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Abstract

Abstract

Thermal storage technologies (TES) will play a major role in the integration of
renewable energies and in the increase of the industrial processes’ efficiency.
Among them, thermochemical storage (TcES) is the least developed, as it is
mostly at laboratory scale, being one of the most promising due to: (i) it covers
a wide temperature range, (ii) it has high energy densities, (iii) heat can be
stored at room temperature and (iv) heat is released at constant temperature,

being adjustable according to reaction conditions.

Thus, the endothermic reaction is used to store heat when it is available and the
exothermic reaction is used to release that heat when it is needed. In this
regard, Redox reactions of metal oxides have been widely studied for high
temperature TES applications. These Redox systems require suitable materials
in terms of (i) complete reversibility, (ii) suitable reaction temperature, (iii)
high energy density, (iv) high reaction enthalpy, (v) no-toxicity and (vi) good

thermal stability during cycling in the temperature range of the application.

Traditionally, high-temperature thermochemical systems have been mostly
proposed for concentrated solar power (CSP) plants, as substitutes for the
current molten salt-based technology. Another possible application, at a very
preliminary stage of development (less than 5 publications in literature), is the
development of active thermal barrier coatings (TBC) using thermochemical
materials. Thus, thermochemical reactions, which have the side effect of

stabilizing the temperature while the reaction takes place, are responsible for

vii



viil

Abstract
damping the temperature variations of the metallic components in service in

processes at high and variable temperatures, in order to extend their lifetime.

This work details: (i) the development of new mixed metal oxides based on pure
Co304 in order to adjust their reaction temperature without greatly impairing
their high reaction enthalpy, (ii) The improvement of the stability and
cyclability of the mixed metal oxides has been carried out by the addition of SiO,
particles. (iii) A kinetic study has been completed for both materials, pure and
added with SiO; particles. Subsequently, (iv) the study has been centered in the
active thermal barrier coating application, where the formulation and the layer-
by-layer application process has been optimized. To conclude, (v) the coatings

have been assessed both at laboratory scale and on a test bench.
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Resumen

Las tecnologias de almacenamiento térmico (TES) van a jugar un papel
destacado en la integracion de las energias renovables y en el incremento de las
eficiencias de los procesos industriales. Entre ellas, el almacenamiento
termoquimico (TcES) es la menos desarrollada, ya que se encuentra en la
mayoria de casos a escala de laboratorio, siendo una de las mas prometedoras
puesto que: (i) abarca un amplio rango de temperaturas, (ii) tiene altas
densidades energéticas, (iii) se puede almacenar el calor a temperatura
ambiente y (iv) el calor se libera a temperatura constante, siendo ajustable

segn las condiciones de reaccion.

Asi, la reaccién endotérmica se utiliza para almacenar el calor cuando esta
disponible y la reaccion exotérmica se utiliza para liberar dicho calor cuando se
necesita. En este sentido, las reacciones Redox de los 6xidos metalicos han sido
ampliamente estudiadas para aplicaciones TES a alta temperatura. Estos
sistemas Redox requieren materiales adecuados en términos de (i)
reversibilidad completa, (ii) temperatura de reaccion adecuada, (iii) alta
densidad energética, (iv) alta entalpia de reaccion, (v) no toéxico y (vi) buena
estabilidad térmica durante el ciclado en el rango de temperatura de la

aplicacion.

Tradicionalmente, los sistemas termoquimicos a alta temperatura se han
propuesto en su mayoria para las plantas solares de concentracion
(Concentrated Solar Power, CSP), como sustitutos de la tecnologia actual

basada en sales fundidas. Otra posible aplicacién, en una fase muy preliminar
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de desarrollo (menos de 5 publicaciones al respecto en literatura), es el

desarrollo de recubrimientos activos de barrera térmica (Thermal Barrier
Coating, TBC) utilizando materiales termoquimicos. Asi, las reacciones
termoquimicas, que tienen como efecto secundario la estabilizacién de la
temperatura mientras transcurre la reaccion, se encargan de amortiguar las
variaciones de temperatura de los componentes metalicos en servicio en

procesos a altas y variables temperaturas, con el fin de alargar su vida ttil.

En este trabajo se detalla: (i) el desarrollo de nuevos 6xidos mixtos metalicos
basados en Co304 puro con el fin de ajustar su temperatura de reaccion sin
perjudicar en gran medida su alta entalpia de reaccién, (ii) La mejora de la
estabilidad y ciclabilidad de los 6xidos mixtos metdlicos que se ha realizado
mediante la adicién de particulas de SiO, (iii) La realizacién de un estudio
cinético para ambos materiales, puro y adicionado con particulas de SiO..
Posteriormente, (iv) el estudio se ha centrado en la aplicacién de los materiales
como recubrimientos activos de barrera térmica, donde se ha optimizado una
formulaciéon y proceso de aplicacidon layer-by-layer. Para concluir, (v) los
recubrimientos se han caracterizado tanto a escala de laboratorio como en un

banco de ensayos.
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Biltegiratze termikoko teknologiek (TES) paper nabarmena izango dute energia
berriztagarrien integrazioan eta prozesu industrialen efizientzien hazkundean.
Horien artean, biltegiratze termokimikoa (TcES) da gutxien garatua, gehienetan
laborategiko eskalan baitago, eta oparoenetako bat da, izan ere: (I)
tenperatura-tarte handia hartzen du, (ii) energia-dentsitate handiak ditu, (iii)
beroa giro-tenperaturan gorde daiteke, (iv) beroa tenperatura konstantean
askatzen da, erreakzio-baldintzen arabera doigarria izanik.

Erreakzio endotermikoa beroa biltegiratzeko erabiltzen da, eta erreakzio
exotermikoa aldiz, bero askatzeko erabiltzen da. Zentzu horretan, TES
aplikazioetarako oxido metalikoen Erredox erreakzioak sakonki aztertuak izan
dira. Tenperatura altuko Erredox sistema hauek, honako baldintzak bete behar
dituzte: (i) itzulgarritasun osoa, (ii) erreakzio-tenperatura egokia, (iii)
dentsitate energetiko handia, (iv) erreakzio-entalpia altua, (v) ez-toxikoa eta
(vi) aplikazio tenperatura tartean egonkorra izatea.

Tradizionalki, tenperatura altuko sistema termokimikoak eguzki-planta
kontzentratuetarako (CSP) proposatu izan dira, gatz urtuetan oinarritutako
egungo teknologiaren ordezko gisa. Beste aplikazio posible bat, oso aurretiazko
garapen-fase batean aurkitzen dena (5 argitalpen baino gutxiago literaturan),
material termokimikoak erabiliz, hesi termiko estaldura aktiboak (TBC)
garatzea da, honen helburua tenperatura aldaketak egonkortu eta materialen
bizitza luzatzea izanik.

Lan honetan honakoa zehazten da: (I) Co304 puruan oinarritutako oxido misto

metaliko berrien garapena, erreakzio-tenperatura doitzeko helburuarekin,

Xi
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erreakzio-entalpia handiari kalte egin gabe; (ii) Oxido misto metalikoen
egonkortasunaren eta ziklagarritasunaren hobekuntza SiO, partikulak gehituz
(iii). Ondoren, bi materialen azterketa zinetikoa egin da, material purua eta
material konposatuarena (SiO; partikuladuna) hurrenez hurren. (iv) Jarraian,
material hauek estaldura aktibo bezala aztertu dira eta horretarako
formulaketa eta geruzaz geruzako aplikazioa optimizatu da. Amaitzeko, (V)
estaldurak laborategiko eskalan nahiz saiakuntza-banku batean karakterizatu

dira.
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Abbreviations

ASTM American society for testing and materials
BET Brunauer-Emmett-Teller

BSED Backscattered electron detector

CAES Compressed air energy storage

CaL Calcium looping

CHP Combined heat and power (cogeneration)

CSP Concentrating solar power

DIN Deutsches Institut fiir Normung (German institute for
standardization)

DSC Differential scanning calorimetry

EDX Energy dispersive X-ray spectroscopy

ETD Everhart-Thornley detector

GD Glow discharge

HEN Heat exchanger network

HTF Heat transfer fluid

ISO International organization for standardization
LHS Latent heat storage

OES Optical emission spectrometer

PCM Phase change material
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PEC Photoelectrochemical
PH Pumped hydro

RF GD-OES  Glow discharge optical emission spectroscopy

SB Sestak- Berggren

SEM Scanning electron microscopy
SHS Sensible heat storage

SOEC Solid oxide electrolyzer

SOFC Solid oxide fuel cell

TBC Thermal barrier coating

TCS Thermochemical storage

TcES Thermochemical energy storage
TcHS Thermochemical heat storage
TCM Thermochemical material

TEC Thermal expansion coefficient
TEM Transmission electron microscopy
TEOS Tetraethyl orthosilicate

TES Thermal energy storage

TGA Thermogravimetric analysis
UTM Universal micro tribometry
XRD X-ray diffraction

YSZ Yttria-stabilized zirconia
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Symbols

a Conversion ratio

A Preexponential factor

AH Reaction enthalpy

Aq Latent heat of fusion

iRy Gibbs free enthalpy

Cy Specific heat

Cor Specific heat of the liquid phase
Cps Specific heat of the solid phase
E, Activation energy

f Melt fraction

fla) Reaction model

m Mass of heat storage medium
mo Initial mass

my Final mass

m; Mass at a time ¢

I mols of reactant

p density

Qbind Binding heat

Qcond Heat of condensation

Xix
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Abbreviations and symbols

Qdes
Qs
Qsens

T
T;

Tm

Desorption heat
Quantity of heat stored
Sensible heat

Gas noble constant
Generalized time

Final temperature
Initial temperature
Melting temperature

Time
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This manuscript includes the Doctoral Thesis of D. Yasmina Portilla Nieto,
entitled "Design and development of mixed metal oxides for high temperature
thermochemical energy storage in active thermal barrier coating applications”,
which aims to provide an advance in knowledge about the development of
thermochemical materials with lower reaction temperatures for improving the
energy efficiency of industrial processes and active thermochemical coatings

aimed at extending the lifetime of the materials used.

The research work has been carried out between the research center CIC
energiGUNE and the technological center Fundaciéon Tekniker, in close
collaboration with the Department of Physics of the UPV/EHU. A pre-doctoral
stay has also been carried out at the German Aerospace Center (DLR), more
specifically in the Institute of Engineering Thermodynamics, located in

Stuttgart.

The thesis report is presented as a compendium of publications in accordance
with the criteria set out in the Regulations for the Management of Doctoral
Studies of the University of the Basque Country/Euskal Herriko Universtitatea
(UPV/EHU).

In line with the above, the thesis document is divided in three main sections as
follows:

Chapter 1:

The present section encompasses both the thematic unit of the research work

and a state of the art on thermal storage systems, focusing on thermochemical

xxiil
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systems, where the main reactions, the main metal oxides for redox reactions

and their potential applications are detailed. Among the applications, protective
coatings are specially detailed. In addition, the characteristics of the main
synthesis routes for metal oxides are presented and the effect of sintering is

explained.

This section also contains the definition of the objectives of the experimental
work and a summary of the most relevant results. A detailed explanation of the
experimental methodologies carried out as well as the characterization tools

used is also presented. The section concludes with a list of references.
Chapter 2:

This section summarizes the main conclusions obtained during this thesis work
in regard to the development and optimization of the mixed metal oxides and
to the thermal coating obtention and analysis. It includes a sub-section

describing the possible future works to continue with the research on this topic.
Chapter 3:

This section consists of the annexes. The first annex shows the dissemination
of the research work, the second annex describes the unpublished experimental
results, including the enthalpy studies and the third one contains the five
publications obtained during the thesis work (three published and two
submitted)
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Chapter 1

1. Background

The global energy demand continues increasing as a consequence of population
and economic growth. This high energy consumption leads to a considerable
increase in the pollution of the planet, due to the large quantities of CO; released
into the atmosphere as a result of the overproduction of energy from non-

renewable energy sources to meet society's demands.

160,000 Other

renewables

_r
1 L Biofuels

140,000 L Solar

— Wind
Hydropower
Nuclear

120,000
Gas
100,000

80,000

—— Coal
60,000

40,000

20,000 o

0
1965 1980 1990 2000 2010 2020

Figure 1.1. Evolution of the energy consumption by source in the world [1,2]. The
consumption is measured in terawatt-hours (TWh). “Other renewables” include

geothermal, biomass and waste energy.

The upward trend in energy consumption can be observed in Figure 1.1. It was

slowed by 4.5 % in 2020 by the COVID-19 pandemic that swept the globe [1].
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The lockdowns imposed around the world reduced the transport energy

demand. Three-quarters of the total decrease in energy demand was due to the
drop in oil demand [1]. During 2021, the gradual return to normality led to an

increase in energy demand to values close to those of 2019 [3].

In this scenario of increasing demand, with growing tension between different
countries over non-renewable energy resources, the use of the available
sources of energy is a critical factor to solve both environmental and economic

problems.

Two of the alternatives for meeting energy demand without generating major
environmental impacts are: the commitment to renewable energies and the
increase of the efficiency of industrial processes, both from the energy side and

from increasing the life time to the materials side.

These aspects are introduced in The Energy Hierarchy, which presents levels of
priority in terms of actions to be taken by policy makers, industry and
consumers in the use of energy sources. The list is presented in order from the

most sustainable to the least sustainable, as it is depicted in Figure 1.2.
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Energy tion Ch : AN
behaviour to reduce demand.

Energy efficiency. Using technology to reduce
demand and eliminate waste.

PRICORITY 3

Exploitation of renewable, sustainable resources.

PRIORITY 4

Exploitation of non-sustainable resources
using low-carbon technologies.

PRIORI

Exploitation of conventional resources as we do now.

LEAST SUSTAINABLE

Figure 1.2. The energy Hierarchy list [4].

This list prioritizes reducing energy demand by taking preventive measures to
conserve energy, then moves on to improving energy efficiency and the use of
renewable energies, and finally it introduces the use of non-renewable energy
sources with low CO; emissions and classic energy sources. It places
importance on sustainability, not just in how energy is generated but also in

how we use it as a resource [4].
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Figure 1.3. Evolution of the global electricity production by source [1,2]. “Other

renewables” slot includes biomass and waste, geothermal, wave and tidal.

Following the Energy Hierarchy demand, the increase in renewable

energy use

has been evident over the years (Figure 1.3). During 2020, with the pandemic

hitting the global economy, renewables continued to grow strongly

. Especially

solar and wind capacity grew by 238 GW, 50% more than in previous years [1].

In addition, wind and solar power fed into the global power mix reached record

highs, as it is shown in Figure 1.4. Moreover, the immunity shown by the

renewable energy over the events of 2020 is promising.
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Figure 1.4. A) Renewable power generation by source, and B) Share of renewables and

coal in the global power generation [1].

The commitment to renewables also allows the reduction in greenhouse gas
emissions, essentially CO,. During 2020, emissions were reduced by 6%, a value
similar to what is needed to be reduced per year over the next 30 years to meet

the objectives of the Paris agreement [1].

The challenges of renewable energies are the intermittency of production and
that in most cases, electrical production does not match electricity demand. The
use of electricity from renewable sources such as solar or wind for heat
production, coupled with the use of thermal energy storage (TES) systems, can
provide the necessary flexibility for the growth of renewables. Power to heat to

power technology is a very promising alternative [5,6].

The heat is the center of the universal energy chain, linking primary and
secondary sources of energy. The TES conversion, transfer and storage
processes account for 90% of the whole energy budget worldwide [7]. The TES

is capable of addressing all elements of the energy nexus, including mechanical,
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electrical, fuel and light modules, through heat loss mitigation, waste recovery

and energy saving approaches to improve system performance [8].

Thermal storage systems will also play a key role in improving the efficiency of
industrial processes. These systems allow the storage of waste heat from the
process and reuse it in another part of the process where it is needed [9,10]. In
addition, they allow the temperature of the outgoing streams to the atmosphere

to be lowered, thus reducing the impact on global warming.

Another way of increasing the efficiency of the industrial processes is
improving the lifetime of the materials. The damage and deterioration of pipes,
valves and fittings are a widespread problem of industries around the world
[11]. These problems occur due to corrosion, erosion, thermal cycling and
chemical attack. The insulation of the equipment to prevent heat loss and

increase efficiency is key factor to save energy costs and reduce waste [11].

Thermal barrier coatings (TBCs) [12-14] are an efficient thermal protection
technology. Normally, TBCs are formed by ceramic material with high-
temperature resistance, corrosion resistance and good thermal insulation
properties [15-19]. Thermal barrier coatings protect the superalloy materials
from high temperature, oxidation and corrosion isolating them from the heat
source [20]. Thermal coatings have been used widely in gas turbines and

engines [21,22].

A new concept of active thermal barrier coatings based in the use of TES
reactions has been recently proposed. The main objective of this concept is to
delay or avoid the thermal fatigue at which are exposed process materials, solar
receivers or other electronic devices at high temperatures [23-26], thus
maintaining a high system efficiency for a prolonged time and increasing the

lifetime of the process materials.
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2. Introduction

2.1. Thermal Energy Storage (TES)

Thermal energy storage (TES) technologies are based on the storage of thermal
energy by heating and cooling a storage medium [27]. The energy stored can be
used later for applications such as heating/cooling [28], power generation or

materials protection [24].

TES technologies allow to manage the generation and demand of energy which
is out of phase and improve the performance and thermal reliability of the
systems, but also, they increase in overall efficiency from 50% to around 70 to
100% [29], leading to better economics, reductions in investment and running

costs, etc. [30].

Thermal storage systems can be used for short-, medium- and long-term
storage applications. Thus, short and medium term refers to hours or days and
long term or seasonal refers to energy storage for several months and can be

used when needed [8].

These systems are used commonly in buildings and in industrial processes
[28,31,32], improving the energy efficiency of the whole process and reducing
the environmental impact by storing the waste heat, as those quantities of heat

are usually dissipated to the environment, turning them into waste and also
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causing an increase in the global warming effect. They are also used in

combination with concentrating solar power (CSP) for the storage of electricity

[27].

Thermal energy storage technologies can be divided into three principles of

storage, as it is depicted in Figure 1.5, differing in the fundamental way they

store thermal energy [28,33-35]:

Temperature (°C)

Sensible heat storage (SHS): This is the most extended TES technology
and it is based on the raising and lowering the temperature of a liquid
or solid medium to store/release thermal energy for low/medium
temperature applications. The most common material used is water.
Latent heat storage (LHS): This technology is based in the absorption or
release of energy at a constant temperature during the phase change of
a material. The most commonly phase change used is the solid/liquid
transition but the solid-solid is used too.

Thermochemical heat storage (TcHS): This technology operates in two
ways: chemical reactions and sorption processes. The first ones store
the energy as the heat of reversible reactions. In the second ones, the

energy is stored either through adsorption or absorption processes.

Charging step
A - B "W
9) / | Storage step
2| e ’ L 9
3|
g "l - -
g ¥/ Discharging step
@ |4/
"l Ll H o
Stored heat Stored heat
(a) (b) (c)

Figure 1.5. Thermal energy storage systems: (a) sensible heat; (b) latent heat; (c)

thermochemical reactions [36].
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The main characteristics of the different TES systems in comparison with other

storage technologies are listed in Table 1.1.

11
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2.1.1. Sensible Heat Storage (SHS)

Sensible heat storage is the most developed and simplest TES technology. It
stores heat using the temperature difference on a liquid or solid medium. The
SHS system stores the heat energy while increasing the temperature and
releases the heat energy by decreasing the temperature [42]. A typical SHS
system consists of a storage medium, a container and input/output devices.
Containers must both retain storage material and prevent loss of thermal

energy [43,44].

The main advantages of SHS are the prize - is the cheapest TES technology-, and
the lack of risk associated with the use of toxic materials [28]. The main
drawbacks are the low energy density and the variable discharging
temperature [27,45,46], as it is shown in Figure 1.6, where it can also be

observed that the energy density of SHS is the lowest among all TES systems.

Energy density

In MJ/m3
10000
.Heatsor Mg Hz('hemic:ll
reactions
Ca
LaNiH | Na,S
o Ettringite Sorption
Sitcagel N
1000 :
PCM
: o Na,HPO,H}0
Na,50,He
fce Water
]
(sensible) C€C/
e
100 i .Parafm
10 20 40 60 80100 200 400 800 1000

Temperature inC

Figure 1.6. Energy density of thermal energy storage methods [47].
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The quantity of heat stored depends on the amount of storage material, the

specific heat of the medium and the temperature change [12], according to the

following equation:
T
Qs = fTifm Cpdt=mCp (Tf —Tl-) (1)

Where Qs is the amount of heat stored, m is the mass of heat storage medium, C,

is the specific heat, T;is the initial temperature and Ty the final temperature.

The materials for SHS should have high specific heat capacity, leading to
increase the overall efficiency of the storage process and reduce the size of the
storage tank, having as a consequence the reduction of the total investment cost
[42]. The most commonly used materials for this TES technology are mainly:
water, molten salts, nanofluids, sand, rock, brick, gravel, concrete [43,48,49].
Water is the cheapest option and has a number of industrial and residential
applications. Above 100 °C, oils, molten salts and liquid metals are used. Rock
bed type storage materials are used for air heating applications. Another typical
applications of SHS technology is the underground storage in both liquid and
solid media [28] and the molten salt-based SHS system installed in all
commercial CSP plants with the TES storage system [42].

2.1.2. Latent Heat Storage (LHS)

Latent heat storage systems provide the possibility of storing a large amount of
heat at a constant temperature, the phase-change temperature [28,31]. The
materials used for LHS systems are known as phase-change materials (PCM)
due to their capability of releasing or absorbing energy with a change in
physical state [28]. LHS systems have larger energy storage densities and

smaller volume than SHS systems.
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The storage capacity is described by the following equations [49]:
Qs=f;mmedt+mqu+ fTTfmedt (2)

Qs = m[Cps(Tm - Ti) +fAq + CpL(Tf - m)] (3)

Where T is the melting temperature, m is the mass of PCM, Cp; is the average
specific heat of the solid phase between T; and T, Cp; is the average specific
heat of the liquid phase between T, and T}, fis the melt fraction and 4q is the

latent heat of fusion.

Paraffin
compounds

Organic J— Fatty acid
Non-paraffin

compounds ————
Q Other non-
[ — paraffin

v

Salt hydrate

Phase Change Inorganic

Materials

Metallics

Organic-
organic

Inorganic-
inorganic

Eutectic

Inorganic-
organic

Figure 1.7. Classification of phase change materials [31].

The different types of PCMs are schemed in Figure 1.7. The organic phase
change materials are adapted for low temperature applications but the prize
and the flammability are their main drawbacks. PCMs have larger heat of phase
change and are commonly used for high temperature applications [50]. The

eutectic materials are a combination of organic and inorganic materials with

15
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similar melting and freezing points. Their latent and specific heat capacities are

usually low [31,51].

The temperatures of the LHS materials are listed in the decreasing orders: solid-
solid > solid-liquid > liquid gas [42]. The solid-solid has generally the lower
latent heat and the liquid-gas the highest, but its high volume change during the
phase change is its main drawback for a commercial application [52]. Among
organic materials, sugar alcohols show solid-liquid transitions with enthalpies
from 165 to 357 J/g [53-55] and plastic crystals have solid-solid transitions
with enthalpies from 110 to 300 ] /g [56]. In the case of the inorganic materials,
the salts and salt hydrates show heats of fusion ranging from 150 to 2678 J/g
[57,58] and the metals show heats of fusion from 23 to 498 /g [58].

LHS systems, as SHS ones, can be divided into direct and indirect systems. The
heat transfer of the first ones is obtained by immediate contact between the
heat transfer fluid (HTF) and the LHS material. In indirect systems, the HTF and
the storage material are separated by a solid heat transfer edge, in which heat

can be delivered to a container filled with PCM or an encapsulated material [33].

This technology is suitable for applications that do not allow big temperature
differences. Each application requires a suitable PCM, whose phase change
temperature is in the range of the application. So far, the main application of

LHS systems is in buildings [59-61].

2.1.3. Thermochemical Heat Storage (TcHS)

Thermochemical heat storage (TcHS) is the less developed TES technology and
has the highest energy storage density (up to 500 kWh/m3) [62,63]. TcHS
systems can store heat in two ways: chemical reactions and sorption processes

[64]. The term “sorption” was firstly proposed in 1909 as a general expression
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for covering adsorption and absorption [65]. The use of chemical reactions was
purposed by Goldstein at first instance for solar heat storage [66]. Afterwards

it was proposed for energy storage in general [67,68].

Chemical reactions and sorption processes can store large amounts of heat. In
the case of the sorption processes (Figure 1.8), heat is stored by breaking the
binding force between the sorbent and the sorbate in terms of chemical

potential [69].

Charging

Heat input

_—TrE L i

Reactor

Discharging
Humidifier

S

Reactor

Figure 1.8. Operating principle of a sorption thermal storage system [70].

Thermochemical storage is based on gas-gas, gas-solid or solid-solid reactions.
There are two phases involved in a TcHS system, as it is schemed in Figure 1.9:
A charging step, where an endothermic reaction is involved for storing excess
or waste heat [37,71,72], and a discharging step, where an exothermic reaction
is used to release the stored energy for further applications [73]. If the reactions

are completely reversible, all the energy stored should be recovered [74].
The general reaction taking place in a TcHS system can be described as [71]:

A+QeoB+C (4)

17
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During the charging step, the thermal energy activates the endothermic
reaction where the compound “A” is transformed into the reaction products
(“B” and “C”) [75]. The compounds “B” and “C” can be stored separately [76].
The exothermic reverse reaction is obtained by the recombination of the
reaction products (“B” and “C”) releasing the heat of reaction. Theoretically, this
reverse cycle guarantees a thermal energy storage without heat losses. The

products of both steps can be stored at ambient temperature [71].

ENDOTHERMIC REACTOR
(Thermal energy absorbing)

>

o™
+
()

EXOTHERMIC REACTOR
(Thermal energy releasing)

Figure 1.9. Schematic diagram of a thermochemical heat storage system based on Wu et.

al [37].
The energy stored in this kind of systems can be calculated as [71]:

Q=ny- AH )
Where ny is the number of mol of reactant A and 4H is the reaction enthalpy.

The main advantages of TcHS technologies are [46,68,71,77-79]:
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o They present the highest energy storage density among all the TES

technologies, up to 15 times greater than the SHS storage density and 6
times greater than the LHS one.

o High operation flexibility, being suitable for a wide range of applications
due to the large number of available reversible reactions at different
temperatures.

o) Theoretically, the storage duration and transport distance are
unlimited, as the systems do not present thermal energy losses.

o) It can be achieved a stable heat source with constant temperature

because the discharge reactions take place at constant temperatures.

Discharging in usable
Low material cost High energy density temperature
conditions

Regeneration
temperature as low
as possible

Environmental safety,

. . Non corrosiveness
non-toxicity

High specific power
(affinity of the
sorbent for the

sorbate, thermal
conductivity, etc.)

Moderate operating Cyclability and
pressure range stability

Sustainability

Figure 1.10. Material selection criteria for thermochemical heat storage, based on

N'Tsoukpoe et. al [80].
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The criteria for the selection of the material candidates for thermochemical

energy storage is depicted in Figure 1.10. The most important requirements

are:

@)

Complete reaction reversibility

Suitable reaction temperature

High storage density

High reaction enthalpy

No-toxicity

Good thermal stability during cycling in the operation temperature
range

Low cost

The selection of thermochemical materials should be made in compliance with

as many requirements as possible.

2.2. Thermochemical energy storage (TcES)

As thermochemical energy storage is the less developed and most complex TES

technology, further studies are needed. This section deals with the classification

of the different reactions and most promising materials.
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2.2.1. Classification by type of reactions

The thermochemical reversible reactions used for storing energy can be
grouped in four categories depending on the state of the materials involved
[81]: gas-gas, liquid-gas, liquid-liquid, solid-gas and solid-solid reversible
reactions [82-85]. Between them, solid-gas reactions have attracted more
interest because of their wide range of turning temperature and the easy

separation of the reactants [82,86,87].

The most studied systems in the medium-high temperature range are depicted

in the Figure 1.11.

Thermochemical TES system at medium and high temperatures
(300 - 1100 °C)

Metallic
Hydrides

Carbonates|ill Hydroxides Ammonia
System System System

Organic
System

Mg(OH), 2 NH,HSO,
Ca(0H), NH;

Figure 1.11. Thermochemical storage (TCS) systems studied in the past [71].

There are various candidates for thermochemical energy storage but some of
them are not considered for the final application because of their harmful
nature to human beings. Thus, its development is not considered in many cases,
as PbCO; due to the presence of Pb. In other cases, the toxicity of the sulfates
linked to the corrosiveness of the resulting gaseous reaction products (sulfur

oxides) in the gas-solid reactions makes them not suitable [37].

In other cases, the use of reactants such as CO, or H;0 makes separation or

evaporation necessary, as is the case for carbonates, hydroxides and organic
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systems [10]. The ammonia system suffers from high pressure requirements,

slow ramp rates for ammonia synthesis and high exergetic losses [88]. All this

complicates energy storage.

The main solid-gas reactions and sorption processes studied for

thermochemical energy storage (TcES) are detailed in this section.

2.2.1.1. Sorption processes
The sorption thermal storage consists in a sorption followed by a desorption.

The mechanism followed by this process for the basic cycles can be described

as [70]:

Charging: A-(m+n)B + heat > A-mB +nB (6)
Discharging: A-mB+nB - A-(m+n)B+ heat (7)
Where A is the sorbent and B is the sorbate.

In the charging step (desorption), a supply of heat is needed to remove the
sorbate from the sorbent. The heat required must be higher than that associated
with the evaporation or condensation heat of the pure sorbate. Explained in the
mechanism, the heat breaks the binding force between A and B in A-(m+n)B and
a part of B is released from A. The energy is stored in chemical potential while

the mass fraction of B decreases.

In the discharging step (sorption), the sorbent and the sorbate must be in
contact so the binding force can be stored. Explained in the mechanism, A-mB
is in contact with B to form A:(m+n)B, and the chemical potential is transferred
into thermal energy while the fraction of B increases [70]. The sorption process

can be of adsorption (physisorption) and of absorption (chemisorption).

In a liquid absorption process, A-(m+n)B represents a solution with a lower

concentration of A than A-mB. In a solid adsorption process, A:-(m+n)B
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represents the enrichment of B on the surface of A as (m+n) mole B is adsorbed

[70].
The sorption process of a salt hydrate, for example, can be described as [89]:
Salt - nH,0(s) + heat < Salt(s) + nH,0 (8)

The types of sorption processes are classified in Figure 1.12, distinguishing

between solid sorption and liquid absorption processes.

Sorption thermal storage

[ [ | |
Solid

adsorption

Chemical
reaction

Composite
materials

Liquid
absorption

Composite “Salt in

Two-phase
porous matrix”

absorption:
LiBr solution/H,0 ammoniate: (CSPM):

H,0,/NH, BaCl,/NH, CaCl,-Silica
. CaCl,/NH, gel/H,0

Coordination

Silica gel/H,0
ilica gel/H, reaction of

LiCl solution/H,0

CaCl, solution/H,0

strong acid and
bases solution/H,0

Zeolite (Natural,
4A,5A,10%,
13X)/H,0

Three-phase
absorption:

LiCl solution +
cristal /H,0

Novel porous
materials:

Aluminophosphate
(AIPO)/H,0,
Silico-

aluminophosphate
(SAPO)/H,0
Metal organic
framework
(MOF)/H,0

Hydration reaction
of salt hydrate:
MgCl,/H,0

MgS0,/H,0
SrBr,/H,0
Na,S/H,0

LiBr-Silica gel/H,0
MgSO0,-Zeolite/H,0
CaCl,-SBA 15/H,0

MgS0,-MgCl,-
Attapulgite/H,0

CaCl,-FeKIL2/H,0

Figure 1.12. Classification of sorption thermal storage [70].

The energy involved in the sorption storage systems can be described as

[70,90]:

Qchar = Usens + Qcona + Qpina (9
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Qdes = Qcona t+ Cpina (10)

Where the sensible heat (Qs.ns) is a prerequisite energy to heat up the reactor to
a required desorption temperature. The heat of condensation (Qcnd) is the
liquid-gas phase change heat at a specific temperature which is assumed
constant. The binding heat (Qsing) represents the difference between the

desorption heat (Ques) and the condensation heat (Qcond) [70].

The system configuration of the sorption processes can be closed or open [91-
93]. The closed systems, isolated from the atmospheric environment, have been
widely studied for refrigeration, heat pump and energy storage applications.
This kind of systems is suitable for small-scale applications where compact and
highly efficient devices are needed [94,95]. The open systems, contrary, are
exposed to ambient environment to allow the release and sorption of the
sorbate. Only water can be used [70]. This type of system has lower investment
costs as well as better mass and heat transfer conditions. Therefore, practical
projects are developed using open systems for thermal energy storage [92,93].
From a design point of view, open processes have more benefits than closed
processes, as they have less auxiliary elements such as condensers,
evaporators, water storage reservoirs, system pressure maintenance and
complex system control, avoiding maintenance costs or failure of these

auxiliaries [96-100].

Typical compounds used as thermochemical materials (TCMs) are salt
hydrates, but as far as it is known, all hygroscopic salts are sensitive to some
instability issues, so it is necessary to consider some stabilization ways. Matrix
encapsulation with polymer coatings is one of the most commonly considered
solution. Polymeric coatings can provide high water vapor permeabilities with
reversible deformability, minimizing resistance to water transport and
accommodating volumetric changes of the TCM during repetitive (de)hydration
processes. [101]. The porous structure may have some influence on TCM

thermodynamics [102].
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Salt hydrates have advantages for storing low-grade heat, which include high
energy storage density, suitable tuning temperature, self-separation of
reactants and using water vapor as a safe and cheap gaseous reactant
[81,82,86,87,103-105]. Their requirements for storing thermal energy, as in
the case of the other thermochemical materials studied, are depicted in Figure

1.13.

Salt

Hydrates

Figure 1.13. Salt requirements for storing low-grade thermal energy [81].

2.2.1.2. Hydration processes

The use of reversible hydration/dehydration of metal oxides can be used near
atmospheric pressures at medium-high temperature, depending on the oxide
used, for thermal energy storage. The charging and discharging reactions can

be represented as follows (M=metal) [106]:
Exothermic reaction: MO + H,0y > M(OH), + AH (1D

Endothermic reaction: M(OH), + AH - MO(s) + H,0,) (12)
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The H;0 partial pressure and the temperature drive the hydration/dehydration

reactions [71].

The energy density of the given hydration reaction is given by [107]:
e_, Q2 _ru — PH
v =P = AH, = o nAH,, (13)

The subscripts H and D refer to hydrated (M(OH),) and dehydrated (MO)
phases of the compounds, Q/V [J/m3], @Q/m [J/kg], AH: [J/mol] are the energy
storage densities per volume, mass and mole. py [kg/m3] and My [kg/mol] are
density and molar mass of the hydrated state and 4H,, [J/mol] is the reaction

enthalpy per mole water.

The undesirable properties of the materials for the hydration reactions are
common with all other thermochemical materials: deterioration during cycling,
non-suitability in the application temperature range, side chemical reactions,
corrosion, pulverization and deliquescence issues [107]. In an ideal case, the
activity stable state is reached after several cycles of hydration and
dehydration. Sometimes macro-crystals get cracked during the cycles, so it is

necessary to look for additional stabilizing material.

Typical hydroxides are cheap, abundant and nontoxic [108]. The most studied
ones are calcium hydroxide (Figure 1.14) and magnesium hydroxide for high-
temperature TcES applications and chemical heat pump, respectively, due to

their high volumetric energy density (up to ~600 MJ/m3) [109].



Chapter 1

Heatout
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H,0y

Air
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Figure 1.14. Ca0/Ca(OH): thermochemical energy storage process concept [110].

2.2.1.3. Carbonation processes

The alkaline-earth metal carbonates are suitable materials for thermochemical
applications due to their high turning temperature, high energy density, and
low price [83,111]. Initially, these compounds were used for CO; capture. The
calcination-carbonation chemical looping is a cyclic process which can be used
to achieve the desired storage temperature (above 800 °C), energy density and

discharging rates [112].
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Concentrated \
solar energy

\

Thermochemical solar energy storage:
MCOjy, + AH <> MO, + CO,,
(M =Ba, Ca, Sr)

Figure 1.15. Operating principle of thermochemical energy storage based on carbonates

in CSP plants [112].

Figure 1.15 shows the operating principle of a carbonation process based on

thermochemical reactions is used in a CSP plant.
The calcination/carbonation reactions can be described as [113]:

MCO3,, + AH, & MO + COy (14)

Carbonates are decomposed through the endothermic calcination reaction,
where M represents Ca, Sr, Ba, etc. The reaction takes place in a solid-gas
reactor under near-to-ambient pressure. The temperature of the reaction
depends on the equilibrium partial pressure of CO,. Once the calcination is
completed, CO; and the metal oxide are stored separately after passing through
a heat exchanger network (HEN) to reduce its storage temperature. Sometimes,
the CO2 is compressed to liquid state to reduce the storage volume [113]. When
the energy needs to be recovered, the metal oxide and the CO; are sent to a
solid-gas reactor where carbonation takes place, releasing the previously

stored energy.
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The main problem of carbonates is the sintering occurring after multiple

calcination/carbonation cycles at high temperature [114-116]. The techniques
used to solve this problem by increasing the active surface area and the stability
of the pore structure are: the use of rigid porous materials as support, the use
of additives to improve the thermal stability, the reduction of the particle size

and the synthesis of materials with microporous structure[112,117].

Between the carbonation reactions, the best stablished system is the Calcium
Looping (CaL) process based on calcium carbonate (CaCO3/Ca0) [118], but
there are other alternatives using barium carbonate (BaCO3/Ba0) [119],
strontium carbonate (SrCO3/SrO) [120] or magnesium carbonate

(MgC03/MgO) [121].

2.2.1.4. Redox processes

The technical issues associated with metal oxide redox systems are less than
those of other TcES processes, since they have advantages such as: high reaction
temperatures, non-corrosive products and no need for gas storage [37]. High
operation temperatures are of great importance for power cycle applications as
it increases the upper limit of the thermodynamic efficiency achievable

according to Carnot principles [122].

The redox reactions involved in this process can be described as [74]:
Reduction: M0y > My0y_1 +1/50, AH >0 (15)
Oxidation: M, 0y_y +1/,0, - M,0, AH < 0 (16)

Initially, metal oxides are reduced by the endothermic reaction at high
temperature storing external thermal energy. Later the reduced metal oxides
are re-oxidized to the initial state by the exothermic reaction and release the

previously stored energy. The oxidation is carried out by a source of oxygen. If
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this oxygen source is water or CO., this phase produces H or CO respectively
[123]. The most common oxygen source is air. During the charging process, the
reduction can be performed either by solar irradiation of the metal oxide or by
heating an HTF. When air is used as oxygen source, the HTF and the oxygen

source are the same. A scheme of the redox process is depicted in Figure 1.16.

Heat

[ Reduction

REDOX system

M0y + AH © M,0,_y +1/,0,

l Oxidation

Energy
release

Figure 1.16. Scheme of a typical redox process using air as HTF and oxygen source for

thermochemical energy storage.

Some of the advantages of this technology reported in the literature are
[10,74,124-130] :

o The high operating temperatures, ranging from 350 °C to 1100 °C, are
beneficial to boost the efficiency of CSP plants and make the redox
process suitable for many applications.

o When air is used as HTF and reactant, there is no need to store the

reactant gas.
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o

O

As the reaction is gas-solid, there is no necessity for products
separation.

Metal oxides have medium to high energy storage densities (230-850
k] /kg).

The reactions are simple and, in general, no catalysts are required.

Environmental impact is relatively small for most redox couples.

There are three main properties to determine if a metal oxide is suitable for

redox energy storage [37,71,77,84,126,131]:

Turning temperature: The temperature at which the Gibbs free energy
(4G) equals to zero (Figure 1.17), the formation of reactants or products
is not thermodynamically favored.

Energy storage density: The amount of energy stored by the
endothermic reaction per unit volume or unit mass.

Reaction reversibility: The evaluation of the redox degree of completion

after cycling.

10.0
7.5—-
5.0-
25-
0.0—.

—2.5-

AG (kJ mol™)

-5.0-
-7.54

-10.0 —T—————
800 850 900 950 1
Temperature (°

00 1050 1100

- O

Figure 1.17. Gibbs free energy (AG) against temperature for the most common metal

oxides redox reactions [125].
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The redox systems can be classified into two groups depending on the number

of metal oxides involved: pure and mixed metal oxide redox systems. In the
pure oxide system only one metal element is included in oxides, e.g., CoO/C0304
redox couple. In the mixed oxide redox systems more than one metallic element
is included in the oxide, for instance C0304 doped Mn304 system (Co3.xMny04).
Normally, the synthesis of the pure redox systems is easier but the mixed ones

have advantages such as reversibility and low cost [37].

Table 1.2 summarizes the advantages and disadvantages of each

thermochemical process commented above.
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Table 1.2. Advantages and disadvantages of the main thermochemical

processes.
Process Advantages Disadvantages Materials Ref.
- High efficiency
- Low cost
Lo sl
Sorption - Low - Instability - Salt [81,82,92-
. issues hydrates 95,132]
maintenance .
- Corrosion
cost
- Suitable tuning
temperature
- Cheap
materials
- Abundant - Instability .
. . - Calcium
materials issues hydroxide
Hydration - High - Corrosion ) [107-110]
. . - Magnesium
volumetric - Possible hydroxide
energy density deliquescence
- Nontoxic
materials
- Calcium
. . carbonate
i ilri};:;;l;?g - Sintering - Strontium
Carbonation - High energy issues carl?onate [83,111,113-
density - Need to store - Barium 116,118-121]
. reactant gas carbonate
- Low price .
- Magnesium
carbonate
- High
operation
temperature - Cobalt
- Non-corrosive oxide
products - Manganese
- Noneed of gas . oxide
- High cost [10,37,74,124-
Redox storage - Sintering issues Copper 130]
- Medium-high oxide
energy - Barium
densities oxide
- No catalyst - Iron oxide
- Simple
reactions
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2.2.2. Materials for Redox systems

Suitability studies have been conducted for years to determine which redox
pairs have the best thermochemical storage performance [133-135]. Some
oxides have been eliminated as their redox temperatures are too low (Crs012,
Li,02, Mg,0), because of the presence of critical raw materials in their
composition, because of their high processing cost (PtOz Rh;0s3 UOs3) or
because their non-reversibility (Pb02) [136].

The most promising ones, due to their suitable operating temperature ranges,
energy storage densities and acceptable cost and kinetics, are Ba0O/BaO,
Cu0/Cuz0, Fe;03/Fe304, Mn;03/Mn304, and Co304/Co0 [37,137]. Figure 1.18
shows a distribution of the different redox couples as a function of reaction

temperature and energy density.
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Figure 1.18. Energy density versus energy storage temperature for A) metal oxide and

some typical sensible and latent heat storage systems [137-143]; B) metal oxide systems

[137,138].
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Table 1.3 lists the advantages and disadvantages of the most relevant metal
oxides in the TcES field. The details of each metal oxide system are described

below.
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Table 1.3. Advantages and drawbacks of the most commonly studied metal oxides for thermochemical energy storage [138].

Reaction Energy
Material temperature mao_.m.mo Advantages Disadvantages Ref.
©C) density
(kJ/kg)
Abundance
Ba0:/Ba0 738/880 390/526 Wide range of working temperatures - Poor reversibility MMW_MMM_NmeNH
Moderate energy density
High energy storage density
No catalyst required
Fast reduction kinetics - Melting
Cu0/Cuz0 1042.5/1021.1 652/811 Flexibility in system design and - Slow oxidation [137,147,148]
operation
Low cost
o
Fe203/Fe304 1145/1361 485 Low cost _ High reaction Y (77,147
Moderate energy storage density temperatures
- Slow oxidation
Low cost - Low energy density
Mnz03/Mn304 928/768 231 Not harmful - Incomplete reaction [147,149-152]
No catalyst required - Low cycling stability
- Low toxicity
High energy storage density
Good cycling stability - High cost
C0304/C00 896,863 600/844 - No catalyst required - Toxic [9,147,149,150,1
. . . . 53,154]
Complete and reversible reaction - Sintering

Fast reaction kinetics
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2.2.2.1. BaO2/Ba0

The barium oxide redox couple (BaO./Ba0) was the first redox couple studied
for TcES activities [146]. The research done on this material is very limited and
the experiments were done in a small-scale furnace or in thermogravimetric
analyzer (TGA). The material stability is not well determined because the

maximum number of cycles tested is less than 30 [37].
The redox reaction that takes place can be described as:
2Ba0, + AH < 2Ba0 + 0, (17)

Previous research works determine an energy storage density of these
materials in the range from 390 k] /kg to 526 k]/kg [77,125,137,144,146]. The
impurity of the materials, incomplete conversion or heat losses may be the
possible causes of such deviation [125]. The theoretical weight loss during the
reduction process is of 9.45% but, under some conditions, it may be higher due

to some side reactions [125].

The reaction temperature of barium oxide varies depending on the calculation
method and the experimental conditions. The values presented in literature are
738 °C, 844 °C and 880 °C [77,144,145]. The differences may be due to the
formation of solid solutions with the small amount of water of the system
resulting in BaO; + Ba(OH); and BaO + Ba(OH); [155]. Different approaches can
be used to reduce the reaction temperature: by mixing BaO, with other metal
oxides, such as 10% CuO, MnO; or Fe;03 [146,156] or by applying vacuum
condition or reducing the total atmosphere pressure or oxygen partial pressure

[125].

The kinetics of the material shows that the oxidation tends to be slower than
the reduction, being the limiting step of the cycle [125]. Some authors identified
that the reversibility of the reaction is subject to the heating rate and maximum
temperature of experiment [146]. The conversion rate of the material is

reduced to 22% in only 20 cycles due to the apparent degradation caused by
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the thick ash layer of BaO2, which develops a diffusion resistance around the

particles and makes the rest of the BaO not available for the reaction. Another
effect of the thick ash layer of BaO; is the pores blocking [144]. The sintering
can be avoided by carrying out the reactions in a fluidized bed using extremely

fine powder, where the ash formation is avoided [144].

Recent research works have demonstrated that the addition of MgO as a dopant
leads to improved stability and reactivity of BaO, but reduces the energy
storage density. More specifically, a BaO2/MgO sample with 33 wt.% shows a
good storage capacity over 200 redox cycles obtaining an energy density of

approximately 290 k] /kg [157].

To sum up, barium oxides are abundant and less harmful than cobalt oxide.
They exhibit a lower reduction temperature than Co304, Mn203 and CuO [37].
They have a wide range of working temperatures, moderate energy density but

a poor reversibility in pure state [71,125].

2.2.2.2.Cu0/Cuz0
The copper oxide cost is more competitive than other metal oxide candidates
for thermochemical applications. This linked to its wide availability, makes it a

possible candidate for TES technologies [158].

The Cu0/Cu;0 redox couple was initially investigated in 1989 [159]. Since then
and until 2011, research interest declined because the melting point of Cu,0
was considered too close to the reaction temperature, leading to sintering

problems [37].

The reaction describing the redox process of the material is:

2Cu0 + AH © Cu,0 + 1/, 0, (18)
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Low oxygen concentration in the gas stream ( inert gas or similar) and a low gas

pressure promotes the reduction of CuO according to the Le Chatelier principle
[158,160], which proclaims that a disturbance applied to a system will move
the system from its equilibrium state, but will have a counteracting influence

on the effect of the disturbance [161].

The energy density of the CuO/Cu;0 redox couple is 811 k] /kg, which is higher
than other redox couples except Co304/Co0 (~ 844 KkJ/kg) [137].

The reaction temperature ranges from 700 °C to 1100 °C depending on the
research work [74,159]. In this system, the oxidation temperature is notably
lower than the equilibrium transition temperature, which reduces the
oxidation heating requirements, thus offering flexibility in system design and

operation [137].

The main issue with CuO is that its melting point is 1235 °C, close to the
reduction temperature and a significant grain growth is detected after thermal
cycling [74,147]. The degradation of the material and the gas bypassing the
shrinking packed bed leads to a decrease of the O, capture capacity [162]. For
avoiding the sintering, some authors proposed to use a rotary reactor, in which
the particles kept rotating and mixing [74]. This may be a new approach for the

practical use of this material as energy storage candidate.

Another alternative to improve the cycling stability performance is to support
the CuO with other metal oxides such as Zr0, MgAl;04, CeO2 and La;03. Recent
research works have demonstrated that the best alternative is the support of
Cu0 with MgAl, 0, and MgAl;04/ Laz03, obtaining a better O
release/consumption capacity [163,164].

To sum up, the advantages of the CuO/Cu.0 redox pair are the high density and
its abundance. The reduction of copper oxide is faster than the oxidation, but
the two reactions are strongly affected by the O, concentration of the HTC

[74,77,162].
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2.2.2.3. Fe203/Fe304
The few research works done on the Fe;03/Fe304 redox pair show that the main
advantages of this pair are the abundance, low cost, and moderate energy

storage density (~ 485 k] /kg) [77].

The redox reaction can be described as:
3Fe,0; + AH & 2Fe;0, + 1/, 0, (19)

The reduction temperature is influenced by the gas used in the experiment. It
varies from 1361 °C, under a gas containing a 20% of O, to 1145 °C under argon
atmosphere. [77]. The main characteristic for considering iron oxide as a
suitable candidate for thermochemical energy storage is the conversion rate of
Fe304 to Fe;03 (92%) [77], but the redox temperatures are too high for being

suitable for any application.

One of the problems that this material presents is the strong sintering observed

after only three thermal cycles, notably decreasing its reversibility [147].

In general, it can be said thar the pure Fe;03/Fes;04 redox pair shows poor
reversibility after thermal cycling and requires extremely high temperatures.
The application of this material for thermochemical energy storage can be done
by using it as an additive of other metal oxides such as cobalt oxide or

manganese oxide improving the cyclability and the kinetics [9,165].

2.2.2.4. Mn203/Mn304

Manganese-oxygen system has four stable oxides [137]. Their reduction

sequence is:
Mn0O, - Mn,03 - Mn30, - MnO (20)

Not all the reduction phases are suitable for thermochemical energy storage.

For example, the reduction of MnO; to Mn;03 is irreversible at atmospheric
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pressure and the transition temperature of Mn304 to MnO is too high (1700 °C)

for practical applications [136,166]. Only Mn304 shows a reversible behavior in
the temperature range from 500 °C to 1050 °C [167], so Mn03/ Mn30s is the

only redox couple that could be used as TCS material.

The reaction of this redox couple is:
3Mn,05 + AH & 2Mn30, + 1/, 0, (21)

The most important problem of this redox couple is the poor kinetics which
result in a slow oxidation. A possible solution is the use of a low cooling rate to
enhance the oxidation as the residence time at higher temperatures is more

prolonged [37,72].

The energy storage density of Mn»03 is theoretically 202 k]/kg [125], a value
much lower than that presented by BaO, (432 k]/kg) and Co304 (844 kJ/kg).
However, it is considered promising for high temperature energy storage

applications due to its low toxicity and low cost [72,168].

The reduction and oxidation temperatures range from 550 to 1000 °C, being
suitable for high-temperature applications [169], but the large temperature gap
between reduction and oxidation may have a serious effect on the efficiency of
energy storage. A cascade structure, which consists in employing cascades of
various porous structures, incorporating different redox materials distributed
as a function of their thermochemical properties and of the local temperature
of the heat transfer medium, can be suitable to reduce the temperature gap and

thus, boost the efficiency [170].

One variable that has a big influence in the reaction characteristics is the
particle size. A large specific area of smaller-size particle is beneficial to reduce
the oxidation temperature of Mn304 but also brings severe sintering problem.
This is caused by the densification sintering mechanism. In contrast, the coarse

particles lead to a more open structure with larger pores [171]. The sintering
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problem can be avoided by the addition of metal oxides such as iron or lithium

[137,172]. Some research works have demonstrated that the addition of 10-
15% of iron improves the performance of the manganese oxide, obtaining lower
sintering and maintaining almost 90% of its capacity constant after 500 cycles.
The main drawback is that the iron addition increases the reaction temperature

[147,154,165,171,173].

Recently, a research work has proposed the addition of Si0» and Si#* by different
synthesis and addition methods, obtaining promising results. The silica
improves the cyclability of the material without harming the reaction

temperatures [174].

The structural form of the materials has also a great influence on the reaction
characteristics. Thus, manganese oxide has better reaction kinetics in pellet
form than in powder due to the low pressure drop induced energy losses and
the better heat transfer characteristics for the flow-through pellets [169]. The

same effect is observed with other oxides such as cobalt oxide.

Summarizing, the Mn,03/Mn304 redox couple has low energy storage density
and slow kinetics, but the low cost and the reaction temperature range makes

this metal oxide a promising redox energy storage material.

2.2.2.5. C0304/Co0

The high energy density and the reversibility are the main qualities that make
the redox couple Co304/Co0 the most promising one for high temperature
redox energy storage. The main drawback of cobalt oxide is its high cost [175],
linked to its scarcity and its potential carcinogenic character, being potentially

dangerous for human health [77].

The redox reaction of C0304/Co0 can be described as:

€030, + AH & 3C00 + 1/, 0, (22)
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In the initial stages of research on this system, more attention was given to

storage systems using pure Co304 in powder form but, when the experiments
were done in a realistic condition like a rotary Kiln, it was observed thar the
completion of the reduction reaction was limited to conversions of ~50% [176].
Subsequently, efforts were focused on the development of systems employing

Co0304 in pellets and honeycombs, etc.

Analyses of the C0304/Co0 redox pair have been performed from a laboratory
perspective (TGA) to packed beds or rotary kilns. The number of redox cycles
tested ranges from 1 to 500. Table 1.4 lists the past studies done in regard to
the Co304/Co0 redox pair.
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Table 1.4. Past studies on the energy storage capability of Coz04/Co0 [13].

Ref Physical form _._muw_m.m Ammasm S:%E..m ture and Atmosphere Cycles Findings
condition heating/cooling rate
. . No degradation and no change in the surface area was found
_ 0 0
[153] Powder TGA 780-960 °C 20 °C/min Air, 02 100 for one sample cycled between 870 2C and 955 °C.
[137] Powder Packedbed  500-900 °C 10, 30 °C/min Air, N2 1 The redox couple achieved full omam:o: at a cooling rate of
10 °C/min.
Packed bed, o o fos . The energy storage feasibility was proved yet more studies
[137] Powder TGA 700-900°C1, 10, 30 °C/min Air, No 500 should be done regarding the oxidation.
[128] Powder wo_m_..rmm.nma Up t01000°C Air, Na, 0 9 Confirmed the feasibility of using a solar heated rotary kiln
rotary kiln for redox energy storage.
. . Co304 underwent 30 successful redox cycles and achieved
_ 0 0
7] Powder TGA 600-1100 °C 10 C/min Air, Ar 30 full reversibility between 800 and 1000 °C.
[123] Thermodynamic analysis 777.977 OC Air / Confirmed the thermodynamic mm.mm_c_.:a\ of integrating
Co304 energy storage system with Air Brayton cycle.
. The Activation Energy of reduction and oxidation were
~ 0 [}
[177] Powder TGA 177-940°C 10, 20°C/min Oz Ar 10 determined as 247.21 k] /mol and 58.07 kJ/mol respectively.
The redox storage system was found to be feasible at
[136] Powder TGA 25-1250°C 10 °C/min Air, N2, 02 5 temperatures between 480 and 630 2C by changing the
oxygen content of the gas atmosphere.
[10,126,12  Powder, morolithic porousstructures e, g eyl edox Siuetare monolthicboiescan ower systen
9,176,178- (e.g., porous foam, denser pellet, P 800-1100°C 5, 15 °C/min Air, Ar Up to 100 y ) . o Y
oo bed pressure drop and improve the kinetics of Cos04 redox
181] honeycomb, coated cordierite)
couple.
[158] Based on Neisses et al's study Co0304/Co0 transition can be practically complete regardless

of the selected parameters.
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The theoretical enthalpy for Co304/Co0 redox couple is 816-844 k] /kg [77,137],

higher than the practical one, which ranges from 495 kJ/kg in powder to 549
k]/kg in a honeycomb [169,176]. The practical enthalpy is influenced by the
materials’ morphology and physical shape [37].

The reactions of this redox couple take place between 700 °C and 900 °C. The
temperature range is strongly influenced by both the experimental conditions
and the gas atmosphere used [77]. Theoretically, under air atmosphere, the
turning temperature is 935 °C and the transition temperature is 790 °C [77].
Experimentally, when the HTF is air, the reduction reaction occurs in the
temperature range 896-930 °C while the oxidation reaction takes place
between 863 and 910 °C [72,128,147,169,176]. Other authors obtained 885-
905 °C as reduction temperature and 772 °C for the pure Ar atmosphere

[77,79].

The oxidation reaction of Co304/Co0 is strongly influenced by the heating and
cooling rates. Lower cooling rates guarantee higher degrees of oxidation
because the residence time at higher temperatures is prolonged and the
oxidation reaction is faster at higher temperatures. The sintering is a result of
the prolonged exposure to high temperatures but it is beneficial for the increase
of the oxidation rate [38]. A promising solution is the use of the pressure swing
reaction, in which the redox reactions can be performed at the same

temperature [182].

The kinetics of this redox pair is limited and it is affected by the reaction

temperature, O; partial pressure and physical form [177].

The thermodynamic driving force can be changed by the variation of the partial
pressure of oxygen. With a higher O partial pressure it is obtained a slower

reduction reaction following the Le Chatelier principle [153].

Regarding the physical form, large-sized powdered CoO particles cannot obtain

complete oxidation due to the Co304 layer formed on the particle surface [137].
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The reduction and oxidation of the dense cobalt oxide pellets are faster than

those of powdered cobalt oxide due to the more intensive heat transfer [169].

The pair Co304/Co0 has an excellent reversibility. Some authors have studied
the stability of this redox couple, determining that after 10 cycles the mass
change kept stable and near the theoretical values [138,177] but the selection
of an adequate temperature range is a critical aspect for obtaining a correct
behavior during cycling [138]. Thus, powdered Co30. maintains almost
constant the reactivity for 100 cycles between 870 and 955 °C, without
appreciating any change at the surface [153] but if the cycling temperature is
increased to 1100 °C, the sintering observed is evident, resulting in a decrease
of the reaction rate [183]. The physical form of the material affects the
cyclability too. So, cobalt oxide extruded foams maintain their integrity for 30
cycles because their pores absorb better the generated thermal and chemical
stress [179,180]. In the case of the cobalt oxide coated cordierite foams, the
redox and structural stability is guaranteed for 100 cycles. Contrary, the pellets

deform after 10 redox cycles [129].

The thermodynamic analyses have confirmed the feasibility of utility-scale
application of Co304 redox energy storage system. The integrated system of the
energy storage system, a Brayton cycle and a CSP plant could achieve a

maximum cycle efficiency of 44% [123].

The main challenges associated to the use of the C0304/C00 system are the cost
reduction, the suitability of its use for utility-scale applications, and the toxicity
reduction. One possibility could be to combine cobalt oxide with less harmful
and low-cost metal oxides [149], that also can lead to the decrease of the
sintering degree, improving thus its cyclability, which is critical for its final

application.
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2.2.2.6. C0304/C00 based mixed oxides

The use of metal oxides as a dopant for cobalt oxide can lead to an improvement
of its thermochemical properties. The most studied systems are those using
iron oxide, aluminum oxide and copper oxide [138] as dopants, although there

are other systems detailed in this section.

The Fe;03/Co304 oxides allow to reduce the cost and toxicity of the material
compared to pure Co304, as the proportion of iron in the mixture is cheaper and
less harmful than the cobalt oxide. The mixed oxide shows a more stable
microstructure than the pure material at high temperature, as a mixed spinel
phase is formed when x=0.87 (x=Co/(Fe+Co)). The stability of the
microstructure has advantages in the long-term cyclability, as it favors
reactivity and cycling stability. The thermal hysteresis of the mixed phase is 35
°C lower than the pure Co304 (50 °C) [72,184], thus, reducing energy losses
during cooling [9]. The main drawback of the mixed Co-Fe oxide is the decrease
of the energy density with increasing amounts of iron doping. If the Fe doping
percentage is 40%, the energy density decreases from 597 kJ/kg for the pure
material to 50.7 k] /kg for the mixed phase [150,154,185].

The Al;03/C0304, forming the phase (AlxC01.x)304, has limited grain growth and
enhanced microstructural stability in comparison of the pure Co3z04 [137]. The
main problem is the formation of a redox inactive mixed phase (CoAl,04)
lowering the redox activity [129] and delaying or even inhibiting the internal
reaction, as the content of Co304 is reduced on the surface due to the presence
of CoAl;04, and the rest gets encapsulated into a stable CoAl;04 shell [186].
However, Al;03 doping accelerates the redox reaction kinetics, leading to a
decrease in the thermal hysteresis of the pure cobalt oxide [169,187]. The
enthalpy and structural stability of the Al,03/Co0304based honeycombs remain
high after a long-term cycling [188], but if the scale of the honeycombs is larger,

the calcination causes the structure to collapse, which could be caused by the
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removal of the organic content. Some more controlled calcination steps have

been tried but the collapse of the structure has not been avoided [132].

The CuO/Co304 forming the phase (CuxCo1x)304, lowers the sintering and
stabilizes the structure of pure Coz04 at high temperature (>1000 °C) [183]. In
long-term cycling processes, the mixed oxide improves the reaction kinetics,
being faster than the pure cobalt oxide [183]. The addition of the copper affects
the reaction temperature, making it lower than the one of the pure oxide, but
the enthalpy of the mixed oxide decreases with increasing amounts of Cu
[150,185]. It is possible to obtain a CuCo,04 mixed phase if the Cu doping ratio

is higher than 33%, resulting in the deactivation of the material [79].

Regarding other systems, Co-Mn mixed oxides show lower redox properties
than pure cobalt oxides [149,150,183,189], Co-Zn oxides show problems of
volatilization at high temperatures and Co-Mg oxides show very low oxidation
rates and incomplete reactions [79]. The addition of Ce and YSZ does not
guarantee structural stability in pellets form [129] and Co-Si based

honeycombs suffer from serios structural deformations [87,187].

Table 1.5 and Table 1.6 list the characteristics of the different cobalt oxide-

based systems found in bibliography.
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Table 1.6. Comparison of the technical characteristics of cobalt oxide systems. Continuation [138].

Physical = Micro/macrostructural

Material form stability Cyclelife  Reversibility Cost Toxicity References
Powder High >100 [137,153,177,183,190]
Pellet Deformation <10 Co304 [129]
Co304/Co0 Deformation 530 (coated Good (=73%) High
Honeycomb High (coated $49600/Ton [10,87,188,191]
honeycomb)
honeycomb)
Co304+ Powder Em.:.ﬁ m::m.zzm >500 Moderately Moderately Moderately [137,192]
Fes0 Pellet Slightly high >10 o0od hich hich [129]
>3 Honeycomb Deformation <29 5 & g [187]
Co304 + . .
Mn0s Powder Sintering - Good [149,150,183,189]
Co304 + . . . Moderately
Cu0 Powder Light sintering >40 good [183]
Co304 + Moderately
MgO Powder - - poor [79]
nww%m * Powder Zn volatilization - Very poor [79]
QMMH * Honeycomb Deformation <38 Good [187]
C0304 + Powder Light sintering >500 cond [137]
Al203 Pellet High >10 [129]

Honeycomb High >104 [154,183]
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Based on the published research works it can be concluded that the addition of

metal oxides to the cobalt oxide can improve the structural stability, improve
the cyclability, reduce the cost, reduce the toxicity and change the thermal
hysteresis by modifying the reaction temperatures. However, it is necessary to
note that the enthalpy of the mixed oxides decreases with the amount of doping
metal oxides. Therefore, the amount of dopant must be adjusted following a

compromise between the energy density and the cycling efficiency.

2.2.3. Applications

Thermochemical storage can be suitable for applications which are supported
by other types of thermal heat storage, not being a substitute for sensible or

latent heat storage systems. The main application areas of TCS are [33]:

o Solar concentrated power plants (CSP). The molten solar salt formed by
a mixture of sodium and potassium nitrates (NaNO3/KNOs;, 60/40
wt.%) is typically used for storing heat in the operation range 290- 565
°C [193-195], but some systems of CSP such as tower plants can reach
temperatures up to 1000 °C using adequate receivers [196-199]. The
use of metal oxides could extend the temperature range in which solar
energy from CSP plants can be harnessed.

o Industrial process heat. The reduction of thermal losses and the
insulation of the industrial processes are essential. This can be achieved
by the use of TcES technologies [200,201].

o Building engineering. The growth experimented in low/zero carbon
buildings has promoted the development of thermochemical energy
storage systems to reduce the excessive consumption of energy from

fossil resources [202].
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o Automotive thermal management. TcES systems are used to store the

waste heat coming from the powertrain and to reuse it for heating
purposes before or during the driving [203].

o Seasonal storage and peak-shifting. As the largest heat demand occurs
during winter and the renewable energy production is highly produced
in summer, thermochemical energy storage systems can store the
energy excess in the summer and release it during the winter period
[204].

o Industrial waste heat, by storing the energy in form of heat released in
a part of the process and re-using it in another step of the process where
an energy supply is needed.

o Buffer storage in district heating. Most of the times small scale district
heating networks are heated by a gas fired CHP. To maximize the profit
of the CHP, it will be switched on at moments of high electricity prize.
As there is a mismatch between the heat and electricity demand,
thermochemical storage systems can be used to sort the gap [205].

o Domestic heating, cooling and hot water applications. The use of
thermochemical energy storage allows the development of efficient
cooling and heating systems with lower power consumption, lower CO-
emissions and better network stability [206].

o Thermochemical protection layer for temperature stabilization [23,24].
When the temperature of a metallic component increases, the
thermochemical layer stores heat, buffering the temperature raise
while the reaction is taking place. When the temperature of the
component cools down, the oxidation reaction releases the stored heat
and maintains the metallic component at higher temperature, resulting
in a buffering of the temperature changes in the compound.

In addition to the thermochemical applications, metal oxide systems are

commonly used in other fields such as [138]:
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o Chemical looping with oxygen uncoupling [207].
o Separation of O; from air [153,208].

o Recycling of industrial flue gas heat [136].

o Solar hydrogen production [160,209-211].

o CO; splitting [212].

o Oxygen pumps [213].

o Heat pumps [214].

2.3. Thermal Barrier Coatings (TBC)

2.3.1. Traditional TBC

Thermal barrier coatings have been widely used in applications such as gas
turbines and diesel engines for protecting purposes [215-219]. The function of
the coating is to reduce the heat transfer from the high temperature gas to the
metal surface. Thermal coatings act as insulators in hot sides increasing the
temperature difference between the carrier (hot gas) and the coated metallic
component increasing both the materials lifetime and the energy efficiency of

the process. [220,221].

The criteria that a material must fulfill for TBC applications are: low thermal
conductivity, no phase transformation between room temperature and
application temperature, good sintering resistance, favorable chemical
stability, matching thermal expansion coefficients (TEC) and toughness with

the metallic substrate [216,222-224].
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A typical thermal barrier coating consists of a multilayered structure consisting

on: the bond coat and the top coat. The first one acts as oxidation resistant and
the second one as thermal resistant [215]. The most widely used materials for
these two layers are: a diffusion aluminide or overlay MCrAlY in the case of the
bond coat and a 7-8 wt.% Y,03-stabilized ZrO; (7YSZ) ceramic material in the

case of the top coating [225,226].

Wokon et. al purposed a new concept of active thermal barrier coating [23,24]
for reducing or retarding the thermal fatigue of the materials. The difference
with the traditional ones is the principle of heat dissipation. In these new active
coatings, chemical reactions are used to regulate the temperature of the
metallic materials to be protected while in the traditional ones the main

function of the coating is to isolate the material to be protected.

2.3.2. Thermochemical protection coatings for

temperature stabilization

2.3.2.1. Operating principle

A side effect of the thermochemical reactions is the temperature stabilization
during the course of the reaction. Metal oxides can be applied for dynamic
buffering of processes or components sensitive to recurrent temperature
changes, since they exhibit thermal hysteresis in the redox reaction and they

present a high reactivity in the endothermic and exothermic reactions [23].

The objective of this type of coatings is to avoid or delay as much as possible the
thermal fatigue of the metallic components. Protection is given by coating the
metallic components to be protected with metal oxides to form “active ceramic
coatings” [23,24]. When the reduction temperature is reached, the

thermochemical material stores the heat in the form of reaction enthalpy, so
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that the component coated with the thermochemical material does not suffer a

variation of temperature until the reaction is completed. When the temperature
of the system drops to the oxidation temperature, this reaction begins to release
the heat, not allowing the temperature of the coated component to decrease.
This results in a buffering effect on the temperature variation of the metallic

component.

The metal oxides used for this application should be designed based on the
temperature range of the thermal hysteresis, which should match the

temperature range of the application.

A scheme of the two types of TBC is depicted in Figure 1.19. The main

differences between the traditional and active TBCs are:

o Presence of reactions: The traditional thermal coatings protect the
metallic materials by isolating them from the heat source. The new
concept of reactive thermal coatings buffers the temperature change of
the metallic materials by storing/releasing heat through
thermochemical redox reactions.

o Nature of layers: The traditional thermal coatings are formed by two
layers of different composition and purpose (bond-coat and top-coat).
The reactive thermal coatings consist of a multilayered structure of
identical composition and purpose. The number of layers depends on
the necessities of heat dissipation as more layers result in higher heat
dissipation.

o Distribution of the coating: While the protective materials are applied
between the heat source and the metal component in the case of the
traditional coatings, the protective materials of the active coatings are
not applied in the side of the heat source, as in many cases the heat
source does not have oxygen. Instead, the layers need to be coated on
the side exposed to ambient or to a O, containing atmosphere to activate

the redox reactions [23].



Chapter 1

heat source
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top-coat (thermal resistant)
heat source‘

bond coat (oxidation resistant]

exchange of 0, with
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Figure 1.19. Scheme of A) reactive ceramic TBC and B) traditional TBC.

One of the most critical aspects for the selection of materials to formulate the
new concept of reactive coatings is to obtain a high energy storage density,
since the thickness of the applied layer is limited with the consequent limitation

in the storage/buffering capacity [23].

Among metal oxide materials, cobalt oxide may be a suitable material for this
application, but the long-term applicability and the safety issues related to its
nature, make necessary to eliminate the possibility of spallation of the layer

[23].
The main drawbacks of the novel active TBCs are:

o The degree of maturity of the technology: There are less than five
research works dealing with this concept as the technology is at a very
early stage.

o The way of deposition of the coatings: It is necessary to obtain a
compromise between thermochemical activity and thermal and
mechanical stability. This motivation leads to study different
application methods and curing processes.

o The number of layers to be applied and their thickness, which is directly

related to the storage capacity.
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o The long-term behavior: There is no information regarding the behavior

in a prolonged thermal cycling process involving chemical reaction.

2.3.2.2. Application examples
Previous research works have used the new active thermal barrier coating
concept in applications such as protection of electronic devices and solar

receivers.

In regard to the protection of electronic devices, some authors have applied the
thermochemical energy storage in a system containing an active thermal
barrier coating [26]. The system is composed of 3 layers with heat reflection,
heat insulation and thermochemical heat storage purposes (Figure 1.20). This
system has been designed to protect a black box from a high-temperature

environment at 650 °C.

Heatg § 5 ¢ §
;g

~

" Reflection

Storage

Insulation

Figure 1.20. Schematic diagram of the insulation-storage-reflection heat protection

scheme [26].

The system uses boric acid as thermochemical storage material with a
decomposition temperature of 112.9 °C, which is close to the thermal

protection temperature of the circuit board, an aerogel with a thermal
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conductivity of 0.0311 W/(m-K) as insulation material and a thick aluminum

foil as reflection material. The experiment consisted in exposing the black box
to an ambient temperature of 300 °C. The heat flow increased rapidly at the
beginning of the experiment but when the boric acid started to absorb heat, it
quickly decreased to lower values than in the case of the same systems without
thermochemical storage, reaching a buffering effect of the coating of 800 s at

100 °C.

Regarding the protection of solar receivers, another research work proposes

the use of thermochemical reactive coatings [25], as it is shown in Figure 1.21.

Receiver

Heat

<IN @
?o

Heat

Reduction
uonepIxo

Protective

coating [ SEEREEE \

o
>

Figure 1.21. Schematic illustration of thermochemical protective coating for molten salt

receivers [25].
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The study focuses on the development of thermochemical barrier coatings

using BaCo1.xMn,0Os.» perovskites, with reaction temperatures between 400 °C
and 700 °C, as thermochemical material where x ranges from 0 to 0.4. One of
the perovskites (BaCoo.sMno203.s) was tested in a laboratory-scale receiver. The
average thickness of the coatings was 250 pm. The results demonstrate that the
protective coating can alleviate the thermal shock of the receiver by changing
the heating rate of the tubes, from 8.5 °C/min without coating to 3 °C/min with
coating, in the first 2 min of experiment. On cooling, the rate of temperature
change was reduced by 3.5 °C/min in the first 2 min. However, the research
work shows no evidence of a thermochemical reaction. The mechanical stability
of the coatings was assessed in a tubular furnace in a temperature range of 600-

700 °C for 120 cycles [25].

2.3.3. Potential applications

There are some potential areas of application of the reactive ceramic coatings

at high temperature [23].

o Exhaust manifolds installed downstream of internal combustion
engines (e.g., in cars, motorcycles).

o Components for the construction of industrial furnaces and for heating
engineering (e.g., temperature stabilization of gas jects).

o Components of solar receivers subjected to high temperatures [25].

o High temperature reversible solid oxide electrolyzer and fuel cells

(SOEC/SOFC) [227].

o Protection of electronic devices [26].
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2.4. Mixed metal oxides for TES applications

2.4.1. Preparation methods

The synthesis of materials with well-defined size and morphology, and
controlled porosity are some of the critical aspects to obtain desirable physical
and chemical properties [228-231]. Therefore, the synthesis of materials
controlling all these aspects remains a major challenge. Traditional synthesis
methods can be classified into dry methods (solid-state reaction method) and
wet methods (co-precipitation, hydrothermal, sol-gel Pechini and sol-gel

Stober). The main characteristics of each method are explained below.

2.4.1.1. Solid-state reaction method

The solid-state method, also named ceramic method, is commonly used to
obtain a new solid material with a defined structure from solid starting
materials. Possible products obtained by this route include polycrystalline

materials, single crystals, glasses and thin-film materials [232].

salt flux

reagents Iﬂfl (optional)
furnace

» 3 = P

mix powder grinding process dry and calcination process material

Figure 1.22. Schematic process of a standard solid-state synthesis method [233].
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The process, depicted in Figure 1.22, consists of a reaction between the dry raw

materials carried out by thermal treatments to accelerate the reaction [233].
For this purpose, the metallic compounds are combined in a milling process and
heated at a controlled temperature for a certain time. Sometimes the conditions
for synthesizing metal oxides and salts are very extreme, requiring high

temperatures and pressures [232].

This route has simple reaction conditions, short synthesis time and allows mass
production [234]. The main disadvantage is the extremely high sintering
temperature (>1000 °C) needed for the synthesis, associated with enormous
energy consumption [235]. Another drawback is that irregularly shaped
particles are obtained [233].

2.4.1.2. Co-precipitation method
Co-precipitation is a simple, efficient, large-scale and inexpensive method for
the synthesis of powdered samples. This synthesis route is suitable for

preparing composites and performing doping of materials [236].

The process consists of two stages [237]: (i) nucleation, which occurs when the
concentration of species reaches critical supersaturation, and then, (ii) a slow

nuclei growth by diffusion of the solutes to the crystal surface.

The size and shape of the materials is very influenced by the pH, ionic strength,
temperature, nature of the salts and the ions concentration ratio, so for
obtaining the desired materials it will be necessary to adjust all the parameters

[238].
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Figure 1.23. Scheme of a co-precipitation process for the obtention of Ni-Co-Mn oxides

[239].

acetate hydroxide oxide

The main advantages of this route, which is shown in Figure 1.23, are: the great
quantity of material obtained linked to the process scalability, the easiness,
possibility to produce ultrathin powders, homogeneous and at relatively low
temperatures [240]. However, the control of crystal size is strongly influenced

by growth kinetics [241].

2.4.1.3. Hydrothermal method

The hydrothermal route is a controlled precipitation through water vapors
heating. The material preparation is done by the formation of a solid phase in
the transformation of a supersaturated solution into a saturated state [236].

The process is schemed in Figure 1.24.

The phases of the process are: nucleation, aggregation, coalescence and growth
of particles. A heterogeneous reaction takes place in the nucleation forming
clusters of molecules, which are the foundation of the aggregation of the
particles. The aggregation of the particles is a basis for the nanostructure
formation [236]. The most critical variables to control the size, crystallinity,

shape and magnetic properties of the synthesized materials are the
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temperature of the process, the precursors, the reaction time and the pressure

[242].

nitrate

N ﬁ
acid ) magnetic
stirring

nitrate
+
alcohol

dry centrifugate
» = W
1

wash and dry

Figure 1.24. Scheme of the hydrothermal synthesis of CuBiz04 [243].

It is necessary to point out that both in the co-precipitation process and in the
hydrothermal synthesis process it is necessary to wash and dry the materials

obtained, using high quantities of solvents [239,244].

The main drawback of this route is the use of a high vacuum step, increasing the

cost of the process.

2.4.1.4. Sol-gel Pechini method

The sol-gel process, also known as chemical solution deposition, consists in
solid particles suspended in a liquid forming the sol. When these particles are
polymerized by partial evaporation of the solvent, or by addition of an initiator,
the gel is formed, which is heated at high temperature to obtain the final solid

products [245-248].

The Pechini route has been widely used to produce different morphologies of

nanostructures including nanorods, nanoplates and nanoparticles.
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. Metal salt
. Citric acid

. Ethylene glycol

Figure 1.25. Schematic diagram of the Pechini process for the synthesis of pure CuO [249].

The Pechini route uses metal salts, ethylene glycol and citric acid to synthesize
metal oxides [250], following the route described in Figure 1.25. The process is
based on the chelation of metallic ions by citric acid, undergoing poly-
esterification with polyhydroxyl alcohols such as ethylene glycol to form a
polymeric precursor [251]. The process in detail is based in the polymerization
of metal citrate by ethylene glycol. Firstly, the metal salt is dissolved and
chelated by citric acid. This is produced by the combination of metal ions with
citric acid with more than one bond. Subsequently, ethylene glycol
interconnects these complexed molecules formed. Lastly, the condensation

process takes place, creating large molecules [249,250].

Pechini is a well-known Sol-Gel route of preparation of nanoscale materials.
This route is useful, simple, cost-effective and has a simple process for grain size
and shape controlling of nanoscale materials using quite low annealing
temperatures [236,252-254]. The materials obtained by this route are high
purity powders with homogeneous compositions. Besides, the stoichiometric

ratios can be controlled easily [249,250].
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2.4.1.5. Sol-gel Stober method

A widely used method for obtaining colloidal silica nanoparticles is the sol-gel
Stober route [255,256]. During the last decades, many research works have
studied the features of Stober process. [255-259]. The growing interest in the
Stober method in recent years has led to many opportunities and developments

in the field of nanoscience and materials chemistry [260].

The process consists in the hydrolyzation and condensation of silica precursors,
nucleation and aggregation processes for the growth of the silica. The sol-gel
hydrolysis of tetraethyl orthosilicate (TEOS) is catalyzed by ammonia in the
presence of water and low molecular weight alcohols such as ethanol. The
hydrolysis is followed by a condensation reaction [260-265]. A schematic

illustration of the whole process is depicted in Figure 1.26.
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Figure 1.26. Schematic illustration of proposed mechanism for formation of

monodispersed silica colloids [260,266].

After the publication of the Stober method, a pioneering work on the synthesis

of colloidal silica nanoparticles, the research work focused on the control of
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silica particle size for different initial reactant concentrations [267] and process

temperatures [268].

It was demonstrated that in this synthesis method, the process temperature has
a great impact on the final particle size. When the temperature is low, the
nucleation rate of the particles is also low, resulting in fewer large particles. If
the temperature is increased, the nucleation rate is faster, so the amount of

smaller particles increases.

The main advantage of the Stober method is the possibility of controlling the
particle size, distribution and morphology by the variation of the reaction

parameters [269,270].

To sum up, Table 1.7 lists the main characteristics of each synthesis route.
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Table 1.7. Summary of the characteristics of the wet and dry synthesis methods.

Synthesis Purity Morphology Advantages Cost References
route
Irregularly
shaped
particles, High: The
Solid-state High polyc'rystal'line Allows mass calcination. [232-235]
materials, single production temperature is
crystals, glasses very high
and thin-film
materials
The great
quantity of
material
Medium obtained, the
(itis Powdered easiness, Medium: it is
Co- necessary samples possibility to necessary to
. a washing s produce wash and dry the  [236,239,240,244]
precipitation composites and - .
step to doped materials ultrathin resulting
reach high powders, material.
purity) homogeneous
and at relatively
low
temperatures.
It can be easily
Medium controlled the
(itis size, High: High
necessary crystallinity, pressure step is
Hydrothermal a washing Aggregated shape and necessary and [236,239,242,244]
particles .
step to magnetic wash and dry the
reach high properties of the final material
purity) synthesized
materials
Simple process
Nanoscale for grain size
materials, and shape
Sol-gel Hich multicomponent control, easy Chea [236,249,250,252-
Pechini 8 p . control of p 254,271]
metal oxide o
materials stoichiometry
and homogenous
composition
Particle size,
Stober High Na‘zgfiizzfles d‘f;g‘f;ﬁg;ggi]“d Cheap [269,270]

easy control
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2.4.2. Sintering issues

Sintering is a phenomenon that occurs in almost all metal oxides used for
thermochemical energy storage. This phenomenon occurs when the material is
thermally cycled, as the material tends to densify when exposed to high
temperatures. This results in a worsening of the cyclability of the materials,
considerably reducing their activity, and therefore, the ability to store/release

energy.

The investigations of the sintering phenomena are concentrated in the
densification and microstructure development of the ceramic materials [272].
A sintering process can be defined as a thermal treatment used for bonding
particles to form a solid structure via mass transport events occurring on the
atomic scale. The bonds between particles improve the strength and lower the
system energy [273]. The two main processes taking place in the sintering are

depicted in Figure 1.27.

If two identical particles are in touch at high temperatures, the particles evolve
to a new equilibrium shape, minimizing the total surface energy and grain
boundary energy (the smaller ones start to shrink and disappear forming a
large coarsened particle). This is reached by diffusional mass transport [274].
The motion of the surface and of the grain boundaries causes the particles to

change in volume [274].
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Figure 1.27. Schematic view of the two main processes involved in the sintering:

coarsening and densification [275].

The green densities, pore size distributions and initial particle size have no
influence on the grain growth, but affect pore growth and, as a consequence, the

densification behavior of the material [272].

As already pointed out, in the case of powdered metal oxides used for
thermochemical energy storage, sintering is an undesirable effect since it
reduces the cyclability performance of the materials. To reduce the sintering
effects triggered by the thermal repetitive cycles, two alternative routes can be
followed: (i) the synthesis of mixed metal oxides, by doping another metal oxide
in the host structure of an existent metal oxide, or (ii) the addition of
particles/nanoparticles of a non-reactive material to the metal oxide, to

stabilize the material.
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3. Scope of the thesis

The present research work has been proposed based on the shortcomings
observed in the state of the art regarding the existing solutions for the

thermochemical energy storage at high-temperature.

The selection of redox reactions has been based on the wide temperature range
they can cover (350 - 1100 °C), which makes them suitable for solar energy

storage, but also for heat storage in a wide variety of processes.

The theoretical gravimetric energy densities of metal oxides are high (from 202
k] /kg in the case of Mn203, up to 844 k]/kg in the case of pure Co304) [276]. In
addition, the use of air as HTF and as reactive gas at the same time makes the
TES system design easier and cheaper. Another great advantage of this type of
reactions is that they do not require catalysts and a subsequent separation of

the products is not necessary, since the reaction that takes place is solid-gas.
The current challenges for these reactions are listed below.

o Challenge 1: There is an obvious lack of metal oxides working in the 600
- 900 °C temperature range, as it can be observed in Figure 1.18. Having
metal oxides that work in that temperature range would be interesting
for applications such as CSP, industrial waste heat recovery or active
thermal barrier coatings.

o Challenge 2: The cyclability of most metal oxides is strongly affected by
the sintering that occurs in the material at high temperatures during the

cycling processes.
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o Challenge 3: The active thermal barrier coating concept based on

thermochemical reactions is in a very early stage of development. In

depth research is needed to make it suitable for real applications.

The main goal of this work is the development of novel Co304 based mixed
oxides with lower reaction temperatures than pure Co304 for their application
as active thermal barrier coatings. In order to achieve this main objective, based
on the challenges observed in the state of the art, the following specific

objectives have been formulated.

The first objective has been motivated by the challenge 1. It is based on the
obtention of mixed metal oxides with lower reaction temperatures than in
the case of pure metal oxide, while maintaining a good reversibility and high
enthalpy. After a deep preliminary material selection, it has been decided to
develop a solid solution between cobalt oxide and nickel oxide, as the
C0304/Co0 reaction temperature is around 900 °C, it has a high reaction
enthalpy, adequate reversibility and no side reactions. The publication (DOI:
10.1016/j.solmat.2021.111194) entitled “Development of Coz«NixO4 materials
for thermochemical energy storage at lower red-ox temperature” describes the

achievement of this objective.

The second objective deals with the challenge 2. It has been centered on
improving the cyclability of the mixed metal oxides developed. The
literature details two main routes to accomplish this purpose, i) the
development of doped structures with other metal oxides or ii) the use of
additives of different nature to avoid the sintering. In this work, the second
route was chosen, investigating the use of SiO; particles and nanoparticles,
since a doping with metal oxides can interfere in the reaction temperatures, as
detailed in the state of the art. The publication (DOI:
10.1016/j.est.2022.104876) entitled “Development and stabilization of
C024Nip 04 material for long-term thermochemical energy storage” details the

research carried out on this topic.
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To complete the study and provide useful information for a possible

application, the third objective has been based on the kinetic study of the
materials developed, both in their pure state and with added SiO; particles. The
obtained results have been compared with the available published data for the
pure cobalt oxide. The experimental results are presented in the publication
(DOI: 10.3390/ma15103695) entitled “Development of a Kinetic Model for the
Redox Reactions of Co024Nips0s and SiO2/C024Nipc0s Oxides for

Thermochemical Energy Storage”.

Although the developed materials can be used as a heat storage medium in CSP
solar plants or in other renewable energies that use power to heat to power
technology, the present work has been focused on the development of novel

protective active coatings.

The activity of the TBC is based on the redox reaction of the mixed oxides that
constitute the coating, buffering the temperature changes of the metallic
components exposed to high and variable temperatures, whether they are parts

integrated in an industrial process, solar receivers, electronic devices, etc.

Thus, the fourth objective of the research work has been the development of
a novel active thermal barrier coating using the thermochemical materials
developed in this study, thus satisfying the need of the challenge 3. For this
purpose, sol-gel solutions have been used to act as a binder of the
thermochemical material but allowing the diffusion of the oxygen, necessary for
the chemical reaction to take place. From this general objective, some

secondary objectives have been defined:

o Obtaining a stable coating. For this purpose, the study of the
formulation, deposition and curing protocol has been carried out. The
thermochemical material/sol-gel ratios have been optimized and

different routes of application and curing have been studied.
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O

Achieving the lab-scale performance of the coating (thermal cycling and
mechanical stability) by testing the developed coating in
thermogravimetric equipment in powder form and in a lab-scale
furnace.

Evaluating the performance of the coatings in a laboratory-scale test rig.
For this purpose, a test rig, able to measure the temperature variations
of the coated specimens, has been developed.

Evaluating the performance of the coating in thermogravimetric
equipment in coated form and comparing the results obtained in the

test rig with them.

A new (the fourth) submitted publication entitled “Development of active

thermochemical barrier coatings using metal oxides” shows the development

and application of the thermal protective coating proposed in the fourth

objective (more specifically, the first and second subgoals) and the thermal

coating assessment has been presented in another submitted publication (the

fifth) entitled “Active thermochemical barrier coatings using metal oxides - first

experimental results”, in line with the third and fourth subgoals of the fourth

objective.

Figure 1.28 shows schematized the links between challenges, objectives and

publications.
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Development of Co; [Ni,0, materials

Development of novel mixed metal oxides with lower reaction temperatures than pure Co;0, for their application as an active
Publication

Challenge

Lack of metal oxides
working in the 600-900 °C
temperature range for

TcES

The cyclability of most
metal oxides is strongly
affected by the sintering

Active TBC application
concept is in a very early
stage of research

for TcES at lower red-ox
temperature

Development and stabilization of
Co, 4Nij 0, material for long-term
TcES

Development of a Kinetic Model for
the Redox Reactions of Co, 4Nij 0,
and Si0,/Co,,Ni, ;0, Oxides for TcES

Development of active
thermochemical barrier coatings
using metal oxides

Active thermochemical barrier
coatings using metal oxides - first
experimental results

Figure 1.28. Schematized structure of the research work in base of challenges, objectives and publications.
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4. Summary of the results

4.1. Selection of the Co-based mixed oxide

In order to lower the redox reaction temperatures, a suitable secondary metal
oxide was selected for the formation of the mixed Co3.xMx04. The selection was

made by analyzing the behavior of different combinations of materials.

For this purpose, the doping with 10% of different metal oxides in the cobalt
oxide structure was performed following the Pechini route. The selection of the
metal oxides was made based on the selection criteria of a suitable
thermochemical material. The materials selected were: barium, iron,

magnesium, manganese, zinc, nickel, chromium, strontium, copper and calcium.
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Figure 1.29. Thermogravimetric curves of the cobalt mixed oxides.

Figure 1.29 depicts the results obtained for the different doping combinations.
As it can be observed, the most promising material was the one with nickel, as
it shown a decrease of 100 °C in the reduction temperature comparing with the
pure cobalt oxide. The mass loss observed in the first attempt (~ 6%) was

acceptable for a further study of the Co-Ni system.

4.2. Development of Co3.xNixO4+ mixed oxides

From the previous results, the cobalt-nickel mixed oxide was selected for a

more in-depth study.
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This study details the synthesis of Co3«xNixO4 mixed oxides, with nickel contents
(Ni2*) (x) from O to 1. The main objective of the research work was lowering the
reaction temperature, in comparison with pure cobalt oxide. The route selected
for the synthesis of the mixed oxides was the Pechini sol-gel route. The resulting
publication shows also the structural and morphological characterizations of

the materials, including XRD, in-situ XRD and SEM.

XRD analyses confirmed the correct synthesis the mixed metal oxides from
nickel contents (x) from 0 to at least 0.6. In the case of the compounds with
nickel contents of 0.8 or 1, a high temperature irreversible phase of CoO:NiO
was observed. In-situ XRD analyses showed the reversibility of the compounds
with x lower or equal to 0.6 and a partial irreversibility of the compounds with

x of 0.8 and 1.
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Figure 1.30. Reduction temperature evolution with the nickel content (x) in the Co3-«NixO4

Structure.
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The SEM images evidenced differences in the morphology of each composition,

changing from foamy appearances to densified ones depending on the material,
without following any criteria. The thermophysical characterization performed
by TGA, showed good reversibility for the materials with nickel contents from
0 to atleast 0.6. The materials with higher nickel content (from 0.8 to 1) showed
low activity or irreversibility. The study shows how the nickel content in the
cobalt oxide structure allow to tune the reduction temperature of the redox
reaction, as in can be observed in Figure 1.30. In particular, the reduction
temperature of the mixed oxides was lower (~ 200 °C in some cases) than the
one of pure Co30s The cyclability of the most promising mixed oxide

(C02.4Nip604) was evaluated by performing a 100-cycle test.

The results obtained leads to propose the C024Nips04 mixed oxide as a suitable
candidate for TcES. In-depth details of the research work are explained in the

first publication in the Annex I section.

4.3. Stabilization of Co2.4Nio.c04 for long-term
TcES

This investigation aims to improve the cyclability of the mixed oxides selected
(C02.4Nip.604) by following two independent strategies. The first one consists of
adding different percentages of SiO; particles and nanoparticles of different
sizes to act as spacer and avoid the sintering. The second one consists of a post-
calcination treatment of the materials (800 °C 5h) with the aim of obtaining a
stable morphology from the beginning, to achieve a constant cyclability in the

whole experiment.
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The results showed that the addition of silica particles keeps the reduction

temperatures at lower values than in the case of pure Co024Nig60s The
cyclability of Si02/Co24Nios04 was practically not affected in comparison with
C024Nip604 in the short-term. Contrary, the extra-calcination step caused more
sintering, which impaired cyclability. The XRD analyses demonstrated the
absence of interactions between the SiO; particles and the mixed oxide, for at
least 100 cycles. The SEM images showed that the mixed oxide with addition of
SiO; particles had a particle size of 1-2 microns and exhibited sintering but in a

minor degree than the material without addition.

The study is completed with a prediction of the behavior of the materials in 20
years (4000 cycles) based on the experimental results obtained (Figure 1.31).
This confirms the best behavior in the case of C024Nios0s+ added with SiO,

particles with an improvement in the conversion ratio of 12%.
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Figure 1.31. Prediction results of A) Mass loss, B) Reduction temperature and C)
Oxidation temperature for the materials Coz.4Nio.s04 (black) and 0.5% SiOz/Co02.4Nio.c04
(blue).

Based on these results, the addition of SiO; particles has better effect on

stabilizing the mixed oxides than the post calcination step.

The details of the research are presented in the second publication which is

attached in Annex L.
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4.4. Kinetic model of Co2.4Nip604 and
SiOz/COz,4Ni0,604 Oxides

To complete the study and to provide useful data in regard to the behavior of
the mixed oxides for possible future scale up, a kinetic model of the C024Nip 04

and SiO2/Co024Nioc04 was developed.

This scientific work presents the kinetic study of pure Co2.4Nioc04+ mixed oxide
and Si0,/C024Nioc04 oxide. For the development of the kinetic study, multiple
TGA tests were carried out, both in dynamic mode, varying the heating/cooling
ramps, and in isothermal mode. Different gases were also used to vary O partial
pressures. The kinetic triplets of the two materials were obtained showing no
modification of the activation energy in the case of the reduction step and an

evident modification in the case of the oxidation step.

The mechanism describing the reduction step does not coincide in the two
materials, observing good fittings of the experimental data with nucleation and
growth mechanisms in the case of C02.4Nio¢04 and diffusion mechanisms for the
0.5% Si02/Co024Nios0s. Regarding the oxidation step, nucleation and growth

mechanisms describe the behavior of the two materials.
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Figure 1.32. Validation of A) Reduction conversion and B) Oxidation conversion for 1)
Co2.4Nip.s04 and 2) 0.5% SiOz/ Co2.4Nio.s0. The dotted lines correspond to the theoretical

values and the solid ones to the experimental ones.

The study was completed by adjusting the theoretical results of the kinetic
study to the experimental results (Figure 1.32). For this purpose, the OCTAVE
program was used and a good agreement between experimental and theoretical

data was obtained.

The details of this research work are presented in the third publication attached

in Annex I.
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4.5. Development of active thermochemical
barrier coatings using metal oxides

This research work shows the development of a stable active thermal barrier
coating using thermochemical reactions to buffer the temperature changes of

metallic components (Figure 1.33A).

The formulation of the active TBC is formed by metal oxides (C0304, C024Nio.c04
and 0.5% Si02/C02.4Nig604) as thermochemical materials and a sol-gel in silica
base to act as a binder of the thermochemical material and give mechanical
resistance to the resulting coating. For the optimization of the thermal coating

formulation, commercial Co304 was used.

The compatibility between two types of stainless steel (AISI 310-s and AISI 304)
and the thermal coating was analyzed to avoid the migration of Fe from the
metallic component to the coating at high temperatures. The experiments
showed better results in the high temperature stainless steel (AISI 310-s) as in

the medium temperature AISI 304, the migration of Fe was clear.

The thermochemical material/sol-gel ratios and the sol-gel solids content were
optimized, needing a 39.8% wt. of thermochemical material to reach a
homogeneous coating and a sol-gel with a solids content of 10% to obtain a

mechanical resistant coating to isothermal and dynamic treatments.

To avoid the delamination of the coating, the use of a protective interlayer was
also studied and optimized. The best compromise between mechanical
resistance and thermochemical activity was reached applying an interlayer of

sol-gel with a solids content of 7.5 %.

Once the application of one layer was controlled, a layer-by-layer application

process was designed based on spraying the thermochemical solution and
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curing it with a CO2 laser using a power of 15% to avoid the extreme sintering

of the coating.

Cobalt, cobalt-nickel and cobalt-nickel-silica based coatings were deposited
following the process designed previously. The new coatings were stable in
terms of mechanical resistance and morphology. The thermochemical activity
was assessed in TGA (Figure 1.33B) showing that all the coatings, fresh and
thermal treated were active. However, the thermal treated samples suffered a
decrease in activity in terms of conversion ratio, losing a 13.17% in the Co304
coating, a 27.83% in the Co24NioeOs coating and a 5.75% in the 0.5%
Si02/C02.4Nio604 coating.
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Figure 1.33. A) Active thermal barrier coating activity principle and B)
Thermogravimetric result of the Cos30+ (black), Coz4NiosOs (red) and 0.5%
Si02/Co2.4Nio.604 (blue) coatings.

The thickness of the three coatings was very similar, obtaining an average value
of 129 um in the case of the 2 layered coatings. The roughness was measured
too, observing that the surface of the cobalt oxide coating is smoother than the
ones of nickel cobaltite. The attrition measurements showed that the

mechanical resistance level of the three coatings is very similar.

The details of the research work are shown in the fourth submitted publication

attached in Annex L.
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4.6. Active thermochemical barrier coatings
using metal oxides - first experimental

results

This research work evaluates the performance of the active thermal barrier
coatings, using as thermochemical material Co304, C024Nig604 and wt. 0.5%
Si02/C024Nip604, in a larger scale. The investigation details the TGA results in
powder and coating configurations, as well as the development of a larger scale

test rig and the experimental results obtained from it.
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Figure 1.34. A) Detailed distribution of the thermocouples in the selected test rig

configuration and B) the desired temperature damping effect on the metal components

due to the action of the Co304 active coating.

The assessment of the resistance of the coating in terms of delamination and
fractures at the surface was done by performing dynamic thermal treatments.

The three formulations withstood the tests without showing signs of fracture.

Thermogravimetric analyses of the powdered material showed that all the
formulations (before and after thermal treatment) are active, but it can be
observed a decrease in the performance of the thermal treated samples in terms

of conversion ratio.

The test rig development was performed by using a distribution of two heaters,
located in the upper and the bottom part of a small chamber. The lower heater
aimed to control the temperature change of the reaction chamber and the upper
heater aimed to reduce the heat fluxes of the test rig and stabilize the

temperature in the whole chamber.

The analyses done on the test rig showed no damping effect in the case of the
C02.4Nio604 coatings as their kinetics are slower than the pure Co304 ones, so
the damping effect was hidden in the heat fluxes inherent to the test rig at high
temperatures. The Co304 coating, on the contrary, showed a damping effect for

120 s maintaining temperatures below 916 °C.

Thermogravimetric analyses of the coated material were conducted to study
the performance of the coatings more precisely and to see the actual activity of
the CoNi based coatings. The presence of reaction in the three coatings was

demonstrated as mass gained/lost was observed in all the experiments.

The DSC signal shows almost no difference between the reference and the
nickel cobaltites, despite obtaining a clear signal of mass variation, as the

change in mass is very small and in the range of the measurement accuracy. In
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the case of pure Co304, there is a clear difference between the coated sample

and the reference, evidencing again the presence of a thermochemical reaction.

The in-depth details of the results are shown in the fifth publication attached in

Annex III.
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5. Materials and
characterizations

This section describes the experimental methodologies followed during the
research work. In the first part are detailed the methodologies used to obtain
the different materials developed during the present study and the
manufacturing of the reactive thermal coating. The details of the
characterization techniques used are commented in the second part of this
section. The techniques are divided between structural characterizations and

thermophysical characterizations.

5.1. Experimental methodologies

5.1.1. Synthesis of mixed oxides

The Co3xNixOs mixed metal oxides were synthesized following the sol-gel
Pechini route, as the hydrothermal method requires high pressure equipment,
increasing the cost [277], the co-precipitation method is not suitable for

materials with exact stoichiometric ratios [278], and the solid state reaction
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method presents a low efficiency [279]. The simplicity of the sol-gel Pechini

route is a critical factor for the selection [280].

Co(NO,),+6H,0
Ni(NO3),-6H,0 I I I

Magnetic stirring Drying Calcination

citric acid
ethylene glycol__

Figure 1.35. Scheme of the sol-gel Pechini route for the synthesis of mixed oxides.

The preparation of the materials following the general formula Coz«NixO4 is
represented in Figure 1.35. The synthesis was done by mixing the appropriate
quantities of Co(NO3)2-6H20 and Ni(NO3)2-6H:0 nitrates. Firstly, the precursors
were dissolved in 10 mL ethylene glycol under magnetic stirring to obtain a
homogeneous solution. Stoichiometric citric acid, acting as chelating ligand,
was added to the solution and the mixture was kept under gentle magnetic
stirring for 60 min. The obtained mixture was dried overnight at 180 °C. The
resulting powders were grinded in an agate mortar with the aim of increasing
the homogeneity and then calcined at 400 °C for 10 h in air, to attain the mixed

oxide with the right stoichiometry.

5.1.2. Synthesis of SiO: particles/nanoparticles

The formulation of the SiO; nanoparticles to inhibit the sintering of the mixed
metal oxides was done following the Stober route [281] as it is represented in
Figure 1.36. The precursors used for the synthesis of the SiO, nanoparticles
were: tetraethyl orthosilicate, ammonia, distilled water and ethanol. Initially
two solutions were prepared under magnetic stirring: i) 2/3 of ethanol with
ammonia and distilled water (solution A); and ii) TEOS with 1/3 of ethanol

(solution B). The solution A was heated under magnetic stirring at
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temperatures from 25 to 80 °C. Subsequently, the solution B was added to the
solution A maintaining the whole system at the corresponding temperature
under magnetic stirring. The resulting mixture was maintained under magnetic
stirring at room temperature for 24 h for ageing. Once the particles were

formed, the remaining solvent was removed in a rotary evaporator.

heated ageing drying
magnetic
stirring

Figure 1.36. Scheme of the Stober route for the synthesis of SiOz particles/nanoparticles.

As the temperature of the process has a big influence in the final particle size,
batches of particles from 26 nm (80 °C) to 400 nm (25 °C) were obtained. The
size and morphology of the SiO; particles/nanoparticles was assessed by means

of SEM and TEM, as it is depicted in Figure 1.37.

91



92

Materials and characterizations

Figure 1.37. A) TEM image of 26 nm SiOz nanoparticles, B) TEM images of 55 nm SiO2
nanoparticles, C) SEM image of 210 nm SiO:z particles and D) SEM images of 400 nm SiO:

particles.

The studies were done selecting the 26 nm SiO; nanoparticles and the 400 nm
Si0; particles, to clearly observe the effect of the particle size in the cyclability
stabilization. The BET surface area of the 26 nm SiO; nanoparticles is of 461.49

m2/g and of 12.70 m2/g in the case of the 400 nm SiO; particles.
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5.1.3. Mixture of thermochemical materials and SiO-

particles/ nanoparticles

The physical mixing of the thermochemical materials and the SiO:
particles/nanoparticles was done by sonication. For this purpose, appropriate
quantities of thermochemical materials and particles were weighed. Ethanol
was added to this mixture as a dispersion medium. In order to homogeneously
disperse the particles in the thermochemical material, the mixtures were
sonicated for 1 min with an ultrasonic tip, using an amplitude of 50%. Solvent

residues were removed at a rotary evaporator.

5.1.4. Thermal protective coating fabrication

The thermal coating was manufactured using a layer-by-layer process, where a
thermochemical material and a silica-based sol-gel formulation were used as

constituents.

The sol-gel formulation was developed by mixing TEOS, ethanol, distilled water
and nitric acid. The following solutions were first prepared for the obtention of
the final sol-gel: i) TEOS with 2/3 of ethanol (Solution A); and ii) 1/3 of ethanol
with distilled water and nitric acid (Solution B). The solution A was kept under
gentle stirring. Then, the solution B was added to the solution A drop by drop

and was submitted to magnetic stirring for 24 h at room temperature for ageing.

The steps followed for the obtention of the new thermal protective coating are

detailed in Figure 1.38:
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Thermochemical  sol-gel
material

t

®- Lo

mixture spray laser dip - coating laser

coating curing curing

Figure 1.38. Scheme of the thermal coating manufacturing process.

Initially, the thermochemical material was grinded to afford a homogeneous
particle size. Subsequently, appropriate quantities of thermochemical material
and sol-gel solution were mixed. The mixture was applied in stainless steel
sheets by spray coating. The obtained layer was cured by CO; solid-state laser.
Afterwards, the dip-coating technique was used to apply a sol-gel protective
layer, to act as a binder between thermochemical coating layers and was cured
by CO; laser. The whole process was repeated to apply another complete layer
(thermal coating + sol-gel protective layer). The thickness of the resulting

coating is controlled by the number of layers applied.

5.2. Characterization techniques

5.2.1. Structural and morphological characterizations

5.2.1.1. X-ray diffraction analysis (XRD)

The X-ray diffraction non-destructive technique has been widely used in

materials science to identify crystalline phases and the unit cell dimension of
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the crystalline materials at room temperature [282]. This technique can

provide the proportions of the crystalline phases both qualitatively and

quantitatively when the Rietveld method is used.

When a certain wavelength X-ray beam interacts with a crystalline substance
occurs the X-ray diffraction. The wavelength (A) of the X-rays is of the same
order as the cell parameters of a material’s crystals. Thus, X-ray diffraction is
based on the coherent scattering of the X-ray beam by matter, as the wavelength
of the radiation is maintained, and on constructive interference of waves that

are in phase and scatter in certain directions in space.

The Bragg law [283] describes the diffraction phenomena, predicting the
direction of the constructive interference between the X-ray beams diffracted

by a crystal. The law can be expressed as:
nAd = 2dpsenf (22)

Where A is the wavelength of the X-rays, 6 is the incidence angle of the radiation
and duy is the distance between two consecutive planes defined by a vector of

components hkl.

The XRD technique works with an initial generation of X-ray by a cathode ray
tube. Subsequently, the monochromatic radiation is achieved by a
monocromator. The collimator is used to narrow the beam and the X-rays are
directed on the way to the sample. The interaction between the X-ray and the
sample produces the diffraction peaks. The detector archives the X-rays and
processes the signals to obtain a count rate. The patterns generated are
characteristic of the substance analyzed and can be stared as a type of
fingerprint [284]. One of the most commonly used sources of target materials

is copper. The radiation of the CuKa1 source is 1.5418 A.
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Figure 1.39. Image of the Bruker D8 Advance diffractometer used in the present research

work.

The diffractometer used in this research was a Bruker D8 Advance (Figure
1.39), equipped with a LYNXEYE detector using CuKa1 radiation (A = 1.5418 A)
placed at CIC energiGUNE. The geometry used for the XRD analysis was 6-20.
The data were collected at room temperature in the range 10-80 ° with a step
size of 0.02 © and a counting time of 8 s per step. The determination of the phase
composition of the materials was done using the EVA software. The Rietveld
method [285] was used for confirming the presence of the pure single structure
of each material, using the Winplotr/Fullprof [286] package and the Maud
package.

5.2.1.2. In-situ X-ray diffraction (in-situ XRD)

The in-situ XRD is a variant of the traditional XRD technique. In this case, the
analysis is done as a function of the temperature. This allows to follow all the
transformations (reactions, phase transitions, etc.) in the material during

heating/cooling.
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The equipment used was a Bruker D8 Advance diffractometer operating at 30

kV and 20 mA, equipped with a Cu tube (A = 1.5418 A), a Vantec-1 PSD detector
and an Anton Parr HTK2000 high-temperature furnace, placed in the X-ray
General Service of SGlker from UPV/EHU, Leioa. The powder patterns were
recorded in 20 steps of 0.04 ° in the 15 <20 < 85 range, counting for 1.4 s per

step. The heating rate used during the measurements was of 0.166 °C s'L.

5.2.1.3. Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) technique uses an electron beam
instead of a light beam to obtain high resolution images of a sample surface by
using electron-matter interactions. This kind of microscopes produce high
resolution images and can study spatially close features in the sample at high
magnification. The different generated signals show information about the

morphology, topography and composition of the analyzed materials.

The main requirement for the sample preparation is that the materials must be
conductive. If the samples are not conductive, they get charged by the electron
beam. A possibility to avoid this effect is to coat the samples with a layer of

carbon or metal to give them conductive properties.

The process is based in the scanning of the sample with a beam of accelerated
electrons travelling through the barrel of a high vacuum column. A detector
measures the amount of scattered electrons, being able to construct images
which give information about the microstructure and morphology of the
surface of the sample [287]. The electron column in vacuum prevents possible
contamination and external disturbances, increasing the resolution of the
image obtained, that could be below 1 nm, but normally between 1-20 nm. The
resolution of the SEM images depends mainly on the electron spot size and the

volume of the electron beam interaction with the sample.

When the beam of electrons interacts with the sample, it penetrates a few

microns, depending on the accelerating voltage and the density of the samples,
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producing secondary electrons, backscattered electrons and characteristic X-
rays. The exchange of energy produced between the sample and the electron
beam, in the case of inelastic scattering reflects secondary electrons, but in the
case of the elastic scattering emits high energy electrons. The secondary
electrons give high resolution images, backscattered electrons give information
about the crystal structure [288] and the X-rays are used for the elemental

analysis by energy dispersive X-ray spectroscopy (EDX).

Figure 1.40. Image of a FEI Quanta 200 FEG scanning electron microscope.

The samples were analyzed using a scanning electron microscope FEI Quanta
200 FEG, which is shown in Figure 1.40, operated in high vacuum mode at 30
KV featured with a backscattered electron detector (BSED) and Everhart-
Thornley Detector (ETD), placed in CIC energiGUNE. The elemental mapping
analyses were carried out by energy-dispersive X-ray spectroscopy (EDX). SEM

images were statistically analyzed for the evaluation of the pore size
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distributions. At least 200 measurements were collected for each sample using

Image] software.

5.2.1.4. Transmission electron microscopy (TEM)

In the transmission electron microscopy, a high-energy electron beam is
transferred through a thin, suitably prepared sample. The interaction between
the electron and the sample provides the image. This technique can also be used
to classify the crystalline structure and the chemical composition of the
materials. The images provided by TEM offer information both of crystalline

and amorphous samples.

When the electrons collide with the sample, some of them are selectively
scattered, depending on the thickness and the type of atoms forming the sample
[289]. In other words, there is a progression between the electrons that pass
directly through the sample and those that are totally deflected. All the
electrons are conducted and modulated by lenses to form a final image, with
thousands of magnifications, obtaining a definition unreachable for any other
instrument. The magnifications that can reach the TEM ranges from 100X to
100,000X [290]. The image obtained is formed by different grey intensities that

correspond to the degree of dispersion of the incident electrons.
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Figure 1.41. Image of a FEI Tecnai F20 electron microscope.

The synthesized nanoparticles were analyzed by means of transmission
electron microscopy (TEM), model FEI Tecnai F20 electron microscope,
represented in Figure 1.41, which is operating at 200 kV, placed at CIC
energiGUNE. The sample preparation was carried out by the dispersion of the
solid nanoparticles in ethanol and small droplet of the sample was transferred

onto a holey carbon film fixed on a 3 mm copper grid (200 mesh).

5.2.1.5. Brunauer - Emmett - Teller (BET) Analysis

BET analyses are used to determine the specific surface area and the pore size
distribution of the materials. The physical adsorption of the gas molecules on
the surface of the material and the adsorbed gas associated to the
monomolecular layer on the surface are used to calculate the specific surface
area of the materials. The forces taking place between the adsorbate gas

molecules and the material surface are of Van der Walls.
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BET analyses usually use test gases that do not react chemically with the

material surfaces as adsorbates to do the measurements of specific surface area.
The most commonly used absorbed gas for BET measurements is nitrogen. This
is why standard BET analysis is most often performed at the boiling
temperature of N; (77 K). Other adsorbates are also used, less frequently, being
able to change the temperatures and scales of the measurement as argon,

carbon dioxide or water [291].

Figure 1.42. Image of a Quantachrome Autosorb IQ.

The specific surface area of the nanoparticles/particles of SiO, was measured
using an Autosorb IQ from Quantachrome placed at TEKNIKER and depicted in
Figure 1.42. The N; (77K) physisorption data was recorded using

particles/nanoparticles under vacuum at 300 °C for 12 h.

101



102

Materials and characterizations

5.2.1.6. 3D Optical Profilometry

3D Optical profilometry is a metrology technique non-destructive, non-contact

rapid surface metrology technique.

These profilers are a type of microscope in which a beam splitter divides the
light from a lamp into two paths. The first one directs the light onto the surface
of the tested material and the other one directs the light to a reference mirror.
Subsequently the reflections are recombined and projected onto an array
detector. Interference can occur if the path difference between the recombined
beams is in the order of a few wavelengths of light. The generated interference
has the information about the surface contours of the tested material. The
vertical resolution of the equipment can be of several angstroms. The lateral
resolution is influenced by the used objective, but typically ranges from 0.3 to 8
microns [292]. Confocal profiling provides the highest lateral resolution that an
optical profiler can achieve. The spatial sampling can be reduced to 0.10 pm,
necessary for critical dimensions. High NA (0.95) and magnification (150X)

objectives are available to measure surfaces.

Figure 1.43. Image of the Sneox 3D Optical Profiler from SENSOFAR Metrology.
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The surface roughness of the coatings was measured with a Sneox 3D Optical

Profiler from SENSOFAR Metrology placed at TEKNIKER (Figure 1.43). In the

measurements 20X objectives were used.

5.2.2. Thermophysical characterizations

5.2.2.1. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis is a characterization technique that allows to
monitor the mass loss and gain of a sample as a function of the temperature or
time, as the sample is subjected to a controlled temperature program in a
controlled atmosphere during the analysis. The TGA curves are called
thermograms and they offer information about the thermal stability, the
composition and the reversibility of the sample and the products that can be

generated in a heating/cooling process.

A typical TGA device consists on a sample pan that is supported by a precision
balance. The pan is placed inside a furnace and is heated and cooled during the
experiment. The precision balance monitories the sample mass during the
experiment and a sample purge gas controls the environment of the
measurement. This gas is usually an inert gas or a reactive gas that flows over

the sample and exits through a vent [293].
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A) B)

Figure 1.44. A) Device SDT Q600-0802 TGA from TA Instruments and B) Device TGA/DSC
1 from Mettler Toledo.

The samples were analyzed in a SDT Q600-0802 TGA from TA Instruments and
in a TGA/DSC 1 from Mettler Toledo, using a sensor type DSC HSS2, a furnace
LF heating until 1100 °C, equipped with a sample robot standard, both
instruments placed at TEKNIKER. The gas controller is the type GC 200. The
conditions of the measurements are detailed in each article. Both equipments

are depicted in Figure 1.44.

5.2.2.2. Differential Scanning Calorimetry (DSC)

The DSC is a thermal analysis technique that measures the heat flow into or out
of a sample as a function of temperature or time, while the sample is subjected
to controlled temperature variations [294]. It provides information on the
endothermic (heat absorption) and exothermic (heat release) properties of
materials during a physical transition process, thermodynamic process and

reaction kinetics.

In the DSC technique, the sample and reference pans are placed in a
thermoelectric sensor surrounded by a furnace. During the increase/decrease
of temperature, the differential heat flux of the sample and reference is

measured.
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In the case of the mixed metal oxides, the temperatures needed to measure the
enthalpies of reaction is very high for a conventional DSC, usually with a
maximum working temperature of 600 °C. This is the reason why DSC systems
integrated in the TGA equipment are used, able to work at higher temperatures

(up to 1000 °C).

Figure 1.45. Image of the STA 449 F3 Jupiter from Netzsch.

The enthalpy measurements were done in a STA 449 F3 Jupiter from Netzsch
placed at CIC energiGUNE and shown in Figure 1.45. The measurements were
done using 40 mg of sample, under air and in the temperature range of 600-910

°C, using a heating ramp of 10 °C/min.

5.2.2.3. Glow Discharge Optical Emission Spectroscopy (RF
GD-0ES)

GD-OES technique combines a glow discharge (GD) and an optical emission
spectrometer (OES). This analytical technique provides the surface depth

profile and the bulk elemental composition of solid materials and layers, with

high sensitivity to all elements.
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The operating principle involves the controlled sputtering of an area of the
sample, as it is depicted in Figure 1.46 A. This area is analyzed by the GD plasma
and the simultaneous OES observation of the sputtered species. This technique
is destructive as a crater is done in the sample after the analysis. The technique

is fast and can reach a depth resolution of nm level if the sample is flat over the

sputtered area [295].

Figure 1.46. A) 3D view of a resulting crater [295] and B) Image of a GD Profiler 2 from
Horiba.

The compatibility between the stainless steel and the reactive thermal coating
was characterized in a GD Profiler 2 from Horiba Jobin-Yvon placed at
TEKNIKER (Figure 1.46 B). The conditions used for the measurement were: a
flushing time of 5 s, a pre-integration time of 100 s, a background of 5 s, a

pressure of 650 Pa, a power of 35 W, a module of 7.2 V and a phase of 4.7 V.
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5.2.3. Other characterization techniques

5.2.3.1. Stylus profilometry

The profilometry is used to extract topographical data from a surface. The data
taken can be a single point, a linear scan or a three-dimensional scan (obtained
with the 3D Optical profiler detailed above). The topographical data that can
be obtained with a profilometer are the surface morphology, step heights and
roughness of a surface. This information can be obtained using a physical probe

(stylus profiler) or using light (optical profiler).

The stylus profilometers use a prove to detect the changes in the surface by
physically moving a prove along the surface, acquiring the surface heights.
These profilometers require force feedback and touch physically the surface of
the sample, providing high Z resolution. This technique is sensitive to soft
surfaces as the prove can be contaminated by the materials of the surface. A side
effect is the destruction of some surfaces nonresistant to the prove. The
measurement resolution can be influenced by the stylus tip size and shape

[296].
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Figure 1.47. Image of the profilometer Dektak 8 from Veeco.

The thickness of the reactive thermal coatings was measured with a Dektak 8
from Veeco (Figure 1.47), placed at TEKNIKER. The stylus used was the 0.7 one,

with a force of 1 mg and a length of 2 mm. The data points per scan were 60,000.

5.2.3.2. Universal Micro Tribometry (UTM)

This technique allows to test samples mechanically under multiple wear
patterns on a single test platform. UTM and its accessories can be configured to
conduct over 20 standard ASTM, ISO or DIN tribology tests. The most widely
used are: Pin/Ball-on-Disk, Disc/Plate-On-Disc/Plate, Indenter-on-Plate,
Crossed Cylinders and 4-Ball Test. Al the test can be done dry or in liquid, under
vacuum and under humidity, and at room temperature or at elevated

temperatures [297].

dINID <1 T1oqgray

Figure 1.48. Image of the Universal Material Tester from Bruker-CETR.
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The evaluation of the attrition of the coatings was measured with a Universal

Mechanical Tester from Bruker - CETR, placed at TEKNIKER and imaged in
Figure 1.48. The configuration used was ball on disk. The ball selected for the
test was of 440 steel, with a diameter of 10mm. The test conditions were 0.1 Hz,
2 min, 10 mm travel, ambient temperature and 0.5 kg load. The footprint

generated during the measurement is evaluated with the 3D Optical profiler.
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Conclusions and future works

Conclusions

The research carried out, to meet the objectives detailed in the previous

chapters, has led to several conclusions, which are detailed in this section. They

are presented in schematic form in response to the different aspects described

in the objectives.

The initial objective based on the development of novel mixed metal oxides

with lower reduction temperatures for thermochemical energy storage at high

temperatures led to the following conclusions:

O

A mixed oxide with the general formula Co3.«NixOs where 0<x<1 can be
successfully prepared by the sol-gel Pechini route. The maximum
quantity of Ni in the Co304 structure is x=0.6, as for higher nickel
contents, the XRD patterns show a secondary irreversible phase of
CoO-NiO.

The reactivity and the redox performance of the materials synthesized
(with Ni contents (x) from 0 to 1) was determined by TGA/DSC
measurements. [t was observed that each mixed oxide shows a different
behavior in terms of reduction temperature, oxygen loss ratio and
reversibility. It can be highlighted that the mixed oxides with higher

amount of nickel (Co022Nips0s+ and Co2NiOs) show incomplete
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reoxidations, indicating that the reduction/oxidation only takes place in
a small fraction of the material.

The study has confirmed that the reduction temperature of the nickel
cobaltites is lower than in the case of the pure Co304. Moreover, the
redox temperature is tunable depending on the amount of nickel in the
cobalt oxide structure. The nickel content of the material leads to a
substantial decrease of the redox temperature. In particular, the mixed
oxide with a nickel content x=0.6, resulting in C024Nios04, presents a
reduction temperature below 700 °C, 200 °C lower than in the case of
the pure Co304.

The preliminary cyclability of the mixed oxide with the best
performance (Co24Nip604) was assessed in a longer experiment (100
cycles) in TGA. An adequate behavior was observed, with a mass loss of
1.18% of between the first and the last cycle.

The enthalpy values of the mixed oxides changes with the amount of
nickel in the cobalt oxide structure. In general, the mixed metal oxides
with higher nickel contents show lower values of enthalpy, ranging
from 631.9 kJ/kg in the case of pure Co304 to 347.4 k] /kg in the case of
CozNiO4. However, the enthalpy values obtained are high enough to be

suitable for high temperature thermochemical energy storage.

The second objective dealt with the cyclability capacity improvement. The

addition of selected particles and an intermediate high temperature calcination

step were the routes chosen for the cyclability stability improvement. The

results obtained lead to the following conclusions:

O

The extra-calcination process produces a densification phenomenon
harming the cyclability due to a slowdown of the redox reaction’s
kinetics. Contrary, the addition of silica particles slightly improves the
stability of the material in the initial cycles of the experiments, reaching

higher conversion ratio (+1.3%) than the material without addition but
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increases slightly the redox temperatures. Moreover, the morphology of

the mixed oxide with addition of silica particles is uniform, obtaining

the 80% of the measurements in the range of 1-2 pm.

o The lack of interactions between Co24Nio04 and SiO; was proved by
XRD after 100 cycles.
o The optimization of the type of particles, their size and amount allowed

to determine that 0.5 wt. % SiO2 of 400 nm is the best solution showing
the best performance.

o The long-term prediction (20 years and 4000 cycles), based on the
experimental results of both the material without and with silica
particles shows a significant improvement with the presence of
particles in the thermochemical material, as the conversion ratio of the
nickel cobaltite with addition of SiO particles loses a 12% less than the
one of the pure nickel cobaltite. In addition, the reduction temperature
is 32 °C lower than in the case of the Co24Nios04 without addition of
silica particles.

o The addition of SiO; particles does not decrease the enthalpy values of
C024Nios04 (624 K]/kg for 0.5% SiO2/Co024NiosOs and 594 KkJ/kg for
C024Nip604) due to the cyclability improvement caused in the material,
reaching almost the enthalpy values of pure Co304(631.9 k] /kg).

o Enthalpy values are reduced with thermal cycling as a consequence of
activity loss due to sintering, obtaining 624 k] /kg in the case of the fresh
0.5% Si02/Co024Nio604 and 554.1 k] /kg in the 100 times cycled one.

In base of the results obtained, nickel cobaltites with addition of SiO; particles

are suitable materials and potential future candidates for TcES applications at

high temperature.

Once the second objective was completed, the third objective was defined to

complete the study of the novel materials with the kinetic analysis of the
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material with and without addition of SiO particles. The main conclusions of

the kinetic study are:

O

The nickel substitution in the cobalt oxide structure and the addition of
SiO, particles do not increase the reduction activation energy of the
materials in comparison with the pure cobalt oxide (158-960 kJ/kg),
obtaining 450 KkJ/kg for Co24NipsOs and 449 kJ/kg for 0.5%
Si02/C02.4Nig604.

The theoretical models f{a) describing the reduction experimental data
are different for each material. Nucleation and growth mechanisms
describe the experimental data in the case of Co24Nip04 and diffusion
models in the case of 0.5% Si02/C02.4Nig60a.

The activation energy of the oxidation reaction is affected by the
substitution of nickel in the cobalt oxide structure, obtaining higher
values for the mixed oxides (99 k] /kg for Co24Nios04 and 123 k] /kg for
0.5% Si02/C024Nig604) than the ones listed in bibliography for the pure
Co304 (~60 KkJ/kg) but is in agreement with the values published for
other mixed oxides (165 k] /kg for 5% Al,03/C0304).

The same theoretical models f{a) of nucleation and growth mechanisms
fit well with the experimental data of both materials when the
conversion ratio is higher than 0.5. For the lower values the SB equation
was used to obtain a reliable model in the whole conversion ratio.

The agreement between the experimental and the theoretical data
obtained with the model was good, showing some deviations that could

be improved by studying the pressure effect on the kinetics.

The fourth objective of this research work was related with a new possible

application of the novel materials developed. The research was focused on the

obtention of an active thermal barrier coating to avoid or delay the thermal

fatigue triggered by the temperature change of metallic components.
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The accomplishment of the fourth objective included different aspects. First the

formulation, deposition, curing protocol and initial characterization of the
mechanical and thermal properties of the coating. The main conclusions on this

case are:

o The quantities of thermochemical material/sol-gel of the coating
formulation were adjusted to a 39.8% wt. for the obtention of a
homogeneous coating.

o The curing process was studied to reach a compromise between
mechanical resistance and activity, obtaining the best performance with
a CO; solid state laser at a 15% of its maximum power.

o Two types of stainless steel were studied. The compatibility between
them (AISI 310-s and AISI 304) and the thermal coating was analyzed
by means of GD-OES, showing better results in regard to Fe migration
from the stainless steel to the coating in the high temperature one (AISI
310-s).

o The coating formulation was developed with the goal of reaching a
compromise between thermochemical activity and resistance to obtain
the best performance. It was obtained when using a sol-gel with a solid
content of 10 % and a protective interlayer with a solid content of 7.5
%, guaranteeing a correct resistance and not hindering the cyclability
of the coating.

o The optimized formulation was used to manufacture coatings of cobalt
oxide, nickel cobaltite pure and nickel cobaltite with addition of silica
particles. 2 layered coatings with a thickness of 129 um and good
mechanical resistance were obtained.

o The results showed that all the coatings, fresh or thermal treated, were
active. However, there was a decrease of activity in the case of the

thermal treated ones. The conversion ratios decreased of 13.17 % in the
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Co304 coating, a 27.83% in the Co24Nios04 coating and of 5.75 % in the
0.5 % Si02/C02.4Nig604 coating.

The measurements of the coating’s roughness showed that the surface
of the cobalt oxide coatings is smoother than the one of the nickel
cobaltite coatings. Attrition measurements were carried out to assess
the mechanical resistance, obtaining similar friction coefficient values
for all the coatings.

In base to all the detailed results, it can be concluded that the layer-by-
layer protocol designed is a valid option for manufacturing high
temperature active thermal barrier coatings. The thermochemical
materials used for the coating formulation during this thesis could be
suitable for applications such as: exhaust manifolds installed
downstream of internal combustion engines, components for the
construction of industrial furnaces, heating engineering, components of

solar receivers at high temperatures, electrolyzer and fuel cells, etc.

The second aspect deals with the characterization of the active thermal barrier

coating on a thermogravimetric analyzer and on a laboratory-scale test rig. The

main conclusions on this case are:

150

The coatings have good resistance to the dynamic thermal treatment.
They do not show signs of fracture or delamination.

The thickness of the three formulations is very similar, obtaining an
average value of 129 um.

The thermogravimetric analysis of the three coating formulations (in
powdered form) shows that all the fresh and cycled samples are active.
However, treated samples show a decrease in the mass gained/lost. In
the case of the Co304 coatings, the activity decreases a 13%, the
C024Nio604 coatings show an activity decrease of 27% and the 0.5%

Si02/C02.4Nip 604 coating shows a decrease of 6%.
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o A test rig with the distribution of two heaters (upper and bottom) was

selected in order to reduce as much as possible the heat fluxes
generated at high temperature.

o The experiments in the test rig showed no buffering effect in the
C024Nip604 pure and added coatings but showed a stabilization of the
temperature at 916 °C for 120 s in the case of the Co304 coating
indicating endothermal reaction.

o The STA analysis of a metallic component coated with the formulations
evidences the presence of chemical reactions in the coating, as it shows
mass gained/lost variations for all the formulations. The DSC signal
shows a clearly higher activity in the case of the Co304 coatings than in

the C024Nio604 pure and added coatings.

This work confirms the presence of reactions in the active coatings developed,
both in TGA and in a larger scale test rig. The presence of the reaction is
especially prominent in the cobalt oxide coating, where a clear temperature
damping effect has been observed in the experiments of the test rig.
Nevertheless, further research must be carried out in order to better
understand the effect of the coating on the reactivity of the material and its
impact on the possibility to passively stabilize temperatures to finally increase

service lifetime of critical components.
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Conclusions and future works

Future works

This research gives a proof of concept on the possibility of lowering the reaction
temperatures of metal oxides. Cobalt oxide was selected as the starting material
for the research since it is a widely studied material, meets the temperature
range to be completed and has high reaction enthalpies. However, it is a critical
material as it is detrimental to health, as well as being expensive and not very
abundant on earth. The main future work should be the change of the cobalt
oxide by other metal oxide with good thermochemical properties and less

harmful, ideally cheap and abundant on earth’s crust.

If the interest continues residing in the cobalt oxide-based materials, the

continuation of this research could be done following the next paths:

o It would be interesting the synthesis of the mixed metal oxides using
different routes to study the effect of the morphology in the
thermochemical behavior of the material.

o The kinetic study could be completed by studying the effect of the
pressure in the mechanism of the material, being able to describe
reliably with the model the initial and final parts of the redox reactions.

The development of active thermal barrier coatings is a promising topic in a

very early stage so there are many possibilities to continue this study. Centered

in the aspects developed in this work, the next possible future works are

presented:

o The sol-gel of the formulation of the active thermal coating could be
modified or optimized in order to improve the mechanical resistance

without harming the thermal behavior.
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o Another aspect to be studied is the influence of coating manufacturing

on future coating performance.

o New active TBCs can be developed using other metal oxides, less
harmful than cobalt oxide.

o New application methods could be studied to obtain thicker layers, an
aspect intimately linked to the protective capacity of the coating.

The assessment of the long-term behavior of the coating directly applied in a

metallic component is quite difficult. New distributions of test rigs could be

studied.
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Annex II: Other research work

Enthalpy study

This section shows the enthalpy measurements carried out for both cobalt
oxide and mixed cobalt and nickel oxides, pure and added with SiO; particles.
The controversy in the enthalpy studies is high for the metal oxides as their
reaction temperature range sometimes is too high to measure the enthalpies in
a common DSC equipment, limited to maximum temperatures of ~ 700 °C. The
enthalpies of metal oxides use to be measured in a TGA coupled with a DSC
system (simultaneous thermal analysis, STA). In this case, the main problem is
the obtention of accurate values. Sometimes the layout of the equipment can
also interfere with the experimental results obtained. Some authors carried out
Round Robin Tests (RRT) [1] in order to measure the interference caused by
the equipment. The analysis was performed by preparing a thermal treated
cobalt oxide (maintaining the material overnight at 110 °C to remove water and
any other impurity) and sending aliquots of the material to different European
centers with the aim of obtaining the reaction enthalpy. There was no rule
regarding the equipment to be used or the calibrations. Although all the centers
used TGA equipment coupled with DSC systems, the results showed high

deviations in the enthalpy values obtained in different centers (see Figure 3.1).
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Figure 3.1. Reaction enthalpy versus reaction temperature expressed in /g Co304 (a) and

kJ/mol 0z (b) [1].

As the literature shows that the enthalpy measurements are easily influenced
by the instrument used, in this research work, an optimization of the STA
measurement protocol was carried out by modifying the sample mass, the gas
flow and the heating ramp. All the experiments were performed using
platinum-rhodium crucibles (Pt-Rh), with better thermal conductivity than the
Al;03 ones, to obtain more accurate results. The material selected was a
commercial Co304 as there is a lot of information available about this
thermochemical material. The experiments consisted in 3 cycles ranging from

700 to 1000 °C under air atmosphere.

The first step was the optimization of the sample mass. For this purpose, 4 mass
values were selected: 20, 30, 40 and 50 mg. For each mass, 2 measurements

were carried out. The average results can be found in Table 3.1.

Table 3.1. Enthalpy values obtained for the optimization of the sample mass.

Sample mass (mg) Enthalpy (J/g)
20 750.3
30 7711
40 844.7
50 761.9




Chapter 3
The maximum values of enthalpy were obtained using a sample mass of 40 mg,

reaching the theoretical enthalpy values of the pure Co304 (844 ]/g) [2].

The second step was the optimization of the experimental heating rate that was
performed by testing these rates: 1, 5, 10, 15 and 20 °C/min. As in the previous
case, each measurement was repeated twice. The values listed in Table 3.2 are

average values.

Table 3.2. Enthalpy values obtained using different heating rate.

Heating rate (°C/min) Enthalpy (J/g)
1 614.5
5 748.1
10 844.7
15 671.1
20 671.2

The higher enthalpy values were obtained using a heating ramp of 10 °C/min.
This could be due to the calibration method of the instrument, which was done
at 10 °C/min. A calibration done with a different heating rate could modify the

values obtained in this experiment.

The third step was the optimization of the gas flowrate. For this purpose,
experiments were done using flowrates of 20, 40, 60, 80 and 100 ml/min. Each
flowrate was assessed twice as in the previous cases. The results are shown in

Table 3.3.

Table 3.3. Enthalpy values obtained for the optimization of the flowrate.
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Gas Flowrate (ml/min) Enthalpy (J/g)
20 745.7
40 718.8
60 844.7
80 692.5
100 706.5

As it can be observed in Table 3.3, the highest enthalpy value has been obtained

using a flowrate of 60 ml/min.

In summary, in this study the best STA experimental conditions are: 40 mg of

sample mass, a heating rate of 10 °C/min and a gas flowrate of 60 ml/min.

The enthalpy measurements of the nickel cobaltites synthesized following the
general formula Co3«NixOs where 0O<x<1, are listed in Table 3.4. The
measurements were done following the optimized parameters obtained
previously. The analysis of the nickel cobaltites was done in the temperature
range 600-910 °C and the one of the pure cobalt oxide in the range 700-1000
OC.In general, a decrease of the storage capacity is observed when adding nickel
in the cobalt oxide host structure. This is linked to the decrease of the activity

of the material due to sintering caused by the thermal cycling.

Table 3.4. Enthalpy values obtained for the nickel cobaltites with nickel

contents (x) from O to 1.



Material Enthalpy (J/g) Mass loss (%)
Coz2NiO4 347.4 2.69
Co022Nios04 340.4 3.31
C024Nio.604 594 4.86
Co26Nio.404 748.8 5.60
Co28Nio.204 586.7 5.73
Co304 631.9 6.58

Chapter 3

New experiments were performed to measure the enthalpies of the nickel

cobaltites Co24Nio04 added with SiO, 400 nm particles fresh and cycled. As a

reference, the pure Co304 was also synthesized following the Pechini route used

for the mixed oxides. The experiment consisted in 4 cycles under air in the STA

in the temperature range 600-910 °C in the case of the nickel cobaltites and in

the temperature range 700-1000 °C in the case of the cobalt oxide. An example

of the results is depicted in Figure 3.2, while the enthalpy values obtained are

listed in Table 3.5.
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Figure 3.2. TGA/DSC graphical result for the Co2.4Nio.s04 + SiO2 fresh material.

Table 3.5. Enthalpy values obtained for Co304 and C02.4Nio 04 + SiO>, fresh and

after 100 thermal cycles.

Enthalpy (J/g)
N° Cc2 Cc3 Cc4
Material
cycles Mass Mass Mass
Reduction Reduction Reduction
loss (%) loss (%) loss (%)
Co304 0 631.9 6.58 607.3 6.55 601.3 6.56
C02.4Nio.604
0 624 4.48 597.2 4.4 602.6 4.38
+ Si02
C02.4Nio.604
100 554.1 4.05 561.3 4 522 3.94
+ Si02

As shown in Table 3.5, there is no repeatability of the enthalpic values in the
four cycles so they should be taken as approximate values, not absolute.
Comparing the result obtained for the pure cobalt oxide with the nickel

cobaltite with addition of silica particles it can be concluded that the addition of
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particles does not influence the enthalpy values of the material but the thermal

treatment decreases the storage capacity notably.
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Heat storage technologies are subject of great research efforts aimed at improving the energy efficiency of power
plants and heat recovery processes. In this context, the development of highly efficient and low-cost materials for
thermal energy storage is imperative for a large use of this technology. The storage of thermal energy using
reversible thermo-chemical reactions can provide large storage capacities especially at high temperatures. Within
this class of materials, the red-ox reactions have particular interest due to the low cost of the materials involved
(metal oxides) and the use of air both as reacting gas and heat transfer fluid. Therefore, many efforts are doing to
improve the efficiency and reversibility of this type of reactions. In this work the synthesis and thermal per-
formances of a novel mixed metal oxide based on cobalt/nickel metals with spinel structure Cos.xNixOy4 is re-
ported. A deep study was carried out in order to find the best synthesis conditions and optimum relative metal
content in the structure with the objective of decreasing as much as possible the red-ox temperature. The study
allowed to determine the optimum Ni content in the oxide structure in order to minimize the reaction tem-
perature. In particular, a linear relationship of the red-ox temperature as a function of the Ni content was
observed, enabling reaching red-ox temperature below 700 °C. These results are very promising and open the
perspective of using of these types of materials to a wider field of application.

1. Introduction drawback the intermittency in the electricity production due to the

intermittency of the energy source. In this respect many strategies are

The world transition to a decarbonized energy system is underway,
radically transforming the way the energy is generated, distributed,
stored and consumed. This energy transition will require, among other
measures, that a large part of energy comes from renewable sources and
that industrial processes are more energy efficient. In this scenario,
large-scale energy storage is a key factor because it makes possible a big
share of renewables where their electrical production generally does not
correspond to the electricity demand.

In regard to the solar energy storage and conversion, different stra-
tegies can be followed.

The sun energy is directly converted into electricity by using PV
technologies [1]. This is a largely developed technology having as main

being studied in order to overcome this problem exploring different
types of energy storage systems such as batteries [2], pumped hydro
(PH) energy storage system, Gravity ESS, superconducting magnetic ESS
[3] and compressed air energy storage (CAES) together with promising
hybrid systems [4].

The sun energy is transformed into valuable fuels (hydrogen, hy-
drocarbons, etc.) by using for example photoelectrochemical (PEC) HoO-
splitting devices for Hy production, photocatalytic processes for COy
reduction or thermally driven chemical cycles [5-8]. In the last years,
these fuel production technologies are receiving a large impulse both
due to the need to decrease the amount of polluting agents introduced in
the atmosphere and to find alternative routes to replace fossil fuels [9].
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In this respect, many challenges need still to be faced both from the
materials side [10,11] with the proposition of different solutions and the
system development side [12].

Another alternative is the power to heat technology. In this case, the
combination of thermal energy storage (TES) systems with the use of
electricity, not only from solar source but also from other renewable
sources such as wind power, for heating purposes, provides the flexi-
bility that the renewables need [13]. These energy storage technologies
will play a major role not only in the renewables integration, but also in
increasing energy efficiency in industrial processes by reusing stored
waste heat from those same processes [14,15].

The most developed technologies in thermal energy storage are
based on sensible heat storage (SHS) and latent heat storage (LHS). In
the first case, the heat is stored by a temperature change of the storage
material; in the second case, the heat is stored by a phase change of the
storage material [16-18]. The less developed TES technology is ther-
mochemical storage (TcES), which is based, in addition to the mass and
temperature range, on the enthalpy of reversible chemical reactions, and
has the highest theoretical energy storage density compared to sensible
and latent heat storage [19,20]. Thermochemical energy storage is
considered as the most promising technology due to (i) the high energy
storage capacity; (ii) the possibility to store the heat at room tempera-
ture; (iii) the long-term storage without a significant heat loss and (iv)
the heat released at a constant temperature being adjustable by the re-
action conditions. The endothermic chemical reaction is used to store
the heat when it is available and the reverse exothermic reaction is used
to release the heat when it is needed.

In this regard, among the investigated TcES systems in the literature,
red-ox reaction involving metal oxides have been considered as the most
promising candidates for high temperature TES applications. Thus, these
red-ox systems require suitable materials for operation in terms of
complete reaction reversibility, suitable reaction temperature, high
storage density, high reaction enthalpy, no-toxicity and good thermal
stability during cycling in the operation temperature range [21-23].

Different research groups have investigated different materials
which can be suitable for thermal energy storage at high temperatures.
The most favored materials are metal oxides due to their high reaction
enthalpies and high operating temperature; longer storage periods at
ambient temperature and utilization of air both as reactant and as heat
transfer fluid [24-26].

Although the list of metal oxides is huge and a lot of work has been
done in order to identify the most performing candidates, only a few
materials can fulfill the requirements, such as energy density, revers-
ibility, kinetics and costs, in order to be considered as suitable materials
for TES applications. Previous research works have demonstrated that
the most promising metal oxides are cobalt oxide (Co304/Co0O) and
manganese oxide (MnyO3/MnsO4) [21,24,27,28]. Nonetheless, their
high equilibrium reaction temperatures (higher than 850 °C) have been
considered as the main barrier for their use in different applications such
as concentrated solar power (CSP) and industrial waste heat recovery.
Looking forward to a further development of TcES technology, the
development of new materials with reduced red-ox temperatures which
are suitable for those applications is urgently needed. Recently, several
works proposed redox reactions of doped mixed oxides, spinel and
perovskite oxides, aiming to tune the reaction temperature and to shed
more light on the understanding of the reaction kinetics and sintering
effects [29,30].

Co304 material is described as a spinel-type structure with the gen-
eral formula of AB2O4 (A, B = Co, Zn, Ni, Fe, Cu, Mn, etc.), where A and
B are divalent and trivalent metal cations, respectively. The spinel
structure consists of a cubic close-packed array of oxide ions, in which
one-eighth of the tetrahedral sites and one half of the octahedral sites are
occupied by cations. The distribution of the cations between these two
sites is highly dependent upon the nature of the cations incorporated
into the structure. In normal spinel structures, the divalent A and
trivalent B cations occupy the tetrahedral and octahedral sites,
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respectively [31-33].

The main purpose of this research is to develop advanced spinel pure
mixed oxides with lower red-ox temperatures. Specifically, a solid so-
lution between cobalt oxide and nickel oxide with the general formula
Co34NiyO4 (0 < x < 1) was developed.

The most studied mixed phase of cobalt-nickel has been Co,NiO4
[34-36]. This material has attracted the research attention in the area of
electrochemistry, especially in supercapacitors due to its low cost,
environmentally friendliness, natural abundance and high theoretical
capacitance. Besides, it is expected to offer more efficient redox re-
actions, including contributions from both nickel and cobalt ions coming
from its mixed valence spinel structure where nickel occupies octahedral
sites and cobalt distributes over both octahedral and tetrahedral sites
[34,37-40]. It was found that the mixed phase improves both the elec-
tronic conductivity and the electrochemical activity compared to pure
phases, making the material suitable for energy conversion/storage
systems [35]. Also, it offers rich red-ox reactions, being an interesting
property for both electrochemical and thermochemical storage
applications.

In the present work, five pure nickel-cobalt mixed oxides, i.e.
Co,.8Nip 204, C02,6Nig.404, C024Nig.c04, C022NiggO4 and CoyNiOy,
were successfully synthesized by sol-gel method. The substitution of Co
atoms by Ni atoms leads to a significant decrease in the red-ox tem-
perature where Cos 4Nip 604 shows the lowest temperature of 685 °C
(being 906 °C the one for Co304), which implies a significant decrease in
the state-of-the-art red-ox temperature (by more than 220 °C). In addi-
tion, the thermal cyclability and stability of these materials was
confirmed by thermogravimetric analysis (TGA) up to 100 reduction/
oxidation cycles.

2. Materials and methods
2.1. Materials

The materials used during this research were: nickel nitrate hexa-
hydrate extra-pure from Scharlab, cobalt nitrate hexahydrate from Fisher
Scientific with a purity of 98+ %, citric acid from Fisher Scientific with a
purity of 99+% and ethylene glycol anhydrous from Sigma-Aldrich with
a purity of 99.8%.

2.2. Synthesis methods

There are three methods that can be used to synthetize Co-Ni mixed
metal oxides: sol-gel method, hydrothermal route and coprecipitation
and thermal decomposition of the precursors [36,41-43]. Compared in
terms of production cost, purity of the final material, simplicity and
process sustainability, sol-gel method seems to be the best option for
eventual large-scale production:

e Production costs: the production cost is related to the raw material
cost, but also to the different steps involved in the different synthesis
routes. Concerning the precursor materials, sol-gel and hydrothermal
routes use nitrates as main precursors [36], while most research
works describe coprecipitation route using acetates as the main raw
materials [41]. Cobalt acetate cost is 10% higher than the nitrate and
nickel acetate is 50% higher than the nitrate precursor, so from the
materials cost point of view sol-gel or hydrothermal routes seem to
be the more appropriate. Regarding the process cost, main differ-
ences are in the washing step (only needed for the hydrothermal and
coprecipitation routes) [36,41] and in the reaction conditions (very
similar in terms of temperature for the three synthesis, but with
notable differences in terms of pressure for the hydrothermal pro-
cess). High pressure processes associated to the hydrothermal route
make this process more expensive than the other routes.

Purity: the production of high purity materials with hydrothermal
and coprecipitation synthesis approaches requires adding a washing
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step [42]. Contrary, the sol-gel route obtains a high purity material
(98-100%).

Route complexity: as already explained, hydrothermal route in-
volves high pressure in the reaction step and both coprecipitation
and hydrothermal include a washing step in the process, while sol-
gel has no washing step associated. It must also be considered that
a reflux step is used in the coprecipitation route.

Process sustainability: the three methods involve similar energy
consumption mainly associated to the calcination steps. However,
washing steps included in the coprecipitation and hydrothermal
methods involve the use of large quantities of solvents. That is why
the sol-gel method is considered more environmentally friendly.

Accordingly, the technique used in this work to synthesize Co-Ni
mixed metal oxides is the sol-gel method following the Pechini’s route.
The appropriate quantities of Co(NO3)2-6H20 and Ni(NO3),-6H20 ni-
trates were used for the preparation of 2 g of each material, following the
general formula Co3.4<NixOy4. Initially, the primary precursors were dis-
solved in 10 mL ethylene glycol under gentle magnetic stirring to afford
a homogeneous solution. Subsequently, stoichiometric citric acid, acting
as a chelating ligand, was added into the reaction mixture under
vigorous magnetic stirring for 60 min. The reaction mixture was dried
overnight at 180 °C. The obtained powders were grinded in an agate
mortar to increase their homogeneity and then calcined in air at 400 °C
for 10 h to obtain the final product with the right stoichiometry.

2.3. Characterization methods

The analytical techniques used for the characterization of the
different synthesized materials are described below.

X-ray diffraction (XRD). A Bruker D8 Advance diffractometer
equipped with a LYNXEYE detector using Cu K, radiation (A = 1.5418
A) and 6-26 geometry was used for XRD analysis. Data were collected at
room temperature between 10° and 80° with a step size of 0.02° and a
counting time of 8 s per step. The EVA software was used to determine
the phase composition of the material. In order to confirm the presence
of pure single structure for each material, the Rietveld refinement [44]
of the structural models was performed using the WinPlotr/FullProf
package [45]. The refined parameters were: background coefficients,
scale factor, lattice constants, atomic positions, isotropic independent
atomic displacement parameters, zero shift, peak profile and asymmetry
parameters.

Insitu X-ray diffraction (in-situ XRD). XRD data were collected on a
Bruker D8 Advance diffractometer operating at 30 kV and 20 mA,
equipped with a Cu tube (A = 1.5418 A), a Vantec-1 PSD detector and an
Anton Parr HTK2000 high-temperature furnace. The powder patterns
were recorded in 2q steps of 0.04° in the 15 <2q < 85 range, counting
for 1.4 s per step (total time for each temperature 42 min). Data sets
were recorded at different temperatures using 0.166 °C s~ heating rate.

Scanning electron microscopy (SEM). The samples were imaged by
means of a scanning electron microscope Quanta 200 FEG operated in
high vacuum mode at 30 kV featured with a backscattered electron
detector (BSED) and Everhart-Thornley Detector (ETD). In addition,
energy-dispersive X-ray spectroscopy (EDX) analyses were carried out
for elemental mapping. For the evaluation of the pore size distribution of
the obtained samples, SEM images were statistically examined. At least
200 measurements were collected for each sample using ImageJ
software.

Thermogravimetric analysis (TGA). Two samples of each material
were analyzed in a NETZSCH/TG 209 F1 Libra instrument in the tem-
perature range from 600 °C to 950 °C with a heating/cooling rate of
10 °C/min in air atmosphere and a flow rate of 60 mL/min. The
experimental error supplied by the brand of the equipment is +2%. To
ensure the quality of the measurements a calibration was carried out
obtaining an error of 1.27% for the mass and 1.04% for the temperature
values.
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3. Results and discussion

The prepared mixed oxides of the present work are characterized by
XRD, SEM, TGA analysis and in-situ XRD, and the results are shown
below.

Fig. 1 shows the room temperature X-ray powder diffraction patterns
obtained for the various compositions of Co34NiyO4 (0 < x < 1) in the
20 range of 15° — 70°. Based on the analysis of the obtained X-ray dif-
fractograms, similar patterns were observed for CosO4, CozgNig 204,
Coy,6Nig 404 and Coz 4Nig 04 materials, with continuous changes in the
form of the peaks and their positions while increasing the amount of
nickel in the structure. On the contrary, for the materials with x equal to
or higher than 0.8, peaks showing an increasing of the amount of a
secondary phase were observed (0.8 and 1 at. % Ni). This could suggest
that following the Pechini’s route of synthesis, 0.6 is the maximum
amount of Ni that can dissolve in the structure of Co304 and above this
value the separation of CoO-NiO occurs.

The identification of the secondary phase obtained in the diffraction
patterns of Coz2NiggO4 and CoyNiO4 was done by analyzing the cell
parameters of the peaks obtained. The cell parameter of the secondary
phase is 4.2028 + 10~* A, while the cell parameters of CoO and NiO are
4.263 A and 4.178 A, respectively [46], so in base of the cell parameter
values obtained the secondary phase should correspond to a mixed
CoO-NiO phase.

Fig. 2 shows the results of the quantitative Rietveld refinements for
the Coy4NipeO4 (x = 0.6) material after synthesis, where a good
agreement between the experimental and the calculated diffraction
profiles was obtained. The pattern shows peaks at 43° and 63° which
belong to CoO-NiO phase, being the quantity of this phase lower than 5
wt%.

Table 1 summarizes the space group, room-temperature unit-cell
parameters and unit-cell volume obtained by the Rietveld’s refinement
analysis, for the theoretical compositions: Co304, Co02gNig 204,
Co2,6Nip 404, C024Nig04, Co22NipgO4 and CoyNiO4. The obtained
values for unit-cell parameters and unit-cell volume increase linearly
with the increase of the Ni amount, which is considered as a clear evi-
dence that the Vegard’s law [47] holds for this solid solution Cos.x\NixO4
with x value from 0 to 0.6.

In order to assess the morphological properties of the prepared
samples, the SEM images obtained for Co3O4, Coz gNig 204, Co2,6Nig 404,
Co3.4Nig 604, Coz 2Nig §04 and CoNiO4 materials are shown in Fig. 3. As
it can be seen in the Figure, Co304, Co2gNip 204, Cop2NiggO4 and
CooNiO4 materials show similar agglomerate morphologies made of
particles with size around 0.80 pm. Meanwhile, Cos¢Nig 404 and
Co2.4Nig 604 materials exhibit different morphologies having the first

* CoO-NiO
. *
Co,NiO, b4
" *
Co,,Ni, .0, *
3
S "
E: Co, Ni, O,
‘@
S .
£ [coi0.
CozuNiDZOA
Co,0,

2 Theta (°)

Fig. 1. Evolution of X-ray powder diffraction patterns of CosxNiyO4 (0 <x < 1)
withx = 0, 0.2, 0.4, 0.6, 0.8, 1. The bullet (*) indicates the peaks corresponded
to CoO-NiO phase.
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1 Coy,Niy O,

Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70
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Fig. 2. Experimental (o), calculated (—) and difference profiles for the Riet-
veld’s refinements of Cos 4Nig 04 (x = 0.6).

Table 1
Space group, room-temperature unit-cell parameters and unit-cell volume of the
pure mixed structures of Co-Ni system for x from 0 to 0.6.

Composition Material Space group a(A) V (A%
x=0 Co304 F-43m 8.0825 + 10" 527.99
x =02 Coy,Nig 204 F-43m 8.0848 £ 1074 528.45

.4 Co2,6Nig.404 F-43m 8.0973 +10~* 530.90
x=0.6 C02.4Nig604 F-43m 8.0967 +10~* 530.79

Co, gNig ;0,4

Co, ;Nip 30,

bl
L

X

Fig. 3. SEM images of the Co304, CosgNig 204, C026Nip404, C024Nige04,
C05.5Nig gO4 and Co,NiO,4 materials.

one a foamy appearance and the second one a dense structure. This fact
should be taken in consideration when analyzing the thermal properties
of the materials.

Thermogravimetric analyses have been done in order to study the
thermal behavior of the prepared mixed metal oxides and to determine
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the red-ox temperatures, reaction reversibility and stability of the
samples. Fig. 4a shows the STA (simultaneous thermal analysis) reduc-
tion curves obtained for Co304, Cos gNip 204, Co 6Nig.404, Coz 4Nig 04,
Cog 2Nig gO4 and CoaNiO4 theoretical compositions between 600 °C and
1000 °C. A different behavior was observed for each material in regard
to the reduction temperature, reaction kinetics and mass loss. As a
general observation, the incorporation of nickel in the structure leads to
a significant decrease in the reduction temperature. Fig. 4b shows the
evolution of the reduction temperature as a function of nickel content
(x), where an almost linear decrease of the reduction temperature was
obtained for materials with nickel content (x) from 0 to 0.6. The
reduction temperatures obtained for Co304, Co.gNig 204, Coz6Nig 404,
Co2.4Ni 604 are 906 °C, 852 °C, 735 °C and 685 °C, respectively. It is
worth mentioning that there are no previous references of metal oxide
synthesis that show such a significant decrease of the red-ox tempera-
tures compared to the ones of Co304/CoO and Mny03/Mn304 couples.
In the case of Coy5NipgO4 (x = 0.8) and CosNiO4 (x = 1), the reduction
temperature obtained is 830 °C, which do not follow the trend observed
for this system.

The high temperature obtained could be due to the lack of formation
of the correct stoichiometry of these materials since a secondary phase of
Co0-NiO was detected in their XRD diffractograms shown in Fig. 1.

In general, adding nickel to the cobalt oxide structure makes the
reduction temperature tunable, being able to decrease it from 906 °C to
685 °C. Table 2 summarizes the reduction temperature, mass loss and
reaction conversion ratio obtained for Co304, Co0gNig 204,
Cog 6Nig 404, Coz 4Nig 604, Coz2Nip gO4 and CoaNiO4 materials.

The behavior of the different samples upon heating was studied by
in-situ XRD measurements (Fig. 5).

These measurements allowed to follow the reduction reaction during
heating determining the structural transformations in the material and
the corresponding reduction temperature under that particular experi-
mental conditions. This last aspect should be taken into account due to
the high sensitivity of this class of reactions to the pressure change that
can cause variations in the reaction temperature passing from one
analysis technique to another one. Moreover, in the case of the TGA
values, this is the initial reduction temperature of the samples, the point
where the mass loss evidences the start of the reduction reaction. In the
case of in-situ XRD, the reaction is detected only when the amount of
sample reduced is enough to be detected by the diffraction technique.

This is well reflected in Table 2 where the reduction temperatures,
for all the samples, obtained in the in-situ XRD results are in general
higher than the ones obtained in the thermogravimetric measurements.

102
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Fig. 4. a) STA experimental reduction step of the studied materials under air
atmosphere with a heating/cooling rate of 10 °C/min and b) Evolution of the
reduction temperature as function of nickel content.
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Table 2
Reduction temperature and mass loss obtained for Co304, Co2gNig 204,
C02,6Nig 404, Cos 4Nig 604, C0s 5Nigg0O4 and Co,NiO4 materials.

Material Tred, TGA T red, XRDI Mass loss Conversion ratio
Q)] Q9] (%) (%)

Co304 906 950 6.4 96

Coy8Nig04 852 900 4.28 64

Coz6Nig404 735 800 6.12 92

C0,.4Nig 04 685 700 4.99 75

Coz2NiggOs 830 900 2.05 31

CoNiO4 830 850 0.72 11

The reduction temperature in the in-situ studies corresponds to the
pattern where the oxidated phase starts to be detected (for each
composition in bold in Fig. 5). The in-situ measurements confirm the
results obtained in the STA measurements with a decrease of the
reduction temperature as a function of the nickel content in the host
structure (x), going from O to at least 0.6 at. In the case of the materials
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with a nickel content (x) equal or higher than 0.8, the reduction tem-
perature maintains at a constant value of 900 °C.

The preliminary stability of the materials upon cycling was tested by
performing three successive thermal cycles between 600 °C and 1000 °C
under air atmosphere in the STA equipment. Fig. 6 shows TGA reduc-
tion/oxidation cycling of the studied materials between 600 °C and
1000 °C under air atmosphere with a heating/cooling rate of 10 °C/min.
In the case of Co0304, Co2gNip204, C026Nig404, Cos4NigeO4 and
Coy oNij gO4 materials, the TGA measurements show that, upon heating,
the reduction is evidenced by the sample weight loss related to oxygen
release and upon cooling the re-oxidation is accompanied by sample
weight gain. In the case of Coz2NiggO4, incomplete re-oxidation re-
actions were observed due to the fast cooling rate (10 °C/min) and no-
dwelling step below the reduction temperature was programed. In the
case of CosNiO4, TGA measurement revealed small weight losses and
gains (only 1%) during the three cycles, which indicates that the
reduction/oxidation reaction took place in only a very small fraction of
the material.
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Fig. 5. In-situ XRD patterns of A) Co304, B) Co2.gNig.204, C) Co2,6Nig 404, D) Co2.4Nig.c04, E) Coz2NiggO4 and F) CooNiO4 at a temperature range of 700-1000 °C
with a heating step of 50 °C. For each composition, the patterns corresponding to the reduction temperature are highlighted in bold.
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Fig. 6. TGA reduction/oxidation cycles for the studied materials between
600 °C and 1000 °C under air atmosphere with a heating/cooling rate of
10 °C/min.

The material with the best performances obtained in this study,
Co2.4Nig 604, was subjected to a more extreme cycling experiment (up to
100 cycles) in order to test its stability. As shown in Fig. 7, this material
exhibits an adequate reversibility even after multiple cycles, having in
the first cycle a percentage of mass loss of 4.99% and in the last cycle a
3.81%.

It is worth to mention that the reproducibility of the materials was
tested by performing two similar experiments with two different ali-
quots of the same material. Five control cycles have been analyzed in
terms of mass gain/loss and reduction/oxidation temperatures. The
largest error obtained has been of 1.79% but the average has been of
0.5%, which are inside the limits of the instrumental error.

The surface and structural morphology of Coj 4Nig 04 was tested
after 100 cycles in TGA apparatus. The change of the morphology of the
material is appreciated in Fig. 8.

The raw material showed a dense structure while the cycled material
shows a porous densified structure. The thermal cycling promoted the
formation of channels in the material, helping the oxygen diffusion and
maintaining adequate activity levels.

The structural properties of the final material have been analyzed by
XRD. The results reported in Fig. 9 show similar diffraction patterns for
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Fig. 8. SEM image of the Co,4NipO4 material after 100 cycles in the
TGA apparatus.

the samples before and after thermal cycling.

The broad signal at low angle, of the cycled sample, belongs to the
sample holder of the diffractometer. The main difference between the
two patterns is the presence of a secondary phase of CoO-NiO after 100
thermal cycles. The refinement shows that the final composition of the
material in weight fraction is 0.73 of Coz 4Nip 604 and 0.27 of CoO-NiO.
This result is coherent with the activity loss obtained after thermal
cycling in the TGA.

The cost of high purity Coy 4Nip 04 produced by sol-gel method at
laboratory scale is estimated to be around 129 €/kg. As shown in
Table 3, the reactive materials account for 38.6% of the total cost,
whereas labor cost and energy consumption represent 46.2% and
15.2%, respectively.

Obviously, cost is currently one the main drawback of Coy 4Nip 04
for its final application as thermochemical material and has to be
strongly reduced to compete in the TES market. It is expected that
automation of the synthesis process (lower labor costs), whole sale
purchasing of the reactive materials and mass production would effi-
ciently contribute to the necessary cost reduction.
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Fig. 7. 100 reduction/oxidation cycles for Co, 4Nig 604 performed between 600 °C and 1000 °C under air atmosphere with a heating/cooling rate of 10 °C/min.
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Fig. 9. X-ray powder diffraction patterns of Coz 4Nig¢O4 before and after 100
thermal cycles. The bullet (*) indicates the peaks corresponded to
CoO:-NiO phase.

Table 3
Estimated cost of high purity Co, 4Nig 04 produced by sol-gel method at labo-
ratory scale.

Cost (€/kg)

Reactive materials Cobalt nitrate hexahydrate (11.7 €/kg) 49.57

Nickel nitrate hexahydrate (4.06 €/kg)

Citric Acid (0.76 €/kg)

Ethylene glicol (1.16 €/kg)
Labor cost 2hat30€/h 60
Energy 22 h at 0.9048 €/h 19.91
Total cost 129.48

4. Conclusions

In this study, the mixed oxide CozyNiyO4 with progressively
increased amount of Ni was successfully prepared via sol-gel method
following the Pechini’s route.

The investigation allowed to determine the optimum amount of Ni
dissolved into the cobalt oxide structure, leading to a substantial
decrease of the redox temperature compared to pure Co3O4. In partic-
ular, the XRD measurements show that for a nickel content (x) higher
than 0.6 the presence of a secondary phase of CoO-NiO is observed.

In order to determine the reactivity and redox performance of these
materials, further research was carried out on the thermal behavior of all
the mixed structure synthesized. In general, two main point can be
highlighted, on one side the DSC/TGA results show that the thermal
behavior of each mixed oxide is different from that of pure metal oxide
considering the reduction temperature, oxygen loss ratio and revers-
ibility. On the other side, it has been possible to determine the compo-
sition with the best reactivity (with Ni content (x) equal to 0.6) allowing
to decrease the reduction temperature below 700 °C. This is an impor-
tant achievement, opening to the possibility to use this class of reactions
in applications at lower temperature.

The combination between TG measurements and in situ-XRD mea-
surements allowed to confirm the trend in the reduction temperature
even if some deviation in the absolute values of the temperature have
been observed. This is probably due to a slight O, overpressure, conse-
quent to the desorption process in the XRD chamber, causing a
displacement of the equilibrium temperature at slightly higher values.
The linear decrease of the reduction temperature with the increase of the
amount of nickel in the host structure, observed in TGA, was confirmed
by the in-situ XRD measurement. Finally, the preliminary cycling
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stability tests of the material with the best performances (Ni = 0.6) (100
cycles) confirm the good reactivity upon cycling with no modification in
the reduction temperature.

The results of this work lead us to consider that this mixed oxide
system could be a potential future candidate fot TcES applications,
providing some flexibility in terms of reaction temperature. However, a
more in depth and prolonged study of the cyclability in a lab scale test
bench would be needed to confirm the thermal stability of the material.
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Redox thermochemical energy storage is one of the most promising technologies to achieve dispatchability in
concentrated solar power applications. Compared to commercially available thermal energy storage technolo-
gies, Redox thermochemical storage provides much higher energy storage capacity and allows energy storage at
temperatures beyond 600 °C. In addition, metal oxides supporting redox reactions are usually non-critical, low-
cost materials.

This paper deals with cobalt nickel mixed oxide Co4Nip 04 recently proposed as promising material for
Redox thermochemical storage. The paper focusses on the study of Coz 4Nig O4 stability to thermal cycling and
the analysis of different methods to improve it, which is a crucial issue to warrant long-term performances and
durability. Three different approaches have been investigated to improve Coz 4Nig 604 stability. The first one
consists in adding SiO, nanoparticles and particles to the Coy 4Nig 04 acting as spacer of the thermochemical
material, avoiding its densification and preserving its cyclability. The second one deals with the calcination of
Co2.4Nig 604 at high temperature, which aims at obtaining a more stable material without additives. The third
one includes calcination and addition different size SiO5 particles.

Deep research work has been carried out studying the effect of the three proposed alternatives to improve
Co2.4Nig 604 stability. The best results achieved correspond to Cos 4Nip 604 with addition of 0.5% wt of 400 nm
in size SiO, particles. The extrapolation of the experimental data obtained in this work indicates a conversion
ratio loss of 10% in 20 years, with a temperature increase of 26.75 °C in the reduction stage and of 17.44 °C in
the case of the oxidation stage.

1. Introduction systems can be used to this end. In addition, the combination of CSP
plants with TES contributes to make them economically viable [2].
Nowadays, the most developed TES technologies are sensible heat

storage (SHS) and latent heat storage (LHS) technologies. In the first

The increasing of worldwide energy demand and related environ-
mental problems have increased the interest in the renewable energy

field. Among renewable energies, concentrated solar power (CSP) is of
great interest because of wide availability of solar energy, cost effec-
tiveness and ease of hybridization [1]. It is well-known that the main
drawback of solar energy is its intermittent nature, making necessary the
use of energy storage systems to warrant power dispatchability. In the
case of CSP, large scale and inexpensive thermal energy storage (TES)

case, the energy is stored/released by increasing/decreasing the tem-
perature of the storage material; whereas in the second case, energy
storage relies in a phase change of the storage material [3-5]. Among all
the TES technologies, thermochemical energy storage (TcES) is the less
developed but the most promising one. Energy storage is achieved by
means of high enthalpic, reversible chemical reactions that theoretically
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Fig. 1. Thermogravimetric analyses of pure Coy 4NigO4. A) Variation of the

mass of the sample over heating and cooling cycles and B) mass gained/lost in 5
control cycles.

Table 1
Assessment of the reversibility and the redox temperatures of the pure
Co3.4Nig 604 in six control cycles.

Cycle Mass lost (%) T reduction (°C) T oxidation (°C)
5 4.66 728 859
20 4.15 744 866
40 3.97 758 872
60 3.87 765 871
80 3.85 761 845
100 3.80 764 859
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Fig. 2. X-ray diffraction patterns of the pure Co, 4Nig 04 and the ones with
additions of 10% of SiO, of 400 nm and 26 nm before and after one thermal
cycle in the diffractometer. The bullet (*) indicates the peaks corresponding to
CoO-NiO phase and the (+) indicates the nickel cobaltite phase.

provide much higher energy storage density than other TES technologies
[6,7]. The endothermic chemical reaction is used to store heat during
the on-sun hours and during the off-sun hours the reverse exothermic
reaction is used to release heat.

Redox reactions involving metal oxides have been considered suit-
able candidates for high temperature TES applications by many
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Table 2

Lattice parameter (a) and weight fraction of the mixed oxide (X) and CoO-NiO
phase (Y) in samples with different size silica particles before and after one
thermal cycle in the diffractometer.

Material a (&) Xmixed oxide Ycoonio
Co2 4Nig 604 before 81122+ 10" 0.9516 0.0484
Co,.4Nig 60, after 8.1013 + 10°* 0.8099 0.1901
+10% SiO2 400 nm before 81072+ 10 * 0.9370 0.0630
+10% SiO 400 nm after 8.0934 + 10°* 0.7262 0.2738
+10% SiOz 26 nm before 8.1044 + 10 0.9697 0.0303
+10% SiO, 26 nm after 8.0905 + 10~* 0.7542 0.2458

researchers.
The redox reactions can be described as (M = metal) [8]:

Reduction reaction: MOy ,—~M;0y + 220,
Oxidation reaction: MyOy + 2202—MyxOy ;.

The materials must fulfill requirements such as complete reaction
reversibility, suitable reaction temperature, high storage density, high
reaction enthalpy, no-toxicity and good thermal stability during cycling
[9,10].

In the case of CSP applications, there is interest in the development of
new materials for energy storage at temperatures beyond the molten salt
degradation temperature (~600 °C), allowing the increase of the effi-
ciency of the heat to electricity conversion [11]. The literature shows
that the most promising materials so far are cobalt oxide (Co304/CoO)
and manganese oxide (Mny03/Mn304) [9,12-14]. The main barrier for
their final application in technologies such as CSP and industrial waste
heat recovery is their high equilibrium temperatures (higher than
850 °C). The development of stable storage materials sorting the gap of
temperature application between 600 °C of the molten salts and the
~850 °C temperatures of the cobalt oxide and the manganese oxide is,
therefore, of primary interest. In the last few years, several works pro-
posed redox reactions of doped mixed oxides, spinel and perovskite
oxides, being able to adjust redox temperatures and to mitigate sintering
effects [8,15].

In the case of the powdered materials, such as manganese oxide,
cobalt oxide or some mixed cobalt oxides [16,17], the sintering pro-
duced by the thermal cycling significantly worsens the kinetics of the
material, leading to poor stability and to a significant reduction of their
storage capacity and modification of their reaction equilibria over
thermal cycling. In order to overcome this problem, different strategies
have been applied such as the synthesis of mixed oxides and the addition
of inert particles. In the first case, mixed cobalt-iron/copper/aluminum
oxides have been synthesized. It has been found that these materials
have superior performances than pure cobalt oxide preventing sintering.
Unfortunately, the formation of mixed oxides more stable than Co304
leads to an increase of the reduction temperature [18,19]. In the second
case, notable improvements in the cyclability of metal oxides by adding
different types of nanoparticles without modification of the reaction
temperature [20]. Other research works show notable improvements in
the stability of metal oxides by adding Si. This material is one of the two
most abundant elements in Earth's crust, meaning that it is cheap and
easily available [11]. Moreover, authors have not reported an increase
of the reduction temperature of the mixed oxide.

In a previous research work, we have proposed CosNiyO4 mixed
oxides as a solution to effectively reduce the reaction temperatures of
cobalt and manganese oxides.

Co304 material has a spinel-type structure with the general formula
of AB,O4 where A, B = Co, Zn, Ni, Fe, Cu, Mn, etc. A and B are divalent
and trivalent metal cations, respectively. The distribution of the cations
between the two sites is dependent of the nature of the cations incor-
porated into the structure. In normal spinel structures, the divalent A
and trivalent B cations occupy the tetrahedral and octahedral sites,
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Fig. 3. Thermogravimetric analyses of A) Co, 4Nig 604 + 1% SiO2 26 nm and B) Coy 4Nig604 + 1% SiO, 400 nm.

respectively. The space group obtained is the Fd-3m, proper of a cubic
symmetric class [21-23].

It is proven that Cos.4«NiyO4 mixed oxides allow tuning the reduction
temperature until values of 685 °C [17]. However, the stability of Cos.
«NixO4 mixed oxides is insufficient due to the sintering of the material
over thermal cycling.

In this work, the most promising Co-Ni mixed oxide in terms of
reduction reaction temperature, the Coy 4Nig 04, has been selected for
in-depth analysis of its stability and study of different approaches to
improve it. In the first approach, an addition of SiO, nanoparticles and
particles synthesized following the Stober route [24] has been done,
optimizing the size and the quantity of nanoparticles to obtain the best
performance. In the second one, a post-calcination process has been
applied to the synthesized material to accelerate the morphological
readjustment of the material and as a consequence suppressing the first

unstable cycles. The results have shown that the best performance is
obtained by adding SiO, particles to the mixed oxide. Doing so, the
thermochemical material maintains the reduction and oxidation reac-
tion temperatures in lower values than those of the pure Coy 4Ni 604, In
addition, the particle size of the material remains stable after 100
thermal cycles and the conversion ratios have been improved. The lack
of interactions between the thermochemical material and the nano-
particles has also been demonstrated after 100 cycles
thermobalance.

in a

2. Materials and methods
The materials used during this research were: Nickel nitrate hexa-

hydrate extra-pure from Scharlab, cobalt nitrate hexahydrate from
Fisher Scientific with a purity of 98+%, citric acid from Fisher Scientific
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Fig. 4. Cyclability analyses of A) Coy 4Nig.c04 + 0.5% SiO3 400 nm, B) Coz 4Nig 04 + 1.5% SiO5 400 nm, C) cycle 25 of the different percentage addition, D) cycle 50

of the different percentage addition.

Table 3
Thermogravimetric analysis of the pure material and the materials with addition
of particles.

Material Cycle 25 Cycle 50
Conversion ratio  Mass loss Conversion ratio ~ Mass loss
(%) (%) (%) (%)
Co2.4Nig 604 62.9 4.18 59.5 3.95
0.5% SiO2 400 64.2 4.27 60.1 3.99
nm
1% SiO 400 59.3 3.94 56.8 3.77
nm
1.5% SiO, 400 61.9 4.10 59.5 3.94
nm

with a purity of 99+%, ethylene glycol anhydrous from Sigma-Aldrich
with a purity of 99.8%, tetraethyl orthosilicate (TEOS) from ACROS
Organics with a purity of 98%, ethanol absolute form Scharlau, distilled
water and an ammonia solution from EMSURE with a purity of 28-30%.

The technique used to synthesize Co-Ni mixed metal oxide is the sol-
gel method following the Pechini route. To this end, appropriate quan-
tities of precursors Co(NO3)2-6H20 and Ni(NOs3),-6H20 were used for
the preparation of 2 g of material. First, the precursors were dissolved in
10 mL of ethylene glycol under gentle magnetic stirring to afford a ho-
mogeneous solution. Afterwards, 1 mg of citric acid was added to the
reaction mixture under vigorous stirring for 60 min. The reaction
mixture was dried overnight at 180 °C. The obtained powders were
ground in an agate mortar to increase their homogeneity and then
calcined in air at 400 °C for 10 h. The samples stabilized by calcination
route were submitted to additional heating at 800 °C for 5 h in the
furnace.

186

The ssilica particles and nanoparticles were synthesized following the
Stober route. Appropriate quantities of tetraethyl orthosilicate,
ammonia, distilled water and ethanol were used to produce 1.5 g of SiO»
nanoparticles. The following solutions were first prepared under mag-
netic stirring: i) 2/3 of ethanol with ammonia and distilled water (so-
lution A); and ii) TEOS with 1/3 of ethanol (solution B). The solution A
was heated at different temperatures, in the range 25-80 °C, under
magnetic stirring. Subsequently, the solution B was added in the solution
A and was kept there for an hour at the corresponding temperature.
After that, the mixture was submitted to magnetic stirring for 24 h at
room temperature for ageing. When the particles were formed, the
remaining solvent was removed in a rotary evaporator. It is worth to
mention that the temperature of the process has big influence in the final
particle size, obtaining in some batches nanoparticles of 26 nm and in
others 400 nm particles.

The addition of the silica particles in the cobalt nickel mixed oxide
was done with the help of an ultrasound tip. Appropriate amounts of
nanoparticles and thermochemical material were added to 100 mL of
ethanol and mixed for a minute with an ultrasound tip using an ampli-
tude of 50%.

The experimental equipment used during the research was as
follows:

In-situ X-ray diffraction (in-situ XRD). XRD data were collected on a
Bruker D8 Advance diffractometer operating at 30 kV and 20 mA,
equipped with a Cu tube (A = 1.5418 A), a Vantec-1 PSD detector,
and an Anton Parr HTK2000 high-temperature furnace. The powder
patterns were recorded in 2theta steps of 0.04° in the 15 < 2q < 85
range, counting for 1.4 s per step (total time for each temperature 42
min). The experiment was performed in an open temperature
chamber, from ambient temperature to 1000 °C, with a heating/
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Fig. 5. SEM images of the materials fresh (A1, B1), after thermal treatment (A2, B2) and particle size distributions after thermal treatment (A3, B3).

cooling ramp of 0.166 °C/s under air. The XRD patterns were
collected (1 h acquisition time) each 100 °C. The holder used for the
measurements was of platinum.

Thermogravimetric analysis (TGA). The samples were analyzed in a
SDT Q600 TGA from TA Instruments in the temperature range from
600 °C to 910 °C with a heating/cooling rate of 10 °C/min in air
atmosphere with a flow rate of 60 mL/min. The conversion ratios of
samples added with particles were calculated neglecting the amount
of particles of the sample.

Scanning electron microscopy (SEM). The samples were imaged by
means of a scanning electron microscope Quanta 200 FEG operated
in high vacuum mode at 30 kV featured with a backscattered electron
detector (BSED) and Everhart-Thornley Detector (ETD). In addition,
energy-dispersive X-ray spectroscopy (EDX) analyses were carried
out for elemental mapping. For the evaluation of the particle size
distribution of the obtained samples, SEM images were statistically
examined. At least 200 measurements were collected for each sample
using ImageJ software [25].

X-ray diffraction (XRD). A Bruker D8 Advance diffractometer
equipped with a LYNXEYE detector using CuKal radiation (A =
1.5418 A) and 0-20 geometry was used for XRD analysis. Data were
collected at room temperature between 10° and 80° with a step size
of 0.02° and a counting time of 1 s per step. The EVA software was
used to determine the phase composition of the material. In order to
confirm the presence of pure single structure for each material, a full
profile fitting procedure of the diffraction patterns [26] based on the
Rietveld method [27] was performed using the Mau software. The
refined parameters were: background coefficients, scale factor, lat-
tice constants, atomic positions, isotropic independent atomic
displacement parameters, zero shift, peak profile and asymmetry
parameters. A quantitative analysis was done to obtain the compo-
sition of the materials.

3. Results and discussion

The stability of Coz 4Nip 604 was analyzed through a 100 cycles test
in TGA. The results achieved are depicted in Fig. 1, where the variation

of the mass of the sample over the heating and cooling cycles is dis-
played. We remind that the mass of the sample increases during the
oxidation step (cooling stage) whereas it reduces during the reduction
step (heating stage). For each heating-cooling cycle, the percentage
difference between the maximum and minimum values of mass observed
is referred as for mass lost (Am) and is used hereafter to analyze the
stability of the sample. Indeed, Am is directly related to the conversion
rate and must be constant over cycling in case of complete reversibility
and stability of the sample. As a second indicator of stability, the onset
temperatures of reduction/oxidation will be analyzed as well.

As can be seen in Fig. 1, Am tends to decrease over the cycles,
meaning that the material is not completely stable. Table 1 provides the
values of mass lost (Am) in different control cycles as well as corre-
sponding redox temperatures of the material. It is worth to mention that
the temperature values correspond to the onset temperatures. It can be
seen that the cycling process is characterized by a progressive decrease
of the mass lost (Am) together with an evident augmentation of the
reduction temperature. Compared to the first cycle, last cycle exhibits a
Am value 0.86% lower and a reduction temperature 35.86 °C higher.
The oxidation temperatures are modified as well, but showing no clear
tendency.

As already mentioned, the use of SiO, particles and nanoparticles as
spacers is considered to improve the stability of the Coy 4Nip 604 mate-
rial during thermal cycling. The choice of nanosized particles was in
base to the demonstration by other authors that an amorphous structure
or nanosized particles provide higher reactivity than crystalline or micro
sized particles [28]. First of all, a compatibility test between the material
and the particles and nanoparticles has been done by in-situ XRD. The
analyses were performed using 26 nm silica nanoparticles and 400 nm
silica particles with a 10% addition to facilitate the detection of eventual
reaction with the thermochemical material.

Fig. 2 shows the XRD patterns of the samples before and after one
thermal cycle in the diffractometer The patterns show no new phases
when adding silica particles or nanoparticles in the fresh samples. On the
contrary, after the first thermal cycle the high temperature phase
CoO-NiO is well visible. This phase is likely formed in the initial cycles
until stabilizing without deactivating further the material.
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400 nm.
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Fig. 8. X-ray diffraction patterns of Cop4NipeO4 (CoNiO) pure fresh, pure
calcined, added fresh and added calcined after thermal cycling.

Table 4

Lattice parameters (a) and weight fraction of Co, 4Nig 604 (CoNiO) pure fresh,
pure calcined, with addition of particles fresh and with addition of particles
calcined, after thermal cycling.

Material a(A) X C02.4Nig 04y CoO-NiO
C05,4Nig,604 100¢ 8081110 073 0,27
C05,4Nig 404 calcined 100¢ 8,0819x10°* 0,71 0,29
€05.4Nig 604 + Si0, 100¢ 80911 x10°* 0,74 0,26
€05,4Nig,604 + SiO; calcined 8,0777 x 10" 0,69 0,31

100c

A refinement of the in-situ XRD patterns was performed to obtain
quantitative results. As shown in Table 2, all the cycled samples show
smaller lattice parameters than the fresh ones. This is due to the nickel
migration out of the mixed oxide structure, resulting in the formation of
the high temperature phase CoO-NiO [17]. This phase is observed in the
patterns of the cycled materials and confirmed observing the weight
fractions of mixed oxide (X) and CoO-NiO phase (Y) in each sample.

After confirming the lack of reactions between the mixed oxide and
the particles, the effect of the size and particles loading was investigated
to obtain the best possible performance of the mixed oxide in terms of
densification and thermal stability. The stability and general behavior of
the materials (pure mixed oxide and with additions of SiO, (nano)par-
ticles materials) was assessed by TGA (50 thermal cycles). The results
achieved are depicted in Fig. 3. It can be seen that the pure material is
not completely stable, the percentages of mass gained and lost in each
cycle varying during the experiment. The same behavior is obtained for
the samples with addition of (nano)particles but Fig. 3 could suggest a
better behavior when adding 400 nm SiOj, particles, obtaining sustained
values of mass gained and lost. There could be a very small contribution
in the initial variations of each experiment from the SiO; particles. As
they were not calcined before the addition to the nickel cobaltite, some
changes could be expected during the initial cycles even if their small
amount does not justify the macroscopic effect observed mainly due to
the mixed oxide structural and morphological readjustment.

The effect of the nanoparticles loading in Coy 4Nip 04 was investi-
gated using 400 nm SiO,, particles, that seem to stabilize the material. To
this end, three different addition quantities were tested: 0.5, 1 and 1.5%
wt. The results are shown below in Fig. 4.

Fig. 4A and B shows 50 thermal cycles of Coz 4Nip 04 + 0.5% SiO2
400 nm and Coy 4Nip 604 + 1.5% SiO5 400 nm, respectively. Fig. 4C and
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D shows the comparison of the behavior of each material, pure and
doped, in two control cycles: the 25th and the 50th. The behavior of the
pure nickel cobaltite is very similar to the one of the nickel cobaltite with
addition of 400 nm SiO; particles. The values of mass gained/lost and
the conversion listed in Table 3 could suggest a slight positive effect
adding 0.5% 400 nm SiO, particles, reaching conversions of 64.2%
instead of 62.9% obtained with the pure nickel cobaltite during the first
25 cycles, and 60.1% instead of 59.5% after 50 cycles. This potential
beneficial effect will be more apparent in 100 cycles experiments that
will be discussed later.

SEM analyses were performed to observe the samples of Coy 4Ni 604
pure and with addition of SiO particles of 400 nm in a percentage of
0.5% before and after 50 thermal cycles. Fig. 5 shows the results
obtained.

The change of morphology produced in the two materials after
thermal cycling is shown in Fig. 5. In the case of the pure Cos 4Nig 604,
the particles have formed big agglomerates. On the contrary, in the case
of the material with addition of silica, some structural changes are
appreciated, the particles are bigger but independent. However, the
silica particles promote the creation of channels that ensure the oxygen
flow through the material, thus resulting in better cyclability behavior
compared to the pure material. The particle size distribution obtained by
ImageJ software [25] (see Fig. 5B3) shows that, with an addition per-
centage of 0.5% wt., the particles agglomerates are always less than 4
pm. The predominant particle size in the material with addition of SiO,
particles is of 1-2 pm.

The effect of additional calcination step at 800 °C for 5 h on the
stability of pure Coz 4Nip 604 and Coy 4NigeO4 with addition of SiOg
particles was also analyzed. Based on previous results, 400 nm SiO,
nanoparticles and 0.5% wt. loading were selected to perform the sta-
bility study. The results of TGA experiments carried out (100 cycles of
heating and cooling) are shown in Fig. 6.

The effect of the treatments is not critical, the behavior of the ma-
terials with addition of particles and calcined is very similar. The cycling
repeatability of the material with addition of particles without calcina-
tion (Fig. 6B1 and B2) could be better than the fresh sample and the
calcined samples repeatability. The oscillations observed during the
whole cycling are lower. The results of the TGA were used to calculate
the following performance indicators, which are depicted in Fig. 7:

- The mass lost (Am) per cycle (Fig. 7A)

- The total time needed to complete the redox process for each cycle
(Fig. 7B)

- The time required to complete the reduction step (Fig. 7C)

- The time required to complete the oxidation step (Fig. 7D)

- The reduction temperature for each thermal cycle (Fig. 7E)

- The oxidation temperature observed in each thermal cycle (Fig. 7F)

- The reduction rate (Fig. 7G) and the oxidation rate (Fig. 7H) for each
cycle.

Based on these results, it can be concluded that the extra-calcination
slows down the cycling process, increasing the total time needed to
complete the redox process and reducing the maximum slope (reaction
rates) of the mass vs. time curves. On the positive side, the calcination
keeps the oxidation temperature more stable. Again, the use of SiOy
particles seems to promote material stability and higher conversion,
reaching higher values of mass lost per cycle after 40 cycles. More
importantly, from cycle 40 onwards the decreasing of Am along the
cycles is less in the case of SiOz-added material than in bare material. At
last, but not least, SiO, particles help to maintain the reduction tem-
peratures at lower values than in the case of absence of particles.

X-ray diffraction measurements were performed in order to study the
possible interactions between the thermochemical material and the
particles after prolonged cycling. The influence of the additional calci-
nation process in the final stoichiometry of the material was determined
too. For this purpose, Rietveld refinements [29] of all the diffractograms
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Fig. 9. SEM images of the fresh materials (A — CoNiO pure, B - CoNiO pure calcined, C — CoNiO with addition of SiO, particles, D - CoNiO with addition of SiO,
particles and calcined), after 100 cycles of thermal treatment (A1, B1, C1, D1) and particle size distributions after 100 thermal cycles (A2, B2, C2, D2).

presented in Fig. 8 were done. The results are reported in Table 4.

Fig. 8 shows that the behavior of the materials after thermal cycling,
with or without additional calcination step or particles addition, is the
same as the one obtained by the authors in a previous research work
[17]. The cycling process promotes the formation of the high tempera-
ture phase CoO-NiO until the final stoichiometry is reached and the
values of weight fraction of Coy 4Nip.s04 and CoO-NiO remains constant,
as we observe analyzing the final fractions of both phases obtained for
all the cycled materials.

The refinements do not show evidences of interaction between the
SiO; nanoparticles and the Co-Ni based mixed oxide or the high tem-
perature phase CoO-NiO. Indeed, the interaction between them should
shift the peaks of the diffractograms to higher angles due to the smaller

ionic radius of Si*" (0.4 A) in six-fold coordination, compared to the
ionic radius of C02+, Co®" and Ni** (0.65 A, 0.54 A and 0.55 A,
respectively) [30].

SEM analyses were performed in order to assess the morphology of
all the materials (CoNiO pure fresh, pure calcined, with addition of
particles fresh and with addition of particles calcined). Fig. 9 shows the
images of the materials and the distribution of the particle size. The
results of the particle size were obtained by ImageJ software [25].

The morphology of the materials changes with thermal cycling,
except for the material calcined with SiO, particles, where the
morphology does not vary. In the other cases, there are evidences of
particles agglomeration (growth of particle size) after thermal cycling.
The pure material shows a broad spectrum of particle sizes, while the
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Fig. 10. Coy4Nip 04 material and Coz 4NigO4 + 0.5% SiO, 400 nm material prediction results of A) mass loss, B) reduction temperature and C) oxidation

temperature.
Table 5
Co2.4Nig 04 material prediction values of mass loss, conversion ratio and redox
temperatures.
Cycle Mass Conversion Reduction Oxidation
loss (%) ratio (%) temperature (°C) temperature (°C)

10 4.40 66 739 864

100 3.80 57 764 859

1000 2.99 45 799 867

2000  2.77 42 809 869

3000 2.64 40 814 869

4000  2.55 38 818 870
Table 6

C02.4Nip 604 + 0.5% SiO, 400 nm material prediction values of mass loss,

conversion ratio and redox temperatures.

Cycle Mass Conversion Reduction Oxidation
loss (%) ratio (%) temperature (°C) temperature (°C)
10 4.31 65 720 871
100 3.94 59 740 870
1000 3.47 52 756 881
2000 3.36 51 761 884
3000  3.30 50 765 886
4000 3.26 49 767 888

calcined one is densified and the one with addition of particles reaches a
structure with a more homogeneous particle size, showing all the par-
ticles in a range of 1-2 pm.

In base to the previous results, we can conclude that extra-
calcination of the mixed oxide has no beneficial effects neither in the
stabilization of the thermochemical material nor in the reaction rates.

Coming back to the potential beneficial effects of SiO, particles in the
stabilization of Coj 4Nip 04, we have extrapolated measured data of
mass loss per cycle, conversion rate and oxidation temperature in the
100-cycles experiments carried our (Fig. 7) to estimate long-term
behavior of doped and undoped thermochemical materials. For extrap-
olation, measured data have been adjusted to logarithmic functions y =
a In(n) + b, where y represents measured quantity (mass loss or
reduction temperature), n is the cycle number and a and b are fitting
parameters. All adjustments resulted in very good agreement with ob-
servations (R? > 0.9) and, therefore, were used to calculate mass loss,
conversion rate and reduction temperature for much longer cycling
periods. The results achieved are depicted in Fig. 10 and some numerical
values are reported in Tables 5 and 6.

In the case of the pure material (Table 5), comparing the results of
the cycle 100 and the cycle 4000 we observe that in 20 years, the ma-
terial should lose a 19% of conversion ratio, increasing the reduction
temperature by 54 °C and the oxidation temperature 11 °C.

In the case of the material with addition of SiO, particles (Table 6),
comparing the results of the cycle 100 and the cycle 4000 we observe
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that in 20 years, the material should lose a 10.4% of conversion ratio,
8.4% less than in the case of the pure material, increasing the reduction
temperature by 26 °C (54 °C for the pure material) and the oxidation
temperature 17 °C (11 °C for the pure material). In general, when
considering a limited number of cycles (100), the effect of particles
addition in the stabilization of the material is hardly distinguished while
these effects seem to be much more noticeable when considering the
long-term behavior (4000 cycles). Obviously, these conclusions, which
are based on extrapolation of data, although promising, should be
confirmed experimentally.

4. Conclusions

In this study, the stabilization of Cog4Nip 04 was analyzed by cal-
cinating the synthesized material, by adding the material with SiO,
particles and nanoparticles and by combining the two processes.

The compatibility test and the thermogravimetric analysis showed
that best performance between the SiO, particles and nanoparticles was
obtained with the ones of 400 nm and added at 0.5% wt. They improved
slightly the cyclability and mitigate the densification.

The study of the calcination process to stabilize the material showed
that a densification phenomenon harms the cyclability, resulting in a
slowdown of the redox reactions kinetics.

The addition of silica particles improves the stability of the material,
reaching better mass lost than pure material while increasing a bit the
reduction temperature. The morphology of the material is more regular,
obtaining the 80% of the measurements in the range of 1-2 pm.

The lack of reactions between the Cos4Nig¢O4 and the SiO5 was
confirmed after 100 cycles.

The forward projection of the material with addition of SiO, particles
has evidenced a conversion ratio loss of 10% in 20 years, with a tem-
perature increase of 27 °C in the reduction stage and of 17 °C in the case
of the oxidation stage, noticeably better results than for the pure
material.

The results of this work lead us to consider this mixed oxide with
addition of SiO, particles and the others — always in Co-Ni base- suc-
cessfully synthesized in a previous research work to be a potential future
candidate for TcES applications at high temperature, providing flexi-
bility in terms of reaction temperatures and a correct stability.
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Abstract: One of the possible solutions for the transition of the actual energetic model is the use
of thermal energy storage technologies. Among them, thermochemical energy storage based on
redox reactions involving metal oxides is very promising due to its high energy density. This paper
deals with the development of the kinetic study based on data extracted from the thermogravimetric
analysis of a cobalt-nickel mixed oxide (Co, 4Nip ¢O4) without and with the addition of SiO, particles
to improve the cyclability. The results show that in the reduction reaction the activation energy
is not affected by the addition of SiO, particles while in the oxidation reaction an increase in the
activation energy is observed. The theoretical models fitting with the experimental data are different
for each material in the reduction reaction. The mixed oxide is controlled by a nucleation and growth
mechanism for conversion ratios higher than 0.5, while the added material is controlled by diffusion
mechanisms. In the oxidation reaction, the two materials are controlled by a nucleation and growth
mechanism for conversion ratios higher than 0.5.

Keywords:
cobalt-nickel oxide; kinetic models

thermochemical heat storage; gas-solid reaction; reduction/oxidation reaction;

1. Introduction

Excessive energy use on a global scale and the associated problems have meant a
focused interest in the field of renewable energy. Among these, Concentrated Solar Power
(CSP) is of great interest due to the wide availability of solar energy, its cost efficiency and
ease of hybridization [1]. The main drawback of this technology is its intermittency, making
storage systems necessary to guarantee the availability of energy. This problem can be
solved by using large-scale and inexpensive thermal energy storage (TES) systems. More-
over, the combination of CSP plants with TES contributes to making them economically
viable [2].

Among the TES technologies, there are two more developed, which are sensible heat
storage (SHS), where the energy is stored by increasing the temperature of the storage
material and released when decreasing the temperature, and latent heat storage (LHS),
where the energy storage is carried out through phase changes of the storage material [3-5].
Currently, the focus is on the development of the less studied but most promising TES
technology, thermochemical storage (TcES), based on the use of high enthalpic reversible
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chemical reactions to store or release energy. This technology theoretically provides a much
higher energy storage density than other TES technologies [6,7]. During the on-sun hours,
the endothermic chemical reaction is used to store heat and during the off-sun hours, the
reverse exothermic reaction is used to release heat.

Previous research works have selected redox reactions involving metal oxides as
suitable candidates for high-temperature TES applications. Therefore, redox systems need
suitable materials which should fulfill requirements such as complete reaction reversibility,
suitable reaction temperature, high storage density, high reaction enthalpy, no toxicity and
good thermal stability during cycling in the operating temperature range [8-10].

Different research groups have investigated different materials which can be suitable
for thermochemical energy storage at high temperatures. The most favored resulting
materials are metal oxides due to their high reaction enthalpies, high operating temperature
ranges and utilization of air at the same time as a reactant and a heat transfer fluid [11-13].

The redox reactions can be presented as [14]:

Reduction reaction : MyOyz — MOy + z/20,
Oxidation reaction : MOy + z/20, — MxOy.,

where M is a metal.

The most studied metal oxides for thermochemical applications have been cobalt
oxide (Co304/Co0) and manganese oxide (MnyO3/ Mn3Oy) [8,11,15,16], but their reaction
temperatures (higher than 850 °C) being too high is considered as the main barrier for their
final application in technologies such as CSP or industrial waste heat recovery.

The literature shows that the development of mixed oxides is a correct alternative
to tuning the reaction temperatures. The main problem is that, in most cases, the result
is an increase in the reaction temperature instead of a decrease [17,18]. Sometimes, the
development of mixed oxides can improve long-term cyclability. Another alternative for
improving the cyclability without harming the reaction temperatures is the addition of
nanoparticles to the mixed oxides [19,20].

Co0304 has a spinel structure with the general formula of AB,O4 where A, B = Co, Zn,
Ni, Fe, Cu, Mn, etc. A and B are divalent and trivalent metal cations, respectively. The
nature of the cations incorporated into the structure affects the distribution of the cations
between the two sites. In common spinel structures, the divalent A and trivalent B cations
occupy the tetrahedral and octahedral sites, respectively [21-23].

Previous research works have demonstrated that developing mixed oxides based on
Co-Ni allows for tuning the reaction temperatures depending on the amount of nickel
in the cobalt oxide host structure. The most promising formulation was Cop 4Nig Oy,
obtaining reaction temperatures of around 700 °C during 100 thermal cycles in TGA [24].
The activity loss shown during the cycling process was studied by adding SiO, particles
in the Coy4Nip ¢O4, showing no significant differences in the behavior of the material in a
limited number of cycles, contrary, the 20-year predictions (4000 cycles) anticipate a notably
better behavior of the mixed oxide with the addition than the one without it. This work is
under review.

Several works focusing on the kinetic studies of pure cobalt oxide were published [25-28].
Some studies have found that the reduction and oxidation reactions of Co30,4/CoO are
controlled by the heat transfer and diffusion mechanism, respectively [18]. Other studies
have analyzed the effect of different additives, such as Al,O3 and Y03, in the cobalt oxide,
demonstrating that the Co304—Al,O3 desorbs more oxygen than the Co304—Y,0O3 in the
same conditions, and the activation energy of Co304—Al,O3 and Co304-Y,03 changes
proportionally to the conversion fraction («). These effects were attributed to the different
ionic radii presented by the aluminum oxide and the yttrium oxide, the ability to create new
compounds with different decomposition temperatures and their effect on the sintering of
cobalt oxide [29].

In this work we studied, for the first time, the kinetic mechanisms of Co, 4Nig ¢O4 and
of the 0.5% SiO; /Co; 4Nig 4O4 with the objective of studying the effects of Ni in the cobalt
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oxide structure and to obtain a comparison of the kinetic parameters (activation energy
(Ea), preexponential factor (A) and reaction model (f(«x))) for the nickel cobaltite and the
added nickel cobaltite.

The redox reaction of the metal oxides studied in this research is:

Co3_xNixOy4 <+ 3Co1_xNiyO + 1/20,

and the maximum conversion reached for the Co, 4Nig ¢O4 material is with a mass gain/loss
of 6.65%.

2. Materials and Methods

The synthesis of the mixed oxides was performed with the materials: nickel nitrate hex-
ahydrate extra-pure from Scharlab (Barcelona, Spain, EU), cobalt nitrate hexahydrate from
Fisher Scientific (Pittsburgh, PA, USA) with a purity of 98*%, citric acid from Fisher Scien-
tific with a purity of 99*% and ethylene glycol anhydrous from Sigma-Aldrich (Saint Louis,
MO, USA) with a purity of 99.8%.

For the synthesis of the SiO, particles, the used materials were: tetraethyl orthosilicate
(TEOS) from ACROS Organics with a purity of 98%, ethanol absolute form Scharlau,
distilled water and an ammonia solution from EMSURE with a purity of 28-30%.

The synthesis of Co—-Ni mixed oxides was carried out following the sol-gel Pechini
Route. For this purpose, stoichiometric quantities of Co(NOj3),-6H,O and Ni(NO3),-6H,O
nitrates were used. First of all, the primary precursors were dissolved in ethylene glycol
under magnetic stirring to obtain a homogeneous solution. Subsequently, citric acid was
added to the previous mixture under vigorous stirring for 1 h. Once the solution mixture
was well mixed, it was dried overnight at 180 °C. The resulting powders were ground in
an agate mortar to increase their homogeneity and then calcined in air at 400 °C for 10 h.

The Stober route was used for the synthesis of SiO, particles. Appropriate quantities
of tetraethyl orthosilicate, ammonia, distilled water and ethanol were used to produce SiO,
particles. Firstly, two solutions were prepared under magnetic stirring: (i) 2/3 of ethanol
with ammonia and distilled water (solution A); and (ii) TEOS with 1/3 of ethanol (solution B).
Solution A was maintained at ambient temperature under magnetic stirring. Subsequently,
solution B was added to solution A and was kept there for 25 hours for aging. Once the parti-
cles were formed, the remaining solvent of the mixture was removed in a rotary evaporator.

The addition of a 0.5 wt. % of silica particles in the cobalt-nickel mixed oxide was
carried out using an ultrasound tip using an amplitude of 50%, cooling the mixture to avoid
agglomerates. The mixture was dissolved in 100 mL of ethanol and dispersed for 1 min.

The equipment used during the research was:

Thermogravimetric analysis (TGA). The samples were analyzed in a TGA/DSC 1
from Mettler Toledo, using a sensor type DSC HSS2, a furnace LF heating until 1100 °C,
equipped with a sample robot standard. The gas controller is the type GC 200. The amount
of material analyzed each time was 20 mg, and the temperature range was from 600 °C
to 910 °C, using different heating/cooling ramps depending on the point of the model
development.

The validation model was constructed using the Octave software.

3. Results
3.1. Kinetic Analysis

The kinetic models are usually determined by the intrinsic mass gained/lost regarding
the oxygen absorption/desorption of metal oxides. For this purpose, the conversion ratio
(«) is plotted against time (t).

The conversion ratio () is defined in Equation (1) [30]:

_my —my
mofmf

@

199



Materials 2022, 15, 3695

40of16

where my is the initial mass, m; is the mass at time t and my is the final mass.

The parameters to be obtained for the development of a kinetic model are mainly:
activation energy (Ea), preexponential factor (A) and reaction model (f(«)) [31].

The reaction rate can be described by an Arrhenius type law [31]:

dua
o = KT)f (@) @
K(T) = Ae™ & ®3)

where R is the universal gas constant and T the temperature.

Combining Equations (2) and (3), Equation (4) is obtained:
A f) @

The solution of Equation (4), and thus of the kinetic model, can be carried out using
different analytical methods such as model-fitting methods, generalized kinetic models
and isoconversional methods, the most used ones for metal oxides in TcES [32].

The most common isoconversional method is the Friedman method [33] and is based
on the calculation of the activation energy (Ea) without knowing the kinetic model (f(«))
by assuming that the reaction rate is a function of the temperature for an extent of the
conversion (). Equation (4) can be written in its logarithmic form as:

ln<%> =In(Af(a)) — % ®)

A plot of the left term of Equation (5) vs. 1/T allows for obtaining Ea from the slope of
the curve at different heating/cooling rates. Previous research works say that this method
gives more accurate values of activation energy than the Ozawa method [34].

Once the activation energy is calculated, the next step is to obtain the reaction model
f(a) by using the master plots method. For this purpose, the value of the activation energy
obtained and the experiments carried out with the TGA, at different heating/cooling rates,
need to be used. The determination of f(«) is based on the comparison of an experimental
master plot with the theoretical ones listed in Table 1.

Table 1. Kinetic models (f(«)) for the most representative gas—solid reactions.

Reaction Model

Name Mechanism fla)

F1 1—a

Random nucleation followed by an

. _)2
Reaction order models F2 instantaneous growth of nuclei @ a)3
F3 (1—a)
P2 2172
2/3
Power law P3 Random nucleation and growth of nuclei 3“3 m
P4 through different nucleation and nucleus 4
A2 growth models 2(1—a)[—In(1—a)]'/2
Avrami-Erofeev A3 3(1—a)[—In(1—a)]?/3
A4 4(1—a)[—In(1—a)]?/*
i _ /2
Contracting area R2 Phase boundary-controlled reaction 21-%)
Contracting volume R3 3(1—w)2/3
D1 1/2a—1
fusi D2 Based on the penetration of reactant [~In(1-a)]7!
Diffusion D3 molecules through a layer of product 3/2(1—a)*/3[1—(1—a)1/3] 1
D4 3/2[(1—a)—1/3-1]
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To obtain the experimental master plot is necessary to express the kinetic rate equation
(Equation (4)) at infinite temperature by introducing the generalized time 6 as [35-37]:

t
9:/0 exp<f%>dt ©)

where 6 denotes the reaction time taken to attain a particular « at an infinite
temperature [36]. The differentiation of Equation (6) gives [35-37]:

ae E,
a = exp <7ﬁ) (7)
By combining Equations (4) and (7), the next equation is obtained [35-37]:
da
a5 = Af (@) ®)
Or: p p e
A _ax La
a6~ dt”‘p(RT> ©)
Equation (8) can be derived using a reference point at « = 0.5 obtaining [36].
de/d6  _ f(a) (10)

(dw/dO),_o5  f(0.5)

Combining Equations (9) and (10), the final equation for the obtention of the experi-
mental master plot is reached [36]:
do/d6 do/dt exp(E./RT)

(da/d0), o5~ (da/df)_ys exp(Ea/RTys) D

The experimental master plot is obtained by representing the right side vs. conversion.

If the experimental master plot does not fit completely with the theoretical models
listed in Table 1, the Sestak—-Berggren (SB) model [38,39] can be used, which is a mathemati-
cal description of most of the possible solid-state reaction mechanisms. In general, it does
not provide information about the mechanisms involved in the reaction but allows us to
model almost any reaction process [38]. This empirical model can be calculated as:

fl@) =a"(1=a)"[=In(1 - )] 12)

where m, n and p are kinetic exponents that fit with the experimental data.
Once Ea and f(a) are determined, the calculation of the preexponential factor A can be
directly carried out by applying Equation (5).

3.2. Results and Discussion

Once the morphological and structural characterization was completed for the mixed
oxide Coy 4Nig 6Oy [24] and for the Co, 4Nig ¢O4 with the addition of 0.5% SiO, particles
(under review), a kinetic study of the two materials was carried out. In the previous research
work, the correct synthesis of the mixed-phase was determined by a deep structural (by
XRD), and morphological (by SEM) analysis and an evaluation of the degree of reversibility
(TGA measurements) [24].

The interactions between the SiO; particles and the Co, 4Nip¢O4 was studied by in
situ XRD demonstrating the absence of interactions between the two materials. The XRD
patterns showed no SiO, phases as observed in other research works [40] and the unit cell
parameter shows no entry of SiO; into the nickel cobaltite structure. The morphology of
the mixed oxide with the addition of SiO, was assessed by means of SEM, showing larger
particles than in the case of the Co;4Nig Oy but less compacted, allowing the oxygen to
flow through the material. The cyclability was characterized by TGA, showing that the
effect of the particles is not macroscopic in short cycles but helps to keep the reduction
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temperatures lower than in the case of nickel cobaltite. A prediction of the material based
on the experimental results showed a clear effect on long-term cycling, keeping conversion
levels higher than in the case of the Co, 4Nij ¢O4 without any addition.

It should be noted that all the materials used for the development of the kinetic models
were examined by EDX to guarantee the desired stoichiometry. The theoretical Co:Ni
ratio should be 80:20 in the case of Coy 4NipO4 and the experimental value obtained was
78.55:21.45, in the range of the experimental error. The results are depicted in Figure 1 and
listed in Table 2.

152
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Energy - keV

Figure 1. EDX result for the 0.5% SiO, /Co; 4Nig 4O4 material.

Table 2. Elemental composition of 0.5% SiO;/Co; 4Nig Oy obtained in EDX.

Element Wt% At%
SiK 0.00 0.00
NiK 78.55 78.49
CoK 21.45 21.51

The materials used underwent a previous thermal treatment based on 50 cycles in
TGA to analyze the definitive kinetics of the material once it had stabilized in terms of
grain size, morphology, etc.

3.2.1. Reduction Reaction Rate

For the obtainment of the kinetic parameters of the reduction reaction rate of
Co024Ni 04 and 0.5% SiO,/Coy 4Nig Oy and to study the effect of the silica particles
in the kinetics of the mixed oxide, different heating/cooling ramped experiments were
performed in a TGA. The ramps used were: 5, 10, 15 and 20 °C/min. All the experiments
were performed under an N, atmosphere to avoid the influence of the oxygen pressure
(pO,) in the analysis.

Figure 2 shows that the mixed oxide with the addition of particles reaches the total
conversions faster than the mixed oxide without the addition in most of the heating ramps.
The bigger difference is shown in the 5 °C/min heating ramp, in which the pure material
takes 27 min to reach the total conversion and the added one only 22 min. In the initial part
of the experiment, it can be observed that the conversion ratio of the 10 °C/min experiment
is slightly higher than the one of the 15 °C/min experiment. This effect is attributed to
the experimental error of the instrument as the conversion values in low conversion ratios
are similar.
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Figure 2. « vs. time plots of the reduction reaction of (a) Co, 4Nig O4 and (b) 0.5% SiO; /Co 4Nig 6O4.

The Friedman method was used for obtaining the activation energy. The data taken
from TGA were treated following Equation (5). Plotting the left term of Equation (5) vs. the
inverse of the temperature (1000/T) at different extents of reaction («) and heating rates,
allows us to determine the Ea of the material by measuring the slope of the curves.

It should be noted that for the calculation of the activation energies, the trendlines
with R2 lower than 0.97 have not been considered. In this case, the two trendlines obtained
in the conversion ratio of 0.2 were discarded as their R? value was 0.96 for Co, 4Nig ¢O4
and 0.71 for 0.5% SIOZ /C02_4Ni0_604.

The values of the average activation energy obtained from the slope of the curves
of Figure 3 are: 450 4 47 kJ /mol in the case of the Co, 4NigO4 and 449 + 32 k] /mol for
the added 0.5% SiO,/Co,4NigO4. Previous research works have given very different
Ea values for the pure CozO4. Muroyama et al. report a value of 247 kJ/mol [25], while
Wong et al. report 960 kJ/mol [26] and Hasanvard et al. report 158.99 kJ/mol as the
maximum value for a determined « [29]. However, some authors state that the activation
energy can be highly dependent on the experimental conditions, sample preparation and
determination of the reaction mechanism [25]. Previous research works have determined
the activation energies of some doped CozO4 materials too. Wong et al. reported an
activation energy of 731 kJ/mol in the case of the 5% Al,O3/Co30; [26] while Hasanvard
et al. reported 238 k] /mol [29] as the maximum activation energy for the same material.
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Figure 3. Friedman plot for the reduction of (a) Co, 4NigO4 and (b) 0.5% SiO,/Coy 4Nig Oy for
different conversion ratios.
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(do/do)/(daldo), o,

Comparing the activation energy obtained in this work for Cop 4Nig O4 and the values
obtained in other research works for CozO4 and doped Co3O,, the results are in the interval
of activation energies calculated by the other authors. Taking into account that the reduction
temperature of the mixed nickel cobaltite is lower than the reduction temperature of the
pure cobalt oxide, the activation energy should be lower too.

Regarding the comparison between Co, 4Nig¢O4 and 0.5% SiO;/Co;4Nig Oy, the
same Ea was obtained and the deviation was quite similar for the two materials, as can be
seen in Figure 4.
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T 3504
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300 4 247064
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Conversion ratio, o

Figure 4. Evolution of the activation energy (Ea) with the reduction conversion ratios («).

Once the average activation energy was determined, the next step was to determine
the reaction mechanism using the master plot method. Introducing the activation energy
obtained in Equation (11) allows us to obtain an experimental master plot and makes its
comparison with the theoretical models listed in Table 1 possible. The results are depicted

in Figure 5.
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Figure 5. Theoretical master plots, SB fitted function and experimental results of (a) Co, 4Nig 6Oy and
(b) 0.5% SiO,/Coy 4Nip O4 using a heating ramp of 20 °C/min.
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The Co,4Nij ¢O4 material shows a different behavior depending on the conversion
ratio. When o is lower than 0.5, the experimental data fit partially with the model F3 and
for an « higher than 0.5, the model F1 correctly describes the behavior of Co, 4Nig¢Oj.
These models describe instantaneous nucleation and unidimensional growth [36]. The
SB model was used to define the model of the whole experiment but the only successful
fitting corresponded to the a between 0.3 and 0.5, by using the exponents m =2, n = 1.7 and
p = —2.1, obtaining the SB equation:

flo) = (1= ) [=In(1 —a)] ! (13)

Regarding the 0.5% SiO,/Co;, 4Nig ¢O4 material, when « is lower than 0.2 the best
theoretical model is D1, but for a values between 0.3 and 1, the experimental data fit well
with a D2 model. In any case, these two theoretical models belong to the group of diffusion
models, which are quite common in this type of material. The SB model was used to obtain
an accurate model of the whole reaction extent. The results show that the fitting is correct
when « is lower than 0.5 and the exponents are: m = 0.81, n = 1.45, and p = —0.87, obtaining
the SB equation:

Fl) = a1 (1 =) (1 — )] (14)

The fitting problems for the two materials are due to the oscillation that the Ea has
in the whole range of conversions, as is depicted in Figure 4. If the activation energy is
roughly constant in all the conversion ranges and there are no shoulders in the reaction rate
curve, the process can be fitted by a single-step model. If not, depending on the conversion,
different models describe the reaction at different stages [31].

Once the f(x) was defined, the “kinetic triplet” could be completed by calculating the
preexponential factor (A) from the intercept of Equation (5). In the case of nickel cobaltite,
the A is9.65-1019 min~!, while in nickel cobaltite with an addition, the A is 6.37-1019 min 1.

To sum up, the kinetic triplets obtained for the Coy 4Nip ¢O4 and 0.5% SiO, /Co, 4Nig Oy
materials are listed in Table 3.

Table 3. Kinetic triplet values describing the reduction reaction of the Cop4NigeO4 and
0.5% SiO, /Coy 4Nip ¢O4 materials and activation energy values of pure CozOy4 and 5% Al,O3/Co0304.

(o) .
Material Ea (kJ/mol) s A (min—1)
m n P
C0y.4Nig 04 450 + 47 2 1.7 -2.1 9.65-10
0-5% 449 + 32 0.81 145 —0.87 6.37-10"
Si0, /Co7 4Nig 604 ' ' ’ ’
Co304 [25] 247 - - . _
Co304 [26] 960 . - _ ;
5% Al,03/Co304 [29] 238 - . _ _
5% Al,03/Co304 [26] 731 - - . _

Thus, the equation describing the reduction reaction for the Cop 4Nig Oy is:

d —449.82 k] /mol —
Tred = ”;';d = 9.65~1019min’1e(ﬁ7/7)a36d(1 — ) [=In(1 = ayeg)] 2T (15)

And the resulting equation describing the model of the reduction reaction for the
added 0.5% SiO, /Co;4Nig ¢O4 material is:

do —449.22kJ /mol
red {7/’“) 2081

Frea =~ = 6.37:10Ymin e~ it (1= aea)

—In(1 = a,0)] "% (16)
3.2.2. Oxidation Reaction Rate

For the obtention of the oxidation kinetic triplet for the Co;4NipcOs and
0.5% Si0, /Co,4Nip ¢O4 materials, isothermal programs ranging from 600 °C to 800 °C
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206

were performed under an O, atmosphere (pO, = 1). To prevent any oxidation before doing
the experiments, all the materials were firstly reduced under Nj conditions and when
the temperature of the experiment was stabilized, the atmosphere was changed to O, for
completing the oxidation. It should be noted that in the very beginning (first minute) of the
experiment, the kinetics could be slightly influenced by the gas atmosphere change from
N to O,.

The conversion ratio as a function of the time is presented in Figure 6 for each
isothermal experiment.

1
508 o
s s
£ &
Sos §o.

2 -4
H :
8 8
£ ]
] ]
- .

502 502- —e—600°C

—e—700°C

*-750°C
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0 10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120 1.

Time (min) Time (min)
@ ®

Figure 6. « vs. time plots of the oxidation reaction at pO, = 1 of (a) Cop4NigeO4 and
(b) 0.5% SiOz/C02_4Nig_604.

When the model design is performed by performing isothermal experiments instead of
dynamic ones, it is not possible to follow the protocol previously followed for the obtention
of the model of the reduction reaction, as in this case the temperature is constant and the
activation energy cannot be calculated from Equation (5) directly. In this case, it is necessary
to apply the master plots method without the Ea [31].

The theoretical master plot models are listed in Table 1. The obtention of the experi-
mental master plots was carried out by using Equation (11) setting the term related to the
temperatures and the activation energy as a constant:

du/d6 da/dt 17)

(da/d0),_o5  (da/dt), o5

The results are shown below in Figure 7:

(de/d0)/(da/do),.,,
(da/d0)/(de/do),.,,

T T T T
0.0 02 04 06 08 1.0 0.0 06

Conversion ratio, a Conversion ratio, a

(@ (b)

Figure 7. Comparison between theoretical models, experimental results and SB fitting of the experi-
mental results for (a) Co, 4Nig Oy and (b) 0.5% SiO, /Coy 4Nig 6O4.
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The experimental data obtained for Coy4Nip¢O4 do not present exactly the same
tendency as any theoretical model listed in Table 1. In this case, both the material without
addition and the material with the addition of silica shows a very similar experimental
trend. Both materials fit well with the F2 model for « above 0.5. The F2 theoretical model
corresponds to a reaction of second-order, where random nucleation is followed by an
instantaneous growth of nuclei [32]. In order to obtain a model that fits well with the
whole experimental data, the SB equation was used [38]. The behavior of Co, 4Nip ¢O4 and
0.5% SiO,/Coy 4Nig 6Oy is so similar that the resulting exponents in the fit were the same
for both materials. The exponents obtained were m = 2.8, n =1 and p = —2.01. The SB
equation obtained for both materials was:

flo) =a*(1 =)' [~In(1 —a)] > (18)

In the case of the Coy 4Nig O, (Figure 7A), the SB equation fits with the experimental
data in the & range from 0.25 to 0.5. In the rest of the range, the empirical method is
close to the experimental results but does not fit completely well. This is a detriment
when calculating the activation energies of the materials since the calculated f(«) has to be
used. In the case of the added 0.5% SiO,/Co, 4Nig O, material (Figure 7B), the empirical
calculation fits well with the experimental data from a = 0 to & = 0.5. The result of the rest
of the range is quite similar but it does not fit perfectly. However, the oxidation reaction
was further modeled using the values obtained for f(«), as it was the model that better
described the whole experiment.

So then, for the obtention of an average value of Ea, the isoconversional method of
Friedman was applied [33]. The isothermal experiments used for the calculation of the
reaction model under the O, atmosphere were used for the obtention of the Friedman plots.

It is worth mentioning that the trendlines observed in Figure 8 were obtained using
four points, each one obtained from a different temperature isothermal analysis. In some
cases, in the figure, one of the points overlapped for different conversion ratios.
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Figure 8. Friedman plots of (a) Co, 4Nip O4 and (b) 0.5% SiO; /Co, 4Nig Oy at different o.

The average oxidation activation energy obtained for the Co, 4Nig cO4 material was
100 + 22 kJ/mol. The results obtained in this research work are quite similar to the ones
reported in the bibliography regarding the Co3O4. Muroyama et al. report an oxidation
activation energy of 58.07 + 0.26 kJ/mol [25]. In the case of Reti et al., the oxidation
activation energy obtained was 60.19 kJ/mol [41] and in the work of Tomlinson and

207



Materials 2022, 15, 3695 12 of 16

Esterlow, the value was 80 £ 15 kJ/mol [42]. Regarding the doped Co304, Wong et al.
reported an oxidation activation energy of 165 kJ /mol for the material 5%Al,03/Co304 [26].
The result obtained in this research work is in between the values previously reported for
pure and doped cobalt oxides. Regarding the 0.5% SiO, /Co; 4Nip sO4 material, an average
oxidation Ea of 124 + 36 k] /mol was obtained. It is worth mentioning that the method
selected for the obtention of the kinetic model can lead to different values of activation
energy. The model f(«) selected previously can affect the results obtained too.

As with what happened in the reduction reaction, the activation energy of the oxidation
reaction changes for each conversion ratio, as it can be observed in Figure 9. In the oxidation
reaction, the two materials fitted well with the theoretical model F2 but only for a concrete
conversion range, so the change of activation energy fits well with the result obtained for
the model.

150

Activation Energy , E_ (kJ/mol)

— COZ ANiU 504
80 ——0.5% Si0,/Co, Ni, O,

24710674

0.4 0.5 0.6 0.7 0.8

Conversion ratio, o

Figure 9. Evolution of the activation energy (Ea) with the oxidation ratio («).

The preexponential factor (A) was calculated from the order at the origin of the
Friedman plots shown in Figure 8 and the results obtained were 7-103 min~! for the
C02‘4Ni0‘604 and 7.81-105 ]fl’l]’.l’li1 for the 0.5% SIOZ /C02.4N10.6O4.

To sum up, the “kinetic triplet” obtained for the oxidation reaction of the Co, 4Nig ¢O4
and SiO, /Co, 4Ni( 4Oy materials are listed in Table 4:

Table 4. Kinetic triplet values describing the oxidation reaction of the Co,4NipeO4 and
0.5% SiO, /Coy 4Nig 6O4 materials and activation energy values of pure CozO4 and 5% Al,03/Co030y4.

Material Ea (/mol) f A (min-1)
m n p
Coz.4NigsOs 100 + 22 28 1 201 7.10°
0.5% Si05/Con 4Nig 404 134 + 36 28 1 —201 7.81-105
Co304 [25] 58+ 0.26 ) ; ; ;
C0304 [-11] 60 - - - -
5% Al,03/Co30y [26] 165 ; ; ; ;

Thus, the equation describing the oxidation reaction for the Coy 4Nig Oy is:

duw. . _q1 (—100k] /mol _
T — 7.10%min el R ) a28(1 — wpe) [~ In(1 — ape)] 20 19)

Tox =
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And the resulting equation describing the model of the oxidation reaction for the
added 0.5% SiO;,/ Co,4Ni Oy material is:

fox = dg:" = 7.81-10°min"Le(

—124k] /mol _
RT )tng(l - ‘wa)l[*l"(l — fox)] 2ot (20)

The concordance of the experimental results and the theoretical values were assessed
by using the OCTAVE software. The theoretical equations (Equations (15), (16), (19) and (20))
were implemented in the program to obtain the predicted behavior of the materials and

were compared with the experimental data obtained in the TGA. Figures 10 and 11 show
this comparison for the reduction and oxidation reactions, respectively.

1.0

0.8

0.6

Conversion
Conversion

0.4+

0.2+

——5°Cimin exp

—— 10 °Cimin exp
—— 15 °Cimin exp
—— 20 °Cimin exp
T 0.0

80 100
Time (min) Time (min)

——10°Cimin exp

—— 15°Cimin exp

——20°Cimin exp
T

80 100

@ (b)

Figure 10. Reduction conversion validation for (a) Coy 4Nig O4 and (b) 0.5% SiO;/Co74Nig ¢O4. The
dotted lines correspond to the theoretical values and the solid ones to the experimental ones.

1.0

0.8

0.6

Conversion
Conversion

0.4

0.2

——1700°C exp
——750°C exp
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Figure 11. Oxidation conversion validation for (a) Cop 4NipOy4 and (b) 0.5% SiO,/ Coy4Nig¢Os4.
The dotted lines correspond to the theoretical values and the solid ones to the experimental ones.
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In the case of Cop 4Nig Oy (Figure 10A), the theoretical values obtained fit well with
the experimental data until conversion ratios of 0.8, where a drop in the speed in the model
is observed. This may be because, at conversion ratios above 0.5, the nucleation and growth
model governs the course of the reaction, so the SB equation does not fully define the
trend of the experimental data. In the case of the 0.5% SiO,/Co,4Nig 6Oy (Figure 10B), the
experimental data fit well with the theoretical one as diffusion mechanisms govern the
whole reaction extent range. For both cases, the calculated model does not fit completely
with the experimental data using a heating ramp of 5 °C/min. In this case, the heating
ramp could be too slow to observe the normal course of the reaction.

The oxidation reaction validation is shown in Figure 11. Experimental and theoretical
data of Cop 4Nig¢O4 show a good concordance in all the reaction extent. In the case of the
added 0.5% SiO, /Co;4Ni Oy4, the theoretical trend corresponds well until conversion
values of 0.8. The conversion ranges from 0.8 to 1 are not fully adjusted with the SB equation.
In both materials, different behavior is observed between theoretical and experimental
results at a temperature of 600 °C. As was the case with the reduction step, the isotherm at
600 °C may not have a fully adequate temperature for the normal course of the reaction
without interference or limitations from the process temperature.

4. Conclusions

In this work, the development of a kinetic model of Coy4NipsOs and of
0.5% Si0O,/Co074Nip ¢O4 materials for thermochemical energy storage applications was
firstly reported. The results obtained for these materials were compared with the data from
the pure cobalt oxide available from previous research works.

In the reduction reaction, the activation energy of the two materials (450 kJ /kg for
Co024Nig 6Oy and 449 k] /kg for 0.5% SiO,/Co,.4Nig ¢O4) is in the range of the pure CozOy4
one (158-960 kJ /kg), so neither the nickel substitution in the cobalt oxide structure nor the
addition of SiO; particles affects this parameter.

The theoretical models f(«) fitting with the reduction experimental data are different
nucleation and growth mechanisms in the case of the Co, 4Nig 6O, and different diffusion
models in the case of 0.5% SiOz/C02‘4Nio‘604.

In the oxidation reaction, the activation energy of the two materials (99 kJ/kg for
Co0,4Nig 604 and 123 kJ /kg for 0.5% SiO, /Coy 4Nig 6O4) is in agreement with the values
published in regard to other mixed oxides (165 kJ/kg for 5% Al,O3/Co304) but higher
than the value reported in the bibliography for Co3Oy4 (~60 k] /kg).

The behavior of the two materials fits with the same theoretical models f(«) describing
nucleation and growth mechanisms when the conversion ratios are higher than 0.5. The SB
equation was used to obtain the model of the whole experiment.

The developed model confirms a good agreement between the experimental data and
the theoretical ones in most of the measurement conditions.
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