600-800 (675) 0.38

LS40CM 0.75, 0.25
300-550 (415) 0.48
600-800 (635) 0.44

depending on the composition, the hydrogen consumption in the first step (with stoi-

chiometry M:H2=2:1, not taking into account the eventual amount of Co(IV)) ranges

between 0.37mol/mol and 0.48mol/mol. This is even more evident in the second peak,

where the same amounts of metal ions (with stoichiometry 2:1 for manganese and 1:1

for cobalt) react with just 0.25mol/mol to 0.44mol/mol of hydrogen, leading to an in-

complete reduction of the material. This could be indicative of a low availability of the

various oxidation states, although only the first steps of reduction are usually involved in

the oxygen exchange reactions.[82]

Figure 3.68: TPR profile of the three LSCM perovskites.
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Despite this, it is clear that the amount of Sr in the sample positively correlates with

the reducibility of the material: in both steps, LS40CM has the highest hydrogen con-

sumption.
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3.5 Compositions - summary

Table 3.23: Composition of all investigated materials.

Material Element Theoretical
Fresh Post-reaction

EDX XPS EDX XPS

LAN
La 1.00 0.97 1.14
Al 0.20 0.22 0.25
Ni 0.80 0.81 0.61

LSC
La 0.80 0.84 0.77 0.78 0.69
Sr 0.20 0.18 0.35 0.26 0.35
Co 1.00 0.98 0.89 0.96 0.96

LSCN10

La 0.80 0.73 0.95
Sr 0.20 0.14 0.25
Co 0.90 1.02 0.69
Ni 0.10 0.12 0.11

LSCF50

La 0.80 0.87 0.89 0.89 0.70
Sr 0.20 0.18 0.25 0.16 0.56
Co 0.50 0.45 0.64 0.48 0.51
Fe 0.50 0.50 0.23 0.48 0.21

LSCF25

La 0.80 0.88 0.75 0.88 0.86
Sr 0.20 0.17 0.21 0.15 0.23
Co 0.75 0.69 0.68 0.70 0.63
Fe 0.25 0.26 0.36 0.27 0.28

LS40CF

La 0.60 0.74 0.67 0.72 0.55
Sr 0.40 0.20 0.32 0.23 0.55
Co 0.75 0.79 0.72 0.74 0.67
Fe 0.25 0.26 0.28 0.25 0.23

LSCM50

La 0.80 0.92 0.88 0.88 0.87
Sr 0.20 0.14 0.24 0.18 0.30
Co 0.50 0.47 0.34 0.44 0.32
Mn 0.50 0.48 0.53 0.49 0.54

LSCM25

La 0.80 0.95 0.86 0.89 0.77
Sr 0.20 0.17 0.23 0.18 0.37
Co 0.75 0.63 0.66 0.66 0.59
Mn 0.25 0.25 0.25 0.27 0.27

LS40CM

La 0.60 0.67 0.56 0.66 0.50
Sr 0.40 0.34 0.55 0.36 0.58
Co 0.75 0.72 0.67 0.73 0.62
Mn 0.25 0.27 0.24 0.25 0.31
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Oxygen exchange

4.1 Results

Measures of released oxygen for each material have been conducted as follows: 200mg

of sample have been placed in a U-shaped tubular quartz reactor over a quartz wool bed

and exposed to a flow of 50 sccm He. While flowing the carrier, the sample has been

heated up to 600 ◦C with a ramp of 10 °C/min and then up to 1000 ◦C at 5 °C/min, at

the end of which the material was kept at 1000 ◦C for 15min. This has been done while

recording the difference in conductivity between the pure carrier and the gas coming

from the sample. In order to quantify the released oxygen, assuming a continuous release

at high temperatures, every hundred degrees starting at 600 ◦C the flow was modified

excluding the sample, allowing to have a baseline of (theoretically) pure He against pure

He. Areas between the curve and the baseline have been integrated to correlate the value

to the oxygen quantity through a previous calibration.

The sample was then cooled to room temperature at 10 °C/min while flowing 50 sccm

of 5% O2 in He, with a 30min break at 850 ◦C, in order to oxidise all the material. Then,

another heating cycle in He was conducted as mentioned before, and the resulting material

was cooled without gas flow in the leftover helium and then analysed.

Four measurements of the background have been conducted, placing in the instrument

an empty reactor with just quartz wool in it and exposing it to the same conditions. A

virtual mass of 200mg has been considered for the quantification of the background values

in mL/g.
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4.1.1 LAN

The results for LAN after integration and background subtraction are illustrated in

figure 4.1, expressed in STP millilitres of O2(g) released per gram of material at each

100 ◦C interval.

The total is 4.34mL/g in the first cycle and 3.01mL/g in the second one, with a 31%

decrease. This originates mainly from a sharp decrease in the last segment (900-1000 ◦C),

that falls from 3.43mL/g to 1.82mL/g between the two cycles (−47%).
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Figure 4.1: Oxygen release of LAN.

4.1.2 LSC

Figures 4.2 and 4.3 illustrate the results of oxygen release measurements for LSC and

LSCN10 respectively. The activity appears to be much higher than the previously dis-

cussed LAN, with a total of 9.72mL/g for LSC and 12.57mL/g for LSCN10 in the first cy-

cle. After the oxidation, though, the released quantity is much lower, totalling 3.18mL/g

for LSC (−67%) and 5.80mL/g for LSCN10 (−54%).

The trend across temperatures in LSC might raise some questions: there is a very high

spike in the 800-900 ◦C interval, that corresponds to more than 50% of the total oxygen

released, which is not observed again in the second cycle. To explain this, a TPD of

the material has been conducted (without breaking the flow every 100 ◦C, although this

makes it difficult to quantify the continuous release at higher temperatures, highlighting

only the evident peaks of oxygen production). Results can be seen in figure 4.4.

Quantification of this two observable peaks can be found in table 4.1.

As per the aforementioned figure, another peak at 445 ◦C appears in the profile. This

was not included in the previous quantification, since it only ranged between 600 ◦C
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Figure 4.2: Oxygen release of LSC.
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Figure 4.3: Oxygen release of LSCN10.

Figure 4.4: Comparison between first and second catalytic cycle of LSC.

Table 4.1: Released oxygen (mL/g STP).

Cycle n. 400-500 ◦C 700-900 ◦C

1 3.02 5.36
2 4.63 1.07

and 1000 ◦C and was conducted in assumption that oxygen was released only at high

temperatures, and therefore did not add up to the total oxygen release: the new total
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values are 12.74mL/g for the first cycle and 7.81mL/g for the second one (−39%).

4.1.3 LSCF
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Figure 4.5: Oxygen release of LSCF50.
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Figure 4.6: Oxygen release of LSCF25.
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Figure 4.7: Oxygen release of LS40CF.

TPD measurements over two cycles have been conducted on this family of materials

with the method described in section 2.4. Results of the quantifications are illustrated in

figures 4.5, 4.6 and 4.7.

The total oxygen released is 5.21mL/g for LSCF50, 3.75mL/g for LSCF25 and

12.67mL/g for LS40CF in the first cycle. After re-oxidation of the material, in the sec-

ond cycle the materials produced 2.59mL/g (−50%), 2.15mL/g (−43%) and 9.17mL/g

(−28%) respectively.

While LSCF50 and LSCF25 show a typical trend of gradually increasing oxygen re-

lease,[86] LS40CF decreases after the first step (3.05mL/g to 2.45mL/g) and then has the

maximum in the last step, as expected. The trend might be confirmed by the second
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cycle, although the very small difference (0.05mL/g) is not really indicative of a decrease

but just of the absence of a relevant increase between the two steps.

4.1.4 LSCM

Figures 4.8, 4.9 and 4.10 show the measured oxygen release of the three materials of

the LSCM family.
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Figure 4.8: Oxygen release of LSCM50.
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Figure 4.9: Oxygen release of LSCM25.
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Figure 4.10: Oxygen release of LS40CM.

LSCM50 releases 8.72mL/g of oxygen in the first cycle, while LSCM25 stops at 6.61mL/g

and LS40CM at 6.81mL/g. In terms of cyclability, the decrease in the second cycle is very

sharp for LSCM50 (1.87mL/g, −79%) and LSCM25 (1.49mL/g, −77%), while LS40CM

maintains a good oxygen release (5.87mL/g, −13%).

For all the first cycles and also for the second cycle of LSCM50, the growth from the

first to the fourth step is not monotonous: the oxygen release between 600 ◦C and 700 ◦C

is high, with a minimum in the second (LSCM50-2, LS40CM-1) or third (LSCM50-1,
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LSCM25-1) step and the absolute maximum in the last interval. On the other hand, for

the remaining two cycles (LSCM25-2, LS40CM-2) the growth is monotonous.
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4.2 Discussion

In table 4.2, all measured oxygen release values are summarized.

Table 4.2: Released oxygen (mL/g STP) .

Sample Composition First cycle Second cycle Loss

LAN LaAl0.2Ni0.8O3 4.34 3.01 31%
LSC La0.8Sr0.2CoO3 12.74 7.81 39%

LSCN10 La0.8Sr0.2Co0.9Ni0.1O3 12.57 5.80 54%
LSCF50 La0.8Sr0.2Co0.5Fe0.5O3 5.21 2.59 50%
LSCF25 La0.8Sr0.2Co0.75Fe0.25O3 3.75 2.15 43%
LS40CF La0.6Sr0.4Co0.75Fe0.25O3 12.67 9.17 28%
LSCM50 La0.8Sr0.2Co0.5Mn0.5O3 8.72 1.87 79%
LSCM25 La0.8Sr0.2Co0.75Mn0.25O3 6.61 1.49 77%
LS40CM La0.6Sr0.4Co0.75Mn0.25O3 6.81 5.87 13%

The first two materials can be compared to the reported data from Pérez et al.[23] and

Orfila et al.[24]: the reported hydrogen production is 4.4mL/g for LAN and 15.8mL/g for

LSC. Considering a theoretical stoichiometry of 2:1 for H2:O2 (an assumption not always

verified, with real values ranging from 1.8 to 2.0)[32,87] this corresponds to an oxygen

release of 2.2mL/g for LAN and 7.9mL/g for LSC. Actual oxygen release of LSC has

been measured, with an initial value slightly below 10.5mL/g in the first cycle and a

stabilisation at about 8.2mL/g over more cycles.[23,24]

The measured values are in agreement with the mentioned results. For LAN, the value

is higher, but it has to be noted that in literature the cycles are conducted at 800 ◦C both

for reduction and for oxidation, therefore a higher reduction temperature might lead to

a higher oxygen release. However, there is a larger decrease between the first and the

second cycle: this is observed by Pérez et al.[23] while working with thermal reductions at

1000 ◦C and it is due to the segregation of less-active phases that can be observed in the

diffraction pattern in section 3.1. The value for LSC is higher than the reported value in

the first cycle but lower in the second, although it is really close to the average.[24]

The addition of nickel in LSC (LSCN10) results in keeping a high release of oxygen even

with the loss of the peak at 450 ◦C in the O2-desorption measure, which could be observed

for LSC (as in figure 4.4). Nevertheless, in the second cycle there is a drastic decrease

(−54%) which suggests that the material has a very low cyclability. The post-reaction

diffraction pattern (in section 3.1) shows a variety of secondary phases segregating after

the cycles, a phenomenon that can be detrimental for the activity of the material if the

new phases are not as active as the main one: in this case, the great decrease in oxygen
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release confirms that the new phases are indeed less active for this reaction.

According to the literature, released oxygen comes from three main sources: surface,

grain boundaries and bulk. On the surface the main species are O– and O2– (and occa-

sionally the superoxide species O2
– ), while only O2– occurs on grain boundaries and in

the bulk.[88] Mn+ /M(n –1)+ redox couples are active in oxygen exchange reactions: upon

reduction of surface ions, superficial oxygen is released (usually referred to as α-oxygen).

Then, through formation and mobility of oxygen vacancies, the surface exchanges with

the grain boundaries, with a further release of O2 at higher temperatures (β-oxygen). Fi-

nally, at high temperatures (reportedly > 900 ◦C) bulk oxygen is activated and partially

released.[14,88]

The inferior values for LSCF50 and LSCF25 with respect to LSCM50 and LSCM25

can be explained by the lower reducibility of iron perovskites, if compared to manganese

ones.[88,89] This is further supported by the TPR profiles: LSCM perovskites have an

higher hydrogen consumption in the first peak (between 350 ◦C and 600 ◦C) if compared

to LSCF (tables 3.14 and 3.22). The processes involved in this step of reduction are the

same involved in oxygen mobility: the main contribution comes from cobalt reduction

(Co4+ −−→ Co3+ and Co3+ −−→ Co2+), with also manganese reduction in the case of

LSCM (Mn4+ −−→ Mn3+):[81–83] in the case of manganese doping, the attitude of the

dopant to easily form the species Mn(IV) might enhance the release of oxygen.

Nevertheless, losses over 70% between the first and the second cycle show that man-

ganese materials have a very low cyclability, despite the good results in post-reaction XRD

(section 3.4) where no new phase can be found and with general low level of impurities.

This can be explained by the lower oxygen mobility observed in manganese perovskites

compared to iron ones:[90] it is possible that, after releasing oxygen in the first cycle from

the surface and the grain boundaries, the material is not able to fill the formed vacancies

successfully, therefore not having enough oxygen to release it in the second cycle.

In the case of La:Sr= 60 : 40 in the A-site, a much greater oxygen release is observed.

This behaviour is widely reported in literature and is further confirmed by the present

materials.[31,32,91,92] This is due mainly to the formation of M4+ species to compensate Sr2+

in the A-site: as discussed before, Co4+ and Mn4+ are ready to exchange oxygen while

reducing to the corresponding M3+ species. Moreover, the strontium−oxygen bond has

a lower dissociation energy if compared to lanthanum in oxide lattices:[93] it is therefore

predictable that a larger amount of Sr in the structure decreases the energy requirements

for the reaction of both superficial and bulk oxygen. Combined with the higher mobility

of oxygen ions in iron perovskites, this explains the high value for LS40CF (12.67mL/g),

almost double the quantity measured for LS40CM (6.81mL/g).
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Notably, the positive effect of strontium doping both in vacancy formation and oxygen

mobility guarantees a modest loss in the second cycle, as low as −28% for LS40CF and

−13% for LS40CM. If the former is comparable to the one of LAN (but with a net oxygen

release which is almost triple), the latter is the lowest observed value and a very low value

overall, taking into account the fact that the first cycle is often an “activation” cycle, in

which it is usual that not all the lost oxygen is recovered afterwards.[23,24]

Profiles of oxygen release allow to have an insight in the specific mechanism of each

material. LSC is the only one to have a clear and observable α-oxygen peak at low

temperatures (450 ◦C) and a β-oxygen peak around 800 ◦C. Interestingly, this second peak

is almost not detectable in the second cycle (−80%), while the first one is maintained and

even increased. This might be due to an inefficient oxygen mobility in the material, which

allows the total recovery of oxygen on the surface (α) but not on grain boundaries and in

the bulk (β).

LAN, LSCF50 and LSCF25 show a monotonous growth in the quantity of released

oxygen across temperatures, showing that it is exchanged in a temperature-activated

process. It is not possible, in this case, to discriminate between α- and β-oxygen.

LS40CF, LSCM50, LSCM25 and LS40CM, on the other hand, show a clear relative

maximum in the first measured step (600-700 ◦C) that suggests the presence of an α-

oxygen contribution to the exchange. The higher extent of strontium doping is known

to have the effect of enhancing the α-oxygen peak, thus favouring exchange at lower

temperatures.[14] The release of low-temperature α-oxygen for manganese perovskites has

not been observed by the same studies.[14,94]

The abrupt start at more than 2mL/g of some of the materials in the first step (namely

LSCN10, LS40CF, LSCM50) suggests that the oxygen exchange process is already active

at lower temperature, and should then be investigated with TPD studies across the whole

range.

Starting from the obtained values of oxygen release it is possible to calculate the new

stoichiometry of the perovskite ABO3–δ in terms of δ. Results are displayed in table 4.3.

This was calculated in the assumption that all the oxygen release processes happened in

a stoichiometric reduction of the positive ions in the material. It has to be considered

that, since perovskites are well known to be able to accommodate a number of oxygen

vacancies relocating the electrons,[13] this has to be taken as the theoretical maximum

extent of reduction in the material.

The mechanism for LAN might involve the reduction of Ni3+ to Ni2+, which happens

at low temperatures as observed by the TPR (peak at 370 ◦C). Therefore, there is no
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Table 4.3: Stoichiometric oxygen release of the thermally reduced perovskites.

Material δ

LAN 0.09
LSC 0.27

LSCN10 0.26
LSCF50 0.11
LSCF25 0.08
LS40CF 0.25
LSCM50 0.18
LSCM25 0.14
LS40CM 0.14

theoretical limitation to the released oxygen, although the value of δ suggests that only

about 18% of the nickel is involved in the reaction 0.18Ni3+ + 0.09O2– −−→ 0.18Ni2+ +

0.09O (if the reaction is assumed to occur stoichiometrically).

For all the other materials, as discussed above, the process involved is the reduction of

M4+ species to M3+ in the following reaction:

2M4+ +O2− −−→ 2M3+ +O

Since this species are present in the material because of the charge disequilibrium

derived from Sr2+, it is expected that the oxygen deficiency is directly correlated to the

stoichiometry of strontium in the formula. Therefore, the presence of 4+ species can

account for δ = 0.2 in the case of LS40CF and LS40CM and δ = 0.1 for all the other

materials. LS40CM is the only one for which a stoichiometric reduction could be assumed,

since the value of δ = 0.14 < 0.2, but for all the other materials other processes should be

taken into account, confirming the aforementioned presence of oxygen vacancies. On top

of that, post-reaction diffraction pattern of LSCN10 (section 3.2) shows the presence of

CoO, suggesting that some of the oxygen release comes from the further reduction of Co3+

to Co2+. This is excluded in the case of LSC, the other material with a very high δ, since

post-reaction XPS analysis shows no trace of the satellite peak for Co2+, as discussed.

To fully explain the observed behaviour, nonstoichiometric processes are likely to be

involved: besides the stoichiometric reduction to M(III) and M(II) species, vacancies

can form in the crystal lattice leaving behind two electrons which are then coordinated

by the positive ions, allowing a further release of O2 without the need for additional

reduction.[13,93]
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Hydrogen is a promising energy carrier for future applications in net-zero emissions

energy systems,[5,11] although several problems need to be addressed in terms of storage

and production.[7] In particular, a relevant amount (more than 80%) of the commercial

hydrogen comes from fossil sources, with large CO2 emissions.[8]

Many steps towards a greener hydrogen production (obtained from water splitting)

have been made, in particular for electrolysis,[95,96] while thermolysis is less explored.[11]

For this reason, the present thesis work focused on materials that can be used as catalysts

in cycles of thermal reduction and subsequent oxidation in hot steam. The two involved

reactions can be schematised as follows:

MOx
∆−−→ MOx–δ +

δ
2
O2

MOx–δ + δH2O(g) −−→ MOx + δH2

Typical catalysts for this reaction, such as doped ceria, ferrites and perovskites, usually

operate at a reduction temperature of 1400 ◦C.[16,19] In this work, one of the main goals

was to find materials with satisfying activity at lower temperatures, up to 1000 ◦C.

Typical oxygen release values for these materials, displayed in table 5.1, range from

3mL/g to 9mL/g STP of O2.

Table 5.1: Oxygen release values representative of state-of-the-art materials.

Material Tred (◦C) H2 (mL/g STP) O2 (mL/g STP)

Ce0.8Zr0.2O2
[25] 1400 9.5 4.8*

NixFe3–xO4/ZrO2
[18] 1400 15 7.5*

LaCoO3
[26] 1300 / 8.3

For the aforementioned temperature boundaries, the starting points were two per-

ovskites recently described to be active at low temperatures, namely La0.8Al0.2NiO3
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(Tred = 800 ◦C)[23] and La0.8Sr0.2CoO3 (Tred = 1000 ◦C)[24].

A self-combustion synthesis route was chosen for all material, since this approach is

water-based and scalable. For nickel-containing perovskites, Pechini method was followed

(with citrate and ethylene glycol as complexing agents), while Marcilly method was used

for all the others, as detailed in section 2.2.

The actual composition of the first one has been discussed and found to be LaAl0.2Ni0.8O3

(LAN). This material has proved to be difficult to synthesize, with many impurities emerg-

ing in the diffraction pattern even while following the literature process, therefore no

further work except the full characterisation has been conducted on this path.

La0.8Sr0.2CoO3 (LSC) has been synthesized in good purity, with properties in agree-

ment with those mentioned by the literature. Several changes have been made on this

composition, with various degrees of B-site doping with Ni, Fe and Mn and different A-site

ratios, summarized in table 5.2. These other cations have been chosen because of their

comparable activity in similar reactions and since they are more sustainable, in particular

in the case of iron and manganese, as these two elements are cheaper, safer and more

abundant.[40,97] Similar materials have been investigated in literature, but without a pre-

cise comparison between different A-site and B-site compositions, and often overlooking

the mechanism of oxygen release at various temperatures.

Table 5.2: Various doping of LSC.

Composition Abbreviation

La0.8Sr0.2Co0.9Ni0.1O3 LSCN10
La0.8Sr0.2Co0.5Fe0.5O3 LSCF50
La0.8Sr0.2Co0.75Fe0.25O3 LSCF25
La0.6Sr0.4Co0.75Fe0.25O3 LS40CF
La0.8Sr0.2Co0.5Mn0.5O3 LSCM50
La0.8Sr0.2Co0.75Mn0.25O3 LSCM25
La0.6Sr0.4Co0.75Mn0.25O3 LS40CM

Diffraction patterns confirm the crystallisation in the desired phase for all of them.

SEM images show a scale-like morphology with a reticulate structure. From EDX and

XPS compositions, slight deviation from ideality can be observed in all samples. In

particular, this is noticed for Sr, which has the tendency to segregate on the surface.[63]

This is balanced by an excess of La in the deeper layers, as confirmed by EDX. Please

refer to chapter 3 for full information on the topic here discussed.

N2 adsorption isotherms allowed to calculate specific surface areas. These are the

range from 1.5m2/g to 4.0m2/g for all cobalt-containing materials, while LAN reaches
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more than 9m2/g. Pore size distribution, with a maximum usually between 3.0 nm and

3.5 nm, indicates that all the materials are mesoporous, as confirmed by the shape of

adsorption isotherms.[57]

The post-reaction material has undergone the same analyses conducted on the fresh

sample. Diffraction patterns show mixed results: while LAN and LSCN10 appear to be

degraded, only slight modifications emerge from the analysis of LSC and the two families

of LSCF and LSCM. SEM images confirm the initial morphology, without any major

sintering. The composition is further deviated in some samples, with a great amount of

Sr on the surface especially in LSCM, as observed by EDX analysis. Surface areas appear

to have increased by an average 40%, while the pore size distribution is maintained.

XPS spectra of every element present in the material have been taken for LSC, LSCF50

and LSCM50, both fresh and post-reaction. Different amounts of surface hydroxides and

carbonates have been observed in O1s, C1s and Sr3d spectra. The quantity of these species

is particularly relevant in the case of LSC (section 3.2), for both pre- and post-reaction

samples. Progressively decreasing quantities are found in LSCF50 and LSCM50.

TPR measures in 10% H2/Ar on the fresh sample are coherent with the expected

behaviours for the material, with Co(IV) and Co(III) reacting at low temperatures (350 ◦C

to 450 ◦C), together with Mn(IV). Nickel appears to be stabilised both in LAN, partially,

with a high temperature peak, and in LSCN10 (in which the two peaks fall above 550 ◦C).

The extent of reduction is increased by the amount of strontium in the A-site, as confirmed

by the quantifications of consumed H2.

Measures of thermal conductivity of an inert gas flowing on the sample allowed to

determine the quantity of oxygen released by the material over two catalytic cycles, ob-

taining information about the cyclability of the various compositions. The most relevant

results are displayed in table 5.3

Table 5.3: Released oxygen (mL/g STP) .

Sample Composition First cycle Second cycle Loss

LAN LaAl0.2Ni0.8O3 4.34 3.01 31%
LSC La0.8Sr0.2CoO3 12.74 7.81 39%

LSCF50 La0.8Sr0.2Co0.5Fe0.5O3 5.21 2.59 50%
LS40CF La0.6Sr0.4Co0.75Fe0.25O3 12.67 9.17 28%
LSCM50 La0.8Sr0.2Co0.5Mn0.5O3 8.72 1.87 79%
LS40CM La0.6Sr0.4Co0.75Mn0.25O3 6.81 5.87 13%

Results from both LAN and LSC are comparable to those in the literature, confirming

the high activity of LSC. A slightly higher value for LAN is due to the higher reduction
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temperature (1000 ◦C).

Evaluating in particular the second cycle, which is usually closer to the average value

over a long number of cycles, all new materials except LSCM50 (and LSCM25) have results

in the same range as state-of-the-art materials. Nevertheless, reduction temperatures are

much lower than the reported ones for ceria and ferrites (over 1400 ◦C). LSCM50 actually

has a good first-cycle oxygen release, but with a 79% loss in the second cycle the cyclability

is excluded.

The lower results for low-strontium iron perovskites can be explained because of the

lower reducibility if compared to manganese ones.[88] Nevertheless, the higher oxygen

mobility observed when iron is present in crystal lattices guarantees a higher cyclability,

which is almost completely loss in manganese-doped samples.[90]

Strontium-rich materials (LS40CF, LS40CM) have a good-to-high oxygen release, a

behaviour expected from this doping since the +2 oxidation state enhances the formation

of M(IV) species in the B-site, which are more readily reduced in the thermal treatment.

Besides, they present very good cyclability, with losses as low as 28% and 13% respectively.

These materials appear to be the most promising for large-scale applications, in particular

LS40CF, with an oxygen release of 9.17mL/g in the second cycle, higher than LSC.

Differentiating oxygen release in temperature steps allowed to have an insight on the

mechanism of this reaction, sometimes overlooked by the literature, in which only net

releases up to a certain temperature are usually reported.[98–100] Two peaks, due to α-

oxygen (from surface) and β-oxygen (from grain boundaries) can be observed for LSC, at

450 ◦C and 800 ◦C respectively. Furthermore, a contribution from bulk oxygen is revealed

by the steady increase in oxygen release at higher temperatures. While in the case of

Co-Fe perovskites this can be seen only in the one with 40% Sr, in Co-Mn materials all

first cycles show a maximum for the first step, indicating that a similar mechanism is in

action.

Nevertheless, some aspects would need further clarification. While characterising the

materials, a trend in crystallite size emerged: this value increased with increasing cobalt

content both in LSCF and LSCM families. In a similar way, specific surface area decreased

with increasing strontium content, with LS40CF and LS40CM having lower area than

other materials in their family. They proved to be very active nonetheless, suggesting

that this characteristic might be to some extent secondary in the development of this

kind of catalysts.

Besides, all values have been obtained while oxidizing the reacted sample in oxygen

atmosphere. To evaluate the actual production of hydrogen from this series of materials,
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some measurements should be conducted in water vapour flow at appropriate tempera-

tures (in literature, Tox = 800 ◦C is suggested as efficient reaction temperature).

Despite needing additional investigation on some specific aspects, these materials seem

overall promising: the activity is comparable or superior to literature references, while

working at a much lower temperature. Mn shows good activity but low cyclability, while

Fe has the opposite features, except with a higher strontium content, which gives the

best result. It is not excluded that a double B-site doping, both with Fe and Mn, could

overcome some of the issues that each ion shows (if taken individually) and perform well

even in a real condition of water splitting.
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Appendix A

A.1 SEM

Figure A.1: LAN — 15000x Figure A.2: LSC — 15000x

Figure A.3: LSCN10 — 15000x Figure A.4: LSCF50 — 15000x
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Figure A.5: LSCF25 — 15000x Figure A.6: LS40CF — 15000x

Figure A.7: LSCM50 — 15000x Figure A.8: LSCM25 — 15000x

Figure A.9: LS40CM — 15000x
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A.1. SEM

Figure A.10: LSCF25 post-reaction — 5000x Figure A.11: LSCF25 post-reaction — 25000x

Figure A.12: LS40CF post-reaction — 5000x Figure A.13: LS40CF post-reaction — 25000x

Figure A.14: LSCM25 post-reaction — 5000x Figure A.15: LSCM25 post-reaction — 25000x
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Figure A.16: LS40CM post-reaction — 5000x Figure A.17: LS40CM post-reaction — 25000x

88



A.2. BET

A.2 BET

Figure A.18: Isotherms of LSC in N2. Figure A.19: Isotherms of LSCN10 in N2.

Figure A.20: Isotherms of LSCF50 in N2. Figure A.21: Isotherms of LSCF25 in N2.
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Figure A.22: Isotherms of LS40CF in N2. Figure A.23: Isotherms of LSCM50 in N2.

Figure A.24: Isotherms of LSCM25 in N2. Figure A.25: Isotherms of LS40CM in N2.
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A.2. BET

Figure A.26: Isotherms of post-reaction LSC in
N2.

Figure A.27: Isotherms of post-reaction LSCF50
in N2.

Figure A.28: Isotherms of post-reaction LSCM50 in N2.
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