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2. ABSTRACT

Global warming and reduction of extensive emissions of greenhouse gases to the atmosphere
are the major challenges of the global energy system nowadays. The widely discussed solutions
are the promotion of renewable energy sources and enhancing the efficiency of existing energy
converting processes to reach a dramatical reduction of fossil fuel usage. One key to efficiency

enhancement is the utilization and storage of waste heat for later usage.

This thesis deals with the investigation of possible materials and systems for thermochemical
energy storage. Key features of interest for suitable materials are the completeness of the

chemical reaction, the reversibility, the cycle stability and the kinetic parameters.

The focus for this investigation lies on reactions between solid heat storage materials and
reactive gases because of the relative ease of phase separation and its storage possibility. As
storage materials different kinds of inorganic salts and salt hydrates as well as transition metal
oxides and transition metal salts are investigated. The chosen reactive gases are water vapor,

oxygen, ammonia and carbon dioxide.

The reactions were investigated using different independent analytical methods for example
thermogravimetry / differential scanning calorimetry and in situ powder X-ray diffraction. The
materials were characterized via different spectroscopic methods like X-ray fluorescence
spectroscopy, and imaging techniques such as microscopy and scanning electron microscopy,

as well as specific surface area measurements using Brunauer-Emmett-Teller theory (BET).



3. KURZFASSUNG

Globale Erwarmung und die Verringerung der umfangreichen Treibhausgasemissionen in die
Atmosphire sind heutzutage die groften Herausforderungen des globalen Energiesystems. Die
viel diskutierten Losungen sind die Forderung erneuerbarer Energiequellen und die
Verbesserung der Effizienz bestehender Energieumwandlungsprozesse, um eine drastische
Reduzierung des Verbrauchs fossiler Brennstoffe zu erreichen. Ein Schliissel zur

Effizienzsteigerung ist die Nutzung und Speicherung von Abwérme fiir die spétere Nutzung.

Diese Arbeit beschiftigt sich mit der Untersuchung moglicher Materialien und Systeme fiir die
thermochemische Energiespeicherung. Von Interesse fiir geeignete Materialien sind die
Vollstindigkeit der chemischen Reaktion, die Reversibilitit, die Zyklenstabilitdit und die

kinetischen Parameter.

Der Fokus fiir diese Untersuchung liegt auf Reaktionen zwischen festen
Wirmespeichermaterialien und reaktiven Gasen aufgrund der relativ einfachen Phasen-
Trennung und der getrennten Speicherungsmoglichkeit. Als Speichermaterialien werden
verschiedene Arten anorganischer Salze und Salzhydrate sowie Ubergangsmetalloxide und
Ubergangsmetallsalze untersucht. Die gewihlten reaktiven Gase sind Wasserdampf, Sauerstoff

und Ammoniak sowie Kohlendioxid.

Die Reaktionen wurden mit verschiedenen unabhéngigen analytischen Methoden untersucht,
zum Beispiel simultane thermische Analyse und in-situ Pulver-Rontgenbeugung. Die
Materialien =~ wurden  durch  verschiedene  spektroskopische = Methoden — wie
Rontgenfluoreszenzspektroskopie und bildgebende Verfahren wie Mikroskopie und
Rasterelektronenmikroskopie sowie spezifische Oberflichenmessungen mit der Brunauer-

Emmett-Teller-Theorie (BET) charakterisiert.
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5. INTRODUCTION

5.1. Aim of the work

The aim of this work is to investigate thermochemical energy storage (TCES) materials
identified in a systematic database search! regarding their feasibility to be used in TCES
systems. The important considerations concerning suitability for TCES materials are
completeness of the chemical reaction, the reversibility, the cycle stability and the kinetic
parameters, as well as costs and environmental sustainability. The work deals with experimental
setups and measurements of these identified important properties, as well as kinetic

investigations of the underlying chemical reactions.

5.2. State of the Art for Thermal Energy Storage (TES)

On a global scale, heat is the most abundant energy form used. The primary usage of all fossil
fuels is heat, including electricity producing power plants or industrial processes and of course
any form of domestic of industrial heating.? To fulfil the international agreements on reducing
the worldwide carbon footprint and to reduce the dangerous long-term consequences of global
warming effects, the Kyoto protocol® and the climate goals defined in the Paris-agreement,* the
use of fossil fuels and the accompanying emission of greenhouse gases must be dramatically
decreased. A second major part after the reduction of the used primary energy, which is by far
less promoted in the international discussion, is the increase of the efficiency of all energy
converting processes. One possible option of increasing the overall-efficiency is to store the
heat for later use, instead of releasing the waste heat to the environment and use afterwards
again primary energy.>® In 2011, the International Energy Agency (IEA) estimated in a report
entitled “Solutions for a low-carbon energy future” that global energy loss through waste heat
accounts for 2/3 of the overall energy production.” Therefore, methods suitable for a
reutilization of waste heat could contribute significantly to a more sustainable energy
management.®!* There are several different approaches of thermal energy storage to this

challenge, which will be discussed in this chapter.

5.2.1. Sensible Heat Storage

Thermal energy in sensible heat storage systems is stored either in a solid or in a liquid material

by raising the temperature of the storage medium. Therefore, it is necessary for a useful storage
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material to have a high specific heat capacity, long term stability under thermal cycling,
compatibility with its containment and in the best case also low cost. Sensible heat storage can
be classified as Liquid media storage (like water, oil based fluids, molten salts etc.) and Solid
media storage (like rocks, metals and others).® One very prominent example for liquid media
storage is the use of water for heat storage. At rather low temperatures water is the best storage
medium, as it has a higher specific heat than most other materials, is cheap and widely available.
Water can be used over the wide range of temperature of about 25 - 90 °C. For a 60 °C
temperature change water can store about 250 kJ/kg. However, due to its vapor pressure, it
requires thermal insulation and containment. For applications above the boiling point pressure
withstanding containment, which increases costs is necessary. Water can be used either as a
storage or as a transport medium for energy, for example, in solar energy systems.
Consequently, it is the most widely used liquid storage medium today for solar based warm

water and space heating applications.!!

For high temperature thermal energy storage solid media storage can be an option, where
materials such as rocks, metals, concrete, sand, bricks etc., can be used. In this case, the energy
can be stored at any temperature level below the decomposition temperature, since the materials
will not undergo a phase change. One of the materials with the highest energy density in the list
of solid materials for sensible heat storage is cast iron, which exceeds the energy density level
of water storage'?. However, cast iron is more expensive than stone or brick. Pebble beds or
rock piles are generally preferred as the storage material due to their low cost.® The major
drawback of solid materials as sensible heat storage is the conception of the charging or
discharging process where the use of an energy carrier is necessary which again will lead to

thermal heat flow losses.

The biggest issue for sensible heat storage is the need of thermal insulation and the impossibility

to perform long term storage, since heat will be lost constantly.!?

5.2.2. Latent Heat Storage

In comparison to pure sensible heat storage concepts, latent heat storage is a more attractive
technique, since there is a remarkable increase of storage density. There is the possibility to
store heat as latent heat of fusion at the constant temperature of the phase transition of phase
change materials (PCMs). For example, water requires around 80 times more energy to melt
1 kg of ice than to increase the temperature of 1 kg by 1 °C. This means that a much smaller

weight and volume of material is needed to store the same amount of energy.
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PCMs can undergo solid—solid, liquid—gas, and solid-liquid phase transformations. Solid—solid
phase changes most commonly are not suitable for thermal storage applications due to their
very low enthalpy of fusion. Liquid—gas PCMs usually have high heats of transformations, but

the concomitant large volume change during transformation prevents practical applications.

Solid-liquid PCMs are useful because they store a relatively large quantity of heat over a
narrow temperature range, without corresponding large volume changes. An example design
for a solar heat storage could consist of the PCM placed in long thin tubes stacked in a container
as heat exchanger. During the charging cycle the collected solar heat from the collector is
circulated through the heat exchanger melting the PCM. Thus the PCM is storing the heat as
sensible heat as well as latent heat of fusion. During the discharging cycle, the circulation of
low temperature air would transport the heat from the PCM to the heat load. Therefore, the
latent heat storage units utilize the latent heat due to a phase change during melting or freezing

of the storage medium and, additionally, the sensible heat in the solid and liquid phases.

PCMs can be classified into the following major categories: inorganic compounds, organic
compounds and eutectics of inorganic and/or organic compounds. Inorganic compounds
include salt hydrates, salts, metals and alloys, whereas organic compounds are comprised of

paraffins, non-paraffins and polyalcohols.®

The advantage of latent heat storage systems is their increased storage density, and their in
comparison to sensible heat storage systems usually perfect cycle stability because of the non-
degrading physical processes. On the other hand the heat can only be stored at the fixed
temperature of the melting point of the chosen substance and the need of insulation is the same

as above, otherwise the sensible part of the heat storage would be lost.'?

5.2.3. Thermo-chemical Energy Storage

A newly developing technology which can overcome the drawbacks in latent and sensible heat
storage 1s thermo-chemical energy storage (TCES). There can be two groups of thermo-
chemical storage technologies distinguished. On the one hand thermo-chemical reactions and
on the other hand sorption processes, both of which require thermal energy for the charging
process, which is most commonly the separation between the storage material and the reactive
component. !4

15

Sorption storage systems include both adsorption and absorption.”> Absorption is the

phenomenon that occurs when a liquid or gas enters another material and is taken up by its



volume. In storage applications, absorption usually involves a gas entering a liquid,'® adsorption

involves the binding of a gas or liquid on the surface of a solid or porous material.

The focus of the investigations carried out in this work are thermochemical reactions between
a solid storage material and a gaseous reactive component, because of the relative ease of
separation and its storage possibility. In TCES, energy is stored through a reaction and
recovered when the reaction is reversed. Many thermo-chemical storage systems have much
higher energy densities than the other thermal energy storage technologies mentioned
previously. High energy densities allow large amounts of energy to be stored in smaller
volumes, making it more suitable for residential or mobile applications, or for any
implementation where a small volume or a small weight is necessary. One major advantage of
storing energy in thermo-chemical systems is that the heat is stored as a chemical potential and
is not lost over time during storage. This allows for long-term storage, as thermo-chemical
energy can theoretically be stored indefinitely at near ambient temperature without need of
expensive insulation, which makes this technology very attractive.? Due to the high energy
densities which can be obtained from the reactions of various TCES materials the contribution
of sensible heat is negligible in contrast to the amount of heat stored in the reaction enthalpy.
Possible materials include salts and salt hydrates as well as transition metal oxides at different
oxidation states. The highest energy densities can be obtained from reactions of transition metal

salts with ammonia.'®

If release of the stored heat is requited, the discharging reaction can be simply initiated by
combining the storage material with the reactive compound.® !> !7-18 Depending on the reactive
compound this cycle can either be carried out in an open system, for example oxidation with
oxygen or air, and reduction under nitrogen atmosphere, or in a closed system which would be

applicable for any reaction with ammonia.

The second big advantage of thermochemical energy storage systems is the possibility to
change the operational charging and discharging temperatures by simply changing the partial
pressure of the reactive gas component and therefore shifting the chemical equilibrium in the
desired direction. This allows for the development of a chemical heat pump (CHP) system
which consists of a solid-gas reactor coupled with a condenser/evaporator. The working
principle is illustrated in fig. 1 in a Clausius—Clapeyron's diagram, wherein the solid-gas (S/G)

and liquid-gas (L/G) equilibrium lines are given by the equation:?

AH AS
ln(Peq) = ﬁ + ?
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Figure 1: Working principle of a chemical heat pump.?

The chemical heat pump system can operate in two successive phases (thermal conversion) or
with a time gap (thermal storage mode): charging phase (regeneration, decomposition or
desorption) and discharging phase (production, synthesis or sorption). The charging phase
occurs at high pressure (Pn). Heat at high temperature (Thx) is supplied to the reactor and the
solid (S') decomposes starting at point Qipnn in fig. 1. The gas (G) released from the
decomposition reaction is condensed by rejecting heat from the condenser at medium
temperature (Tm) following the line of equal pressure towards Qou,m. The discharging phase
occurs at low pressure (P1). The liquid evaporates by absorbing heat at low temperature (T1) and
the stored heat is released at Tr, following the line of equal pressure from Qin to Qoutm. The
charging and discharging occurs when the storage material is disturbed in its equilibrium of
temperature (equilibrium temperature change, AT) and pressure (equilibrium pressure change,

AP) for heat and mass transfer.!*>?

For example, in the case of the dehydration and rehydration reaction of calcium oxalate
monohydrate (CaC>04-H20/CaC>04) the thermal analysis of the isothermal reaction upon the
changed water vapor partial pressure reveals this phenomenon very clearly. The charging
reaction is faster at higher temperatures and the discharging reaction is faster at lower
temperatures. Nevertheless, both reaction pathways are accessible at different temperature

levels as shown in fig 2.
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Figure 2: STA analysis of isothermal cycles of CaC,04H>0/CaC,0; at different temperature levels

Also the economic benefit of implementing TCES-cycles in the energy management was
demonstrated by several economic feasibility studies, illustrating that e.g. with the waste heat
from Lenzing AG,? the complete district heating for the Austrian city of Salzburg could be

supplied.?*

5.3. Kinetics of chemical reactions

In chemical kinetics there are different possibilities to gain information about the reaction rate
and the kinetic models describing different influences on the behavior of a chemical reaction.

The reaction rate can be described with the following general equation.

a=g(a) f(T)

In this general expression for the reaction rate ¢ of a simple reaction g(«) is the degree-of-

conversion-dependent function and f{7) the temperature-dependent function.

The Arrhenius equation is a formula in the form of this simple general expression for the
temperature dependence of reaction rates. It gives the dependence of the rate constant of a
chemical reaction on the absolute temperature, a pre-exponential factor and other constants of

the reaction.
a = Ae RT
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In this equation A4 is the pre-exponential factor, which is for a given chemical reaction a
constant. According to collision theory 4 is the frequency of collisions in the correct orientation
with respect to a possible subsequent reaction, E, is the activation energy for the reaction, 7 is

the absolute temperature and R is the universal gas constant.?

There are several solid-state kinetic models, which are a theoretical, mathematical descriptions
of experimental observations. A model can describe a certain reaction type and translates it into
a rate equation. Some of the models have been developed based on different mechanistic
assumptions. Other models are more empirically based and, therefore, give sometimes good
numeric results, but with little mechanistic meaning. Therefore, different rate expressions are
produced from these models. In solid-state kinetics, mechanistic interpretations usually involve
identifying a reasonable reaction model because a detailed information about each individual

reaction steps is often difficult to obtain.?% %’

A different approach is the non-parametric kinetics method (NPK), where the two functions of
the equation can be decoupled, without the need of any assumptions about the functionality of
g(a) and A(T). The method provides two independent vectors directly from experimental

measurements, the first one containing information about g(«) and the second about f{7).?8

5.4. Used analytical methods and measurement techniques

5.4.1. In-situ powder X-Ray diffraction (p-XRD) for hydration reactions

A PANalytical B.V. MPD Pro diffractometer was used to perform the P-XRD in Bragg
Brentano geometry within a scattering angle 5° < 20 < 90° for Cu Kai-radiation. The
instrumental resolution was defined on the primary side by a '2° fixed divergent entrance slit
followed by a 0.04 rad Soller slit. A 0.04 rad Soller slit was placed before the X’celerator
detector operated in the 1D continuous line mode. The detector to sample distance for this
instrument is 240 mm. The hydration reaction of the samples was performed in an Anton Paar
XRK 900 sample chamber, connected to an evaporation coil kept at 300 °C. Using a HPLC-
pump, 3 g min™' water were evaporated and the resulting steam were passed through the sample
(4 mm thickness) with 0.2 L min™! nitrogen as carrier gas. During rehydration the sample
temperature was constantly kept at 50 °C, as governed by the thermocouple in the ceramic
sample holder. Nevertheless, the atmospheric temperature in the reaction chamber is
uncontrolled and due to the introduction of high-temperature steam, most likely higher than that

of the sample holder. During the experiment, any condensation within the sample chamber
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cannot be observed, as the reaction chamber does not allow for optical inspection whilst
operation. On opening the chamber, no condensed water was found either inside of the housing
or on the sample. Therefore, we assume condensation inside the reaction chamber not being a

problem spoiling our results.

5.4.2. In-situ p-XRD of ammonization reactions

The same diffractometer equipped with an Anton Paar XRK 900 sample chamber was
connected to two software controlled Natec Sensor MFCs one suitable for NH3; and the other

one operating the N> flow for purging the sample chamber with inert atmosphere.

5.4.3. In-situ p-XRD 0O3/air of redox reactions

The same diffractometer equipped with an Anton Paar HTK 1200 sample chamber was used.
In contrast to the XRK 900 setup in his case the sample was placed in a flat ceramic crucible
and the reactive atmosphere was not passed through the sample but had to diffuse through a

0.7 mm thick layer of sample.

The diffractograms were evaluated using the PANalytical program suite HighScorePlus
v4.6a.% A background correction and a K strip were performed. Phase assignment is based
on the ICDD-PDF4+ database,*® the exact phase composition, shown in the conversion plots,

was obtained via Rietveld-refinement incorporated in the program suite HighScorePlus v4.6a.%

5.4.4. TG / DSC of rehydration reactions

All STA data including rehydration steps were performed on a Netzsch STA 449 C Jupiter®
equipped with a combined TGA-DSC sample holder using open aluminum oxide crucibles
containing sample masses between 20 and 30 mg. The system was equipped with a water vapor
furnace, including an air-cooled double jacket and a heated vapor inlet. The oven is operable
between 25 °C and 1250 °C, regulated by an S-type thermocouple. The steam was produced in
an Adrop water vapor generator, which was set to 105 °C. The water vapor was transferred into
the furnace via a heated transfer line and a heated collar, the transfer line was set to 105 °C. To
prevent condensation of the water, a carrier gas stream of 100 ml N> min' was used. The
protective gas stream was set to 5 ml N2 min'!. The gas flow was controlled using red-y smart

series mass-flow controller by Voegtlin with an operable range between 2-100 ml min™.
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5.4.5. TG / DSC of ammonization and redox reactions

All STA data including reaction steps and oxidizing or reducing atmospheres, as well as
ammonia atmospheres were performed on a Netzsch STA 449 C Jupiter® equipped with a
combined TGA-DSC sample holder using open aluminum oxide crucibles containing sample
masses between 20 and 30 mg. The system was equipped with a water vapor furnace, including
an air-cooled double jacket and a heated vapor inlet. The oven is operable between 25 °C and
1250 °C, regulated by an S-type thermocouple. In this case the Adrop water vapor generator
and the heated transfer line were detached and the red-y smart series mass-flow controller by
Voegtlin were connected to the instrument directly. The gas mixing was performed via gas

mixture in T-connectors.

5.4.6. TG / DSC of decomposition reactions

Thermal decomposition data were obtained using a Netzsch STA 449 F1 Jupiter® system
equipped with an automatic sample changer and heating rates of 2, 5 and 10 °C min™' under N

atmosphere between 50 °C and 450 °C using either open or closed aluminum crucibles.

5.4.7. Brunauer, Emmett and Teller (BET) Specific surface area
calculation

The specific surface of the samples was determined by nitrogen sorption measurements, which

were performed on an ASAP 2020 (Micromeritics) instrument. The samples (amounts between

100-200 mg) were degassed under vacuum at 80 °C overnight prior to measurement. The

surface area was calculated according to Brunauer, Emmett and Teller (BET).?!

5.4.8. Scanning Electron Microscope (SEM)

A JEOL JSM-5410 analogue scanning electron microscope equipped with a Bruker AXS
digitalizing signal processing unit was used to obtain 2D images of the particles of the powder
samples. The samples were mounted on carbon pellets on top of the sample holder and plasma
vacuum deposition was used to coat the samples with a thin layer of gold to ensure conductivity.
The gold coating was performed using a Baltec Med020 sputtering system. The sample was
evacuated for 10 minutes at 7-10"* mbar, followed by adjustment of an Ar pressure of 10> mbar.

For the evaporation of the gold target a current of 150 mA for 150 seconds was used.
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5.4.9. Data Evaluation and Plotting

All measurement curves and diagrams were exported from the measurement software and

plotted for publication using the software package Origin Lab Corporation OriginPro 2016.

SEM images were adjusted for brightness and contrast using Adobe Photoshop CSS
Version 12.4.

5.5. Remark on the thesis

This PhD-thesis is presented in the cumulative form following the guidelines “Richtlinie des
Vizerektors fiir Lehre iiber die Verfassung von kumulativen Dissertationen an der Technischen
Universitit Wien” from 1% October 2014, consisting of an introductory chapter followed by

four accepted publications and seven submitted papers.

https://www.tuwien.ac.at/fileadmin/t/ukanzlei/Richtlinie fuer kumulative Dissertationen.pdf

http://www.tuwien.ac.at/fileadmin/t/ukanzlei/t-ukanzlei-english/Theses_-

_Writing_of Theses_by_publication.pdf
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6.1. Probing cycle stability and reversibility in thermochemical
energy storage - CaC204-H20 as perfect match?

Christian Knoll, Danny Miiller, Werner Artner, Jan M. Welch, Andreas Werner, Michael
Harasek, Peter Weinberger; Applied Energy, 2017, 187, 1-9;

Abstract:

The dehydration and subsequent rehydration of calcium oxalate monohydrate has yet to find
application in thermochemical energy storage. Unlike for many other salt hydrates, complete
reversibility of the dehydration-rehydration reaction was observed. Additionally, it was found
that the rehydration temperature is strongly affected by the water vapor concentration: Full
reversibility is not only achieved at room-temperature, but, depending on the water vapor
concentration, at up to 200 °C. This allows isothermal switching of the material between
charging and discharging by a change of the H>O-partial pressure. Cycle stability of the material
was tested by a long-term stress experiment involving 100 charging and discharging cycles. No
signs of material fatigue or reactivity loss were found. In-situ powder X-ray diffraction showed
complete rehydration of the material within 300 s. The experimental findings indicate that the
CaC>04-H20/CaC>04 system is perfectly suited for technical application as a thermochemical

energy storage medium.

Contribution:
Conception of the study, STA measurements, evaluation and interpretation, in sifu nonambient
p-XRD reaction chamber setup, measurements, evaluation and interpretation, data treatment

and partial writing of the manuscript.

6.2. Combining in-situ X-ray diffraction with thermogravimetry
and differential scanning calorimetry - An investigation of
C0304, MnO2 and PbO2 for thermochemical energy storage

Danny Miiller, Christian Knoll, Werner Artner, Michael Harasek, Christian Gierl-Mayer, Jan
M. Welch, Andreas Werner, Peter Weinberger; Solar Energy, 2017, 153, 11-24;

Abstract:
Metal oxides with multiple accessible oxidation states are considered as promising candidates

for high-temperature thermochemical energy storage materials. To shed light on the chemical
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processes involved in redox thermochemical energy storage materials, in-situ powder
diffraction was used in combination with atmospheric control to investigate the redox-reactions
of Co030s4, MnO> and PbO> under various conditions. Thermogravimetry and differential
scanning calorimetry under the same conditions provided information on heat-flows and mass-
changes. In contrast to theoretical thermodynamic considerations, only Co03O4 and
Mn203/Mn304 (originating from MnOz) were found fully reversible. In the case of PbO> for
none of the numerous intermediate phases any kind of reversibility was observed. The effect of
the Oz-concentration in the reactive atmosphere was most distinct for the Mn2O; system,
notably affecting the reduction/oxidation temperatures, whereas for the Co3zO4 system only a
moderate influence of the O> concentration was found. Based on the stability of the intermediate
phases under various atmospheres, an isothermal TCES-cycle for Co3Os4+ and Mn2O3; was
investigated, triggering the redox-process by an abrupt change of reactive-gas atmosphere. The
fast reaction rate combined with a significant down-shift of the reaction temperatures compared
to an isokinetic redox reaction suggests application as a chemical heat pump, as well towards a
broadened operational profile not only in combination with concentrating solar power plants,

but also with e.g. recycling of industrial flue gas heat.

Contribution:
Partial conception of the study, STA measurements, evaluation and interpretation, in situ
nonambient p-XRD measurements, evaluation and interpretation, data treatment and partial

writing of the manuscript.

6.3. High-Temperature Energy Storage: Kinetic Investigations of
the CuO/Cuz0 Reaction Cycle

Markus Deutsch, Florian Horvath, Christian Knoll, Daniel Lager, Christian Gierl-Mayer, Peter
Weinberger, and Franz Winter; Energy & Fuels, 2017, 31 (3), 2324-2334;

Abstract:

Thermochemical energy storage (TCES) is considered a possibility to enhance the energy
utilization efficiency of various processes. One promising field is the application of
thermochemical redox systems in combination with concentrated solar power (CSP). There,
reactions of metal oxides are in the focus of research, because they allow for an increase in the
process temperature. The reaction system CuO/Cu,0 has been reported as a suitable candidate
for TCES. For proper development and modeling of combined CSP-TCES processes, reliable

kinetic data are necessary. This work studies the reduction of CuO and the oxidation of Cu,0O
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under isothermal and isokinetic conditions. The reactions are analyzed using a simultaneous
thermal analysis (STA) and a lab-scale fixed-bed reactor. The reaction behavior shows
significant differences between both analyses. To develop kinetic models, the non-parametric
kinetic (NPK) approach is used. This model-free approach is expanded by the Arrhenius
correlation to increase the applicable temperature range of the models. The resulting models
are evaluated and compared. Furthermore, the cycle stability of the system over 20 cycles is

assessed for a small sample mass in the STA and a large sample mass in the fixed-bed reactor.

Contribution:
p-XRD measurements, evaluation and interpretation, discussion of experimental findings, data

treatment and assistance in writing of the manuscript.

6.4. An extension of the NPK method to include the pressure
dependency of solid state reactions

Markus Deutsch, Felix Birkelbach, Christian Knoll, Michael Harasek, Andreas Werner, Franz
Winter; Thermochimica Acta, 2017, 654, 168-178;

Abstract:

A novel method to identify the pressure dependency for reactions of the type
A(s) = B(s) + C(g) is proposed. It is an extension of the non-parametric kinetic analysis (NPK)
method as it identifies the pressure dependency in addition to the temperature and conversion
dependency of the reaction. This is done by analyzing kinetic data in a three-dimensional data
space (conversion, temperature, pressure) and attributing the variation of the conversion rate to
these independent variables. Thus a reduction from a three-dimensional problem to three one-
dimensional problems is achieved. The derivation of a kinetic model can then be performed for
each dependency independently, which is easier than deriving a model directly from the data.
This work presents the basic approach of the identification and combination of the three
dependencies to build a full kinetic model. Also, the interpretation of the model to achieve a
physically motivated model is illustrated. Then the method is applied to identify the complex
reaction kinetics of the decomposition of CdCOs; based on a set of thermogravimetric
measurements. It is shown that it is possible to identify interaction terms between the

dependency terms.

Contribution:
STA measurements, evaluation and interpretation, in situ nonambient p-XRD measurements,
evaluation and interpretation, data treatment and assistance in writing of the manuscript.
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7. SUBMITTED JOURNAL ARTICLES

7.1. Calcium Doping Facilitates Water Dissociation in Magnesium
Oxide

Danny Miiller, Christian Knoll, Thomas Ruh, Werner Artner, Jan M. Welch, Herwig Peterlik,
Elisabeth Eitenberger, Gernot Friedbacher, Michael Harasek, Peter Blaha, Klaudia Hradil,
Andreas Werner, Peter Weinberger; Advanced Sustainable Systems, submitted 28.09.2017

Abstract:

Calcium doping of magnesium oxide results in significantly increased water dissociation rates,
thus enhancing both hydration rate and reaction completeness of hydration compared to pure
MgO. For a series of mixed magnesium-calcium oxides (MgxCaixO) with varying Ca-contents
between 0 and 40 % the material of a composition Mgo.9Cao.10 shows the fastest rehydration,
transforming completely within 80 minutes to the mixed hydroxide. In consecutive dehydration
/ rehydration cycles reasonable cycle stability is found. A “regeneration” of the aged material
(reactivity reduced by excessive cycling) in liquid water re-establishes the initial rehydration
reactivity. Density Functional Theory (DFT) calculations support the experimental findings,
confirming that calcium doping can reduce the energy of the rate limiting water dissociation

reaction exploiting both electronic and steric (size) effects.

Contribution:

Partial conception of the study, preparation and characterization of samples, STA
measurements, evaluation and interpretation, in situ nonambient p-XRD reaction chamber
setup, measurements, evaluation and interpretation, data treatment and partial writing of the

manuscript.

7.2. Anin-situ powder X-Ray diffraction study on the rehydration-
reactivity of low temperature calcined Mg(OH):

Danny Miiller, Christian Knoll, Werner Artner, Jan M. Welch, Norbert Freiberger, Roland
Nilica, Manfred Schreiner, Michael Harasek, Klaudia Hradil, Andreas Werner, Peter
Weinberger; Applied Energy, submitted 06.10.2017

Abstract
Highly active MgO was investigated as a thermochemical energy storage (TCES) material.

Special focus was given to the effects of thermal dehydration of Mg(OH)> to MgO: High
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calcination temperatures and long dwell times notably affect the reactivity of MgO towards
rehydration due to sintering processes. A detailed comparative study of the factors governing
the rehydration reactivity, including calcination temperature and duration, resulting particle
size, morphology and specific surface area and rehydration conditions, is presented. To obtain
a correlation between calcination temperature, time and reactivity, sample rehydration was
combined with an in-situ powder X-ray diffraction (P-XRD) setup. The best results and
conversion rates were obtained by calcination of Mg(OH), for 4 hours at 375 °C and subsequent
rehydration in the P-XRD using 1 g min™' steam. In-situ calcined and rehydrated samples in the
P-XRD setup showed remarkably higher rehydration reactivity, revealing ageing effects on
prolonged storage of the calcined material. Experiments applying the optimized calcination and
rehydration conditions in a laboratory-scale fluidized bed reactor were promising for a targeted
TCES-cycle: After an initial peak-temperature of 71.5 °C, for more than 50 minutes a reaction

temperature between 50-60 °C was achieved.

Contribution:

Partial conception of the study, preparation and characterization of samples, in situ nonambient
p-XRD reaction chamber setup, measurements, evaluation and interpretation, SEM-images,
BET measurements, setup of fluidized bed reactor, data treatment and partial writing of the

manuscript.

7.3. Influence of the Particle Morphology on Cycle Stability and
Hydration Behavior of Magnesium Oxide

Danny Miiller, Christian Knoll, Werner Artner, Jan M. Welch, Norbert Freiberger, Roland
Nilica, Elisabeth Eitenberger, Gernot Friedbacher, Michael Harasek, Klaudia Hradil, Andreas
Werner, Herwig Peterlik, Peter Weinberger; Applied Energy, submitted 17.10.2017

Abstract

Magnesium oxide (MgO) is a promising material for thermochemical energy storage of medium
temperature waste heat. The modest calcination temperature of Mg(OH)> (350 °C — 450 °C)
complements a broad variety of waste heat sources in various industrial production processes
perfectly. So far, the main obstacle to application of the material in energy storage systems is
its limited cycle stability. To overcome this issue, Mg(OH),, MgCO3 and MgC>042H,0 were
compared as precursor materials for MgO-production. Depending on the precursor, the particle
morphology of the resulting MgO changes, resulting in different hydration behavior and cycle

stability. A regeneration step developed during the study, leading to decomposition of
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agglomerates after repeated calcination / hydration cycles, restores the initial reactivity of the
material. The herein presented variation of particle morphology and regeneration of spent

material overcome the major obstacles of the Mg(OH), / MgO energy storage process.

Contribution:
Conception of the study, STA measurements, evaluation and interpretation, in situ nonambient
p-XRD reaction chamber setup, measurements, evaluation and interpretation, BET

measurements, data treatment and partial writing of the manuscript.

7.4. Magnesium oxide from natural magnesite samples as
thermochemical energy storage material

Christian Knoll, Danny Miiller, Werner Artner, Jan M. Welch, Norbert Freiberger, Roland
Nilica, Elisabeth Eitenberger, Gernot Friedbacher, Andreas Werner, Peter Weinberger, Michael

Harasek; Journal of Energy Chemistry, submission delayed due to patent issues

Abstract

Thermochemical energy storage based on the Mg(OH), / MgO cycle is considered as attractive
process for recycling of industrial waste heat between 350-400 °C. Based on a recent study,
revealing MgCOs-derived MgO as highly attractive starting material for such a storage cycle,
three different natural magnesites were investigated to analyze the process-performance using
industrially available raw-materials. Whereas, the varying amounts of Ca?>" and Fe** as major
impurities did not notably affect the reactivity / cycle stability within the series, compared to

the analytically pure reference material a notable decrease of performance was evidenced.

Contribution:
Conception of the study, in situ nonambient p-XRD reaction chamber setup, measurements,
evaluation and interpretation, BET measurements, data treatment and partial writing of the

manuscript.

7.5. Metal oxides for thermochemical energy storage - From gas-
triggered isothermal cycling to low-temperature applications
with increased O: pressure

Christian Knoll, Georg Gravogl, Werner Artner, Elisabeth Eitenberger, Gernot Friedbacher,
Andreas Werner, Ronald Miletich, Peter Weinberger, Danny Miiller, Michael Harasek;
Conference Proceedings Solar World Congress Abu Dhabi 2017, submitted 15.10.2017
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Abstract

Metal oxides providing various, reversibly accessible oxidation states are in the focus as
auspicious materials for high-temperature thermochemical energy storage (TCES) materials.
Among all principally suitable metal oxides due to equilibrium temperature and, in particular,
reaction rate and reversibility, only the couple Co304 / CoO and to a smaller extend Mn>O3 /
Mn304 are considered as suitable candidates. Based on recent studies on isothermal TCES-
cycles, the impact of temperature and increased Ox-pressure on the reaction rate was
investigated by varying the Oz-partial pressure in the low-temperature oxidation of the reduced
oxide. Whereas Mn30O4 was found to react too slow for a process at lower temperatures, CoO
was found suitable. For an increase of the O; pressure to 6 bar between 500 — 550 °C an
attractive oxidation behavior was observed. At 900 °C Co0304 / CoO could be cycled within 4.5
minutes between both oxidation states by changing the atmosphere from N> to Oz and vice

versa.

Contribution:
Conception of the study, STA measurements, evaluation and interpretation, in situ nonambient
p-XRD reaction, measurements, evaluation and interpretation, data treatment and partial

writing of the manuscript.

7.6. Transition metal ammoniates for thermochemical energy
storage

Danny Miiller, Christian Knoll, Christian Jordan, Jan M. Welch, Andreas Werner, Michael
Harasek, Peter Weinberger; Journal of Materials Chemistry A, submitted 14.11.2017
Abstract

On the quest for novel materials applicable as thermochemical energy storage (TCES) materials
at medium-temperature levels between 25 °C - 400 °C, the class of transition metal ammoniates
was so far widely neglected. In the present study a series of metal chlorides and sulphates were
investigated for their performance as TCES-materials, reversibly forming in the presence of
ammonia the corresponding ammine-complexes. Among the investigated materials high
storage densities and high cycle stabilities were found. In the case of the chlorides
decomposition in the presence of ammonia caused slow degradation. In contrast, sulphates are
perfectly stable and reversible under the investigated conditions. Aiming for a combination of
high storage densities and complete reversibility, for CuSO4 the best performance was

obtained. According to the presented results, selected transition metal ammoniates are
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suggested as attractive new materials for high-performance TCES-applications, allowing due
to their high storage densities for efficient combination with e.g. solar heating to overcome non-

operational times.

Contribution

Assistance in the conception of the study, preparation of samples, STA adjustment for NH3 and
measurements, evaluation and interpretation, in situ nonambient p-XRD setup, reactions,
measurements, evaluation and interpretation, data treatment and partial writing of the

manuscript.

7.7. Lab-scale demonstration of thermochemical energy storage
with NH3 and impregnated-loaded zeolites

Danny Miiller, Christian Knoll, Georg Gravogl, Andreas Werner, Michael Harasek, Ronald
Miletich, Peter Weinberger; Conference Proceedings Solar World Congress Abu Dhabi 2017,
submitted 15.10.2017

Abstract

High energy densities are one key-feature of thermochemical energy storage materials. Among
the substance classes featuring the highest energy densities are oxides and carbonates, having
both operational temperature profiles between 800 °C - 1200 °C. Comparable high energy
contents are provided by the reaction between ammonia and (transition) metal salts, operable
in a medium-temperature range between 150 °C - 450 °C. Due to the toxicity of ammonia a
closed cycle preventing the release of ammonia to the surrounding environment would be
necessary. Herein, CuSO4 and CuCl; are investigated in a laboratory scale reactor for their
application in thermochemical energy storage with ammonia as reactive gas. In the current setup
after 80 seconds peak temperatures of 312 °C and 238 °C respectively were measured. To
circumvent the notable volume expansion during the reaction with ammonia, both copper salts
were loaded on zeolite 13X, yielding matrix-supported composite materials. Operation of those
materials in the laboratory scale reactor under ammonia revealed, that the rapid temperature
increase and the high peak temperatures could be retained, simultaneously simplifying the

handling of the materials.

Contribution:
Assistance in the conception of the study, designing and setup of the final reactor design,
preparation of parts of the samples, operation of some of the reactor runs, evaluation and

interpretation of the results, data treatment and assistance in the writing of the manuscript.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

e CaC,04-H,0 dehydration is fully
reversible between 25 °C and 200 °C.

« Isothermal cycling between hydrate
and anhydrate phase can be triggered
by the water vapour concentration.

« High reaction rates and full
reversibility demonstrated over 100
cycles.

« Material shows no ageing effects or
reactivity decrease.
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Water vapour concentration
Chemical heat pump
Thermochemical energy storage

The dehydration and subsequent rehydration of calcium oxalate monohydrate has yet to find application
in thermochemical energy storage. Unlike for many other salt hydrates, complete reversibility of the
dehydration-rehydration reaction was observed. Additionally, it was found that the rehydration temper-
ature is strongly affected by the water vapour concentration: Full reversibility is not only achieved at
room-temperature, but, depending on the water vapour concentration, at up to 200 °C. This allows
isothermal switching of the material between charging and discharging by a change of the H,O-partial
pressure. Cycle stability of the material was tested by a long-term stress experiment involving 100 charg-
ing and discharging cycles. No signs of material fatigue or reactivity loss were found. In-situ powder X-ray
diffraction showed complete rehydration of the material within 300 s. The experimental findings indicate
that the CaC,04-H,0/CaC,04 system is perfectly suited for technical application as a thermochemical
energy storage medium.

© 2016 Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: danny.mueller@tuwien.ac.at (D. Miiller).

1. Introduction

According to the international energy agency two-thirds of all
energy produced energy is wasted due to inefficiency in production

http://dx.doi.org/10.1016/j.apenergy.2016.11.053
0306-2619/© 2016 Elsevier Ltd. All rights reserved.
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and conversion processes [1,2]. Increased attention to this issue by
the scientific community and governmental organizations has led
to different improvements such as increased focus on renewable
energy sources and international agreements such as the Kyoto-
protocol to limit greenhouse-gas emissions [3]. Nevertheless, the
weak point in the overall energy balance the energy loss predom-
inantly in form of unused waste heat is still widely ignored [4].

Utilization of waste heat is an attractive and effective approach
to a more efficient energy balance. One method of achieving this
objective could be storage and re-use of waste heat. Thermal
energy storage transfers thermal energy to a storage medium,
decoupling energy availability and demand [5,6]. The stored heat
could be used for heating, cooling, or drying purposes, as well as
for power generation. Generally, three types of thermal energy
storage systems are employed: Sensible heat storage (using liquid
or solid storage media) [7-9], latent heat storage (using phase-
change materials) [10,11] and thermochemical heat storage (using
reversible chemical reactions) [5,6].

Compared to latent or sensible heat storage, the major advan-
tages of thermochemical energy storage systems (TCES) are the
high storage density, long-term storage ability and finally the cost
efficiency. According to the principle of a TCES-system given in Eq.
(1) after separation of the products B and C no back-reaction can
occur, decreasing the storage efficiency.

A+AH < B+C (1)

In current literature many different potential materials for
TCES-systems are discussed [6]|. For a technically promising
TCES-system high energy density, complete reversibility of the
reaction, reasonably fast reaction kinetics and high cycle stability
are required. Many systems may have these characteristics, never-
theless, only a limited number of materials have been systemati-
cally investigated.

To increase the scope of suitable materials for a TCES-
application a search algorithm capable of a systematic database
evaluation with subsequent extraction of potentially suitable
reversible reactions was developed [12]. One possible hereto inves-
tigated candidate for energy storage applications, CaC;04-H,0, was
suggested by this search. Although dehydration of CaC,04-H,0
should be reversible, to the best of our knowledge, the only report
on this system in the context of energy storage relates to phase
change materials, in which the application of CaC,04-H,0 as nucle-
ation inhibitor is investigated [13]. Several studies focus on the
kinetics of the dehydration of CaC,04-H,0 [13-22], whereas only
a single study of rehydration kinetics appears in literature
[23,24]. The scarcity of literature data and the results of our data-
base search suggest the utility of a detailed study of the dehydra-
tion/rehydration behaviour of CaC,04-H,0. The results achieved
are very indicate that CaC,04-H,0 is a promising material for
TCES-application.

2. Experimental methodology
2.1. Material

Calcium oxalate monohydrate (CAS 5794-28-5) was obtained
from Sigma-Aldrich and used as supplied. The anhydrous form
was obtained by in-situ dehydration during the experiment unless
otherwise stated.

2.2. Thermal analysis

Decomposition data were obtained using a Netzsch STA 449 F1
Jupiter® system equipped with an automatic sample changer and a
combined TGA-DSC sample holder using open aluminium crucibles

containing sample masses between 12 and 14 mg. Heating rates of
2, 5 and 10Kmin~' under N, atmosphere between 25 °C and
500 °C have been applied.

All data thermoanalytical data, including those from rehydra-
tion experiments, were collected on a Netzsch STA 449 C Jupiter®
instrument equipped with a combined TGA-DSC sample holder
using open aluminium oxide crucibles containing sample masses
between 19 and 21 mg. The system was equipped with a water
vapour furnace, including an air-cooled double jacket and a heated
vapour inlet. The oven is operable between 25 °C and 1250 °C, reg-
ulated by an S-type thermocouple. The steam was produced in an
Adrop water vapour generator, which was set to 105 °C. The water
vapour was transferred into the furnace via a heated transfer line
and a heated collar, both of which were set to 100 °C. To prevent
condensation of the water, a carrier gas stream of 100 ml N, min~!
was used. The protective gas stream was set to 5 ml N, min~'.The
gas flow was controlled using red-y smart series mass-flow con-
troller by Voegtlin with an operable range between 2 and
100 ml min~".

All experiments reported were run at ambient pressure.

2.3. X-ray powder diffraction

The powder X-ray diffraction measurements were carried out
on a PANalytical X'Pert Pro diffractometer in Bragg-Brentano
geometry using Cu Ky » radiation and an X'Celerator linear detec-
tor with a Ni-filter. For the in-situ experiments an Anton Paar XRK
900 sample chamber was used. The sample is mounted on a hollow
ceramic powder sample holder, allowing for complete perfusion of
the sample with the reactive gas. The reaction chamber is operated
between 25 and 900 °C and a pressure between 1 mbar and 10 bar.
The sample temperature is controlled via a NiCr-NiAl thermocou-
ple and direct environmental heating. The gas flow was set to
0.2 Lmin~', unless otherwise stated. For the moisture-setup a flow
of 0.2 L min~' helium was bubbled through a 20 cm high water
tank and a subsequent droplet separator, before passing through
the sample. At the entry of the reaction chamber the gas had a
dew-point temperature of 23.2 °C. The diffractograms were evalu-
ated using the PANalytical program suite HighScorePlus v3.0d. A
background correction and a Ky, strip were performed.

2.4. Scanning electron microscopy

A JEOL JSM-5410 analogue scanning electron microscope
equipped with a Bruker AXS digitalizing signal processing unit
was used to obtain 2D images of the crystals shape of the powder
samples. The samples were mounted on carbon pellets on top of
the sample holder and plasma vacuum deposition was used to coat
the samples with a thin layer of gold to ensure conductivity. The
gold coating was performed using a Baltec Med020 sputtering sys-
tem. The sample was held at 7-10~% mbar for 10 min, followed by
adjustment of the pressure of 2-10~2 mbar of argon. For the evap-
oration of the gold target a current of 150 mA for 150 s was used.

3. Results and discussion
3.1. Thermal dehydration of CaC,04-H,0

Before focussing on rehydration behaviour, the thermal dehy-
dration of CaC,04-H,0 at variable heating rates was investigated.
The dehydration process is well-known in literature [17] and often
used as standard example of a TG-analysis [25].

The results of a typical TG-DSC experiment for the release of the
hydrate water molecule are shown in Figs. 1 and 2. The quantita-
tive TG-DSC data correspond to literature [17] and are given in
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Fig. 1. Heat flow during the dehydration of CaC,04-H,0 with respect to the sample
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Fig. 2. Mass loss as a function of temperature, depicted for various heating rates for
the dehydration of CaC,04-H,0.

Table A.1 in the appendix. The measured enthalpy of reaction of
467.2]g ' is in good agreement to literature data [26].

For the removal of the hydrate water, the expected dependency
on the sample heating rate is observed. Due to this kinetic effect
changing the heating rate from 2Kmin™! to 10 Kmin~', the
peaknax-point for the thermal dehydration is shifted 47.6 °C from
176.2 °C to 223.8 °C. Although, this effect is well known for STA-
kinetics, an unusually large shift is found here.

In the TG-signal (Fig. 2) a comparable effect is observed. The
hydrate water loss occurs with a weight change of
—12.06 + 0.12%, corresponding to one molecule of hydrate water.

3.2. Effect of the heating rate and water vapour concentration on the
rehydration reaction

The results obtained previously were extended to the complete
dehydration/rehydration cycle using a combination of STA with a
water vapour furnace. The reaction was studied applying heating
rates of 0.5Kmin~' and 2 Kmin~' and atmospheres having a
water vapour partial pressure of 0.084 bar (0.4gH,0 h™') and
0.14 bar (0.7 g H,0 h™!). The STA-curves for these experiments
are given in Fig. 3a (0.5 Kmin~') and b (2 Kmin™1).
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More detailed DSC and TG data for Fig. 3a and b are given in the
appendix, Tables A.2 and A.3.

To better illustrate the tendencies observed in these measure-
ments, in Fig. 4 the onset temperatures and peak,.x temperatures
of the dehydration and rehydration temperatures are plotted ver-
sus heating rate and water vapour concentration.

Apart from the kinetic shift of the peak,.x temperature due to a
varying heating rate, a similar effect is also observed for the water
vapour concentration. An increase of the water vapour concentra-
tion affects the equilibrium between the hydrated and dehydrated
phase of CaC,04 by shifting the phase stability boundary to a
higher temperature. At a heating rate of 0.5 Kmin~!, increasing
the water vapour concentration from 04gh™' to 0.7gh™!
increases the dehydration temperature by about 11.5 °C. The low
heating rate of 0.5 K min~! was chosen to ensure an optimal heat
transfer to the sample. The dehydration temperature is increased
even more dramatically (by 14.1 °C) when the sample was heated
at 2 K min~". For the dehydration reaction, the decomposition tem-
perature of the hydrate phase increases with increasing heating
rate and/or water vapour concentration.

For the rehydration reaction, the heating rate exhibits the
reverse effect. Whereas a higher water vapour concentration
increases the temperature of the initial reaction, the increased
heating rate decreases the rehydration temperature. This seem-
ingly counterintuitive observation is explained by a kinetic effect,
becoming more apparent with the faster heating rate. Additionally,
for the faster heating rate of 2 K min~! a faster crossing of the equi-
librium condition is achieved. Due to faster cooling a notable accel-
eration of the reaction rate (for reaction times see Tables A2 and
A3) is also observed.

The synergistic effect of heating rate and water vapour concen-
tration are highlighted in Figs. 5 and 6, showing the DSC and TG
curves for the rehydration. This plot depicts the role of heating rate
and water vapour concentration as independent parameters,
affecting the onset of the reaction and thereby the stability bounds
of the hydrate and anhydrate phase. A comparison between the
green' and magenta curves (0.4 g H,0 h~1/0.5 K min~! [green] and
0.7 gH,0 h™'/2 Kmin~! [magenta]) shows that the same increase
caused in one case by a higher water vapour concentration
(magenta) may also be achieved by combining a lower water vapour
concentration with a reduced heating rate (green). The comparable
heat flows (—383.9 ] g ! [green] and —397.8 ] ¢! [magenta]), as well
as nearly the identical rates of mass increase further confirm this
correlation.

3.3. Correlation between rehydration temperature and water vapour
concentration

To elaborate on the impact of the water vapour concentration
and determine process feasibility, further investigations were
undertaken. Four different vapour concentrations between 0.4 g
H,0 h~! (0.084 bar partial pressure) and 5 g H,0 h™' (0.53 bar par-
tial pressure) were selected for the rehydration reaction. For this
purpose a sample of CaC,04-H,0 was heated to 280 °C in the STA
in a stream of dry nitrogen. Subsequently, the sample gas was
changed to the predefined nitrogen-water vapour mixture. After
a stabilization period of 10 min the sample was cooled with a rate
of 2 Kmin~'. In Figs. 7 and 8 the DSC and TG data are given.

The observed temperature shift is notably enhanced by the use
of higher water vapour concentrations. The peak,,x temperature of
the reaction could be shifted between 157.1 °C (0.4 g H,0 h!) and
199.8°C (5g H,0h™).

! For interpretation of colour in Figs. 5 and 6, the reader is referred to the web
version of this article.
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Regarding a potential application in TCES, this strong depen- concentration opens interesting new perspectives. So far, the mate-
dency of the reaction temperature on the applied water vapour rial revealed such promising properties as fully reversible dehydra-
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Fig. 8. Mass-change during the rehydration reaction with respect to the water
vapour concentration. For all 4 curves full conversion was achieved. The shift of the
5g H,0 h™! curve about 2% is caused by condensation issues.

tion and rehydration at temperatures beyond 100 °C. This is worth
mentioning, since many hydrated salts recover their complete
hydrate water only at or around ambient temperature. The strong
dependency on the moisture concentration allows for an isother-
mal cycling of the material by a change in the water vapour con-
centration. The process window for this approach is suggested to
be between 157.1°C, 0.4g H,Oh! (Pe20y=0.084 bar) and
199.8°C, 5g H,0h™' (pguzoy=0.53 bar) as indicated by STA-
results. The CaC,04-H,0 < CaC,04+H,0 couple with its broad
operational range of 42.7 °C represents a very rare example of a salt
hydrate that may operate as a chemical heat pump beyond 150 °C.

3.4. Cycle stability of the reaction

In addition to a fast and fully reversible reaction, cycle stability
is one of the most important criteria for TCES materials. The com-
pleteness of the reaction has already been verified under various
conditions. To investigate the cycle stability of the material, a sam-
ple of 25 mg CaC,04-H,0 was submitted to the dehydration - rehy-
dration cycle 100 times. The series was performed with a water
vapour concentration of 0.5 g H,O h™! (P(n20) = 0.1 bar) and a heat-
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ing rate of 5 K min~". In Fig. 9 30 exemplarily cycles from the cycle
stability experiment are shown.

Comparison of the 1st and 100th cycle demonstrates that the
demand for high cycle stability is more than satisfied by the mate-
rial investigated. For all 100 cycles no significant deviation in terms
of reaction rate, mass change and heat flow is observed. This is an
extraordinary result and clearly indicates the urgency of further

experiments to develop the process on a larger scale for technical
application.

3.5. Particle morphology and cycle stability

So far, neither the STA measurements, nor the diffraction pat-
terns indicate ageing effects on the material studied. To further
confirm this observation, different samples from the STA-cycles
were analysed by scanning electron microscopy (Fig. 10).

Both the monohydrate (Fig. 10a,c,d) and the dehydrated mate-
rial (Fig. 10b) appear as platelets with a notable particle fraction
smaller than 3 pm. Although, for the original material a slightly
larger fraction is observed, during the first dehydration cycle parti-
cle fragmentation occurs. As can be deduced by comparison of the
pictures obtained after 10 cycles (Fig. 10c) and 100 cycles
(Fig. 10d), the resulting distribution is more or less completely
retained. Even after 100 cycles (Fig. 10d) no further fragmentation
or particle sintering are observed. The particle surfaces remain
smooth with clear edges and no shrinkage or cracking, typically
witnessed for ageing processes is observed. This confirms visually
the absence of any kind of material fatigue. These samples were
only subjected to a thermal treatment in the STA, and therefore
not subject to mechanical stress that occurs in a larger scale e.g.
a fluidized bed reactor. Further experiments on larger scales will
clarify if material fatigue or abrasion occurs under such conditions.

3.6. In-situ rehydration of CaC,04 in the P-XRD

Due to condensation of water in the balance of the STA setup
with the water vapour furnace, a minimum temperature of 75 °C
is necessary during rehydration. Based on the excellent perfor-
mance of the material observed so far, the rehydration behaviour
at room-temperature was investigated. This was realized by in-
situ powder X-ray diffraction, using a gas-moistener and helium
as carrier gas. A flow of 0.2 L min~! helium was bubbled through
a 20 cm high water reservoir before passing through the sample.
At the entrance to the reaction chamber, the gas had a dew-point
temperature of 23.2 °C.

Fig. 11 shows the diffractogram of the CaC;04-H,0 phase (red)
and the CaC,0,4 phase (blue).

To ensure in-situ observation of the reaction, the 20 range
between 23° and 25° was selected. In this area an unambiguous
phase-assignment is possible, based on the peak-positions of the
(0 2 0) reflections of the CaC,04 phase at 24.157° 26 and the CaC,-
04-H,0 phase at 24.367° 20. The hydration reaction initiated by a
flow of the moist helium through the dehydrated sample was mon-
itored by collecting a diffractogram of the predefined area every
15 s. Fig. 12 shows a contour plot of the diffractograms obtained
during the first 450 s.

From the contour-plot and the stacked representation in the
insert it is apparent that after an initial period of a few diffrac-
togrames, a significant shift of the peak maximum towards the posi-
tion of the (020) reflection of the hydrate-phase occurs. By
evaluation of the maximum peak-positions in Fig. 13 a time depen-
dent conversion was obtained.

The conversion rate based on the (02 0) reflection shows an
induction period of 165 s, followed by a continuous shift of the
peak maximum. After 300s the maximum shift of the (02 0)
reflection of the CaC,04-H,0 phase is reached. Based on these
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Fig. 9. (a) TG-curve of cycles 1-10, 51-60 and 91-100 of the CaC,0,4-H,0 dehydration/rehydration reaction with 0.5 g H,0 h~!, 5 K min~". (b) DSC-curve of cycles 1-10, 51-60

and 91-100 of the CaC,0,4-H,0 dehydration/rehydration reaction with 0.5 g H,0 h™?,

results, the reaction is complete within 135 s. The reason for the
165 s delay at the beginning may be attributed to a kinetic inhibi-
tion effect and the transport of the water molecules to the reaction
site. A similar retention was found for the rehydration in the STA in
combination with the 2 Kmin~! heating rates. The dependency of
this effect on the water vapour concentration is currently subject
of further investigations.

4. Conclusion

The CaC,04-H,0/CaC,04 system was investigated using various
independent methods directed at technical application as thermo-
chemical energy storage material. STA measurements in a mixed
nitrogen-water vapour atmosphere yielded a strong dependency
of the reaction temperature on the heating rate applied and water
vapour concentration. An increased water vapour concentration
shifts the phase stability boundary towards higher temperatures,
thus extending the stability regime of the hydrate phase. For the
rehydration reaction this effect is opposite the heating rate, as a

5Kmin~l.

higher heating rate equalizes the temperature increase of the
increased vapour concentration.

In absolute values, the peak,.x temperature for the rehydration
reaction is shifted from 157.1 °C for a vapour concentration of 0.4 g
H,0h™' (pu20y=0.084bar) to 199.8°C for 5g HOh'
(Pu20y=0.53 bar). These large shifts of the peak temperature
related to the vapour concentration allow for a potential applica-
tion as a chemical heat pump, thus having a broad operational pos-
sibility at high temperatures. Our results state an operational range
between room-temperature and 200 °C. This region may be further
extended by higher water vapour concentrations. In general, the
charging and discharging reaction can be independently tuned by
variation of the temperature or the water vapour concentration.
This allows switching the material isothermally between charging
and discharging only by a change of the H,O partial pressure.

To assess the materials’ performance on repeated charging/dis-
charging cycles — a crucial requirement for all TCES-materials - a
long-term stress experiment over 100 cycles was performed. Heat
flow and mass change were perfectly constant and unchanged
without any indication of ageing effects. This result was also con-
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this article.)

firmed by SEM analysis, as no sign of fragmentation, sintering or
any form of material fatigue was observed.

In-situ powder X-ray diffraction was used to follow the reaction
under ambient conditions. This resulted in a complete conversion
of the material within 300 s after an initial delay of 165 s.

In combination, the results are highly promising and suggest a
technical application, as the material features high cycle stability,
complete reversibility, rapid reaction rates and reproducible over-
all performance. Further investigations regarding the materials’
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performance in a larger scale, e.g. in a fluidized bed reactor are
ongoing in our group.

In summary, the properties rendering calcium oxalate an attrac-
tive material for technical TCES application, in addition to cycle
stability and the rapid conversion evidenced in the P-XRD, the
most interesting property of this system is its broad operational
range. Most salt hydrates considered for TCES purposes form their
hydrate at temperatures below 100 °C. CaC;04-H,0 is unusual in
this regard, since, depending on water vapour concentration the
release of the stored energy can occur well above 100 °C. This
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would allow for release of the stored heat at temperatures only
slightly below the charging temperature. For industrial purposes
it is preferable that the temperature difference between charging
and discharging reactions be small, leading to a high exergy. Such
a behaviour is usually only found for redox-reactions of metal oxi-
des, which are investigated for high-temperature TCES in combina-
tion with concentrating solar power plants.

This loading/unloading behaviour by a change in the H,O-
partial pressure enables a cost-efficient application for low-
temperature heating purposes. Such concepts can range from civil
use in form of district heating up to industrial processes. A possible
industrial design could include the recycling of flue-gas heat via
the oxalate-system for drying purposes, preheating of process
materials (as gasses or liquids) or hot water supply. It is hoped that
this will stimulate other groups working in this area to investigate
unestablished materials. As seen in the case of CaC,04-H,0, there is

a good possibility to identify new materials with promising prop-
erties, which than may also be capable of increasing the general
visibility and thus technical interest in this field.
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Appendix A: Supplementary Tables

Table A.1: DSC and TG data for fig.1 and fig.2

2 K min™ 5 K min™! 10 K min™!
DSC-onset [°C] 143.8 165.8 183.4
DSC-peakmax [°C] 176.2 205.8 223.8
heat flow [J g™'] 187.5 488.4 446
TG-onset [°C] 152.1 177.9 195.0
mass-loss [%] 12.02 12.23 11.94
Table A.2: DSC and TG data for fig.3a and fig.3b, dehydration
0.5 K min! 2 K min™!
0.4 g H,O h'! 0.7 g H,O h’! 0.4 g H,O h'! 0.7 g H,O h'!
DSC-onset [°C] 179.2 183.8 170.6 194.0
DSC-peakmax [°C] 179.2 190.7 184.1 198.2
heat flow [J g!'] 341.9 351.5 332.1 389.2
TG-onset [°C] 172.9 184.2 173.3 194.7
mass-loss [%] -11.47 -11.22 -11.27 -11.55
Table A.3: DSC and TG data for fig.3a and fig.3b, rehydration
0.5 K min™! 2 K min™!
0.4 g HO h'! 0.7 g HO h'! 0.4 g HO h'! 0.7 gHO h!
DSC-onset [°C] 154.3 167.3 143.4 150.5
DSC-peakmax [°C] 160.6 174.0 152.0 159.4
heat flow [J g!] -383.9 -413.6 -368.7 -397.8
TG-onset [°C] 156.7 170.5 147.3 154.2
mass-loss [%] 11.18 11.21 11.26 11.25
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Table A.4: DSC and TG data for fig.7 and fig.8, rehydration

0.4 g H,O h'! 0.9 g H,O h! 2gHOh'! 5gH,Oh'
DSC-onset [°C] 179.2 183.8 170.6 194.0
DSC-peakmax [°C] 157.1 168.7 183.3 199.8
heat flow [J g'] -319.7 -312.4 -303.5 -303.1
TG-onset [°C] 152.9 164.7 180.0 195.2
mass-loss [%] 11.31 11.32 11.66 11.09
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Metal oxides with multiple accessible oxidation states are considered as promising candidates for high-
temperature thermochemical energy storage materials. To shed light on the chemical processes involved
in redox thermochemical energy storage materials, in-situ powder diffraction was used in combination
with atmospheric control to investigate the redox-reactions of Co304, MnO, and PbO, under various con-
ditions. Thermogravimetry and differential scanning calorimetry under the same conditions provided
information on heat-flows and mass-changes.

In contrast to theoretical thermodynamic considerations, only Co304 and Mn,03/Mn304 (originating
from MnO;) were found fully reversible. In the case of PbO, for none of the numerous intermediate
phases any kind of reversibility was observed. The effect of the O,-concentration in the reactive atmo-
sphere was most distinct for the Mn,03 system, notably affecting the reduction/oxidation temperatures,
whereas for the Co304 system only a moderate influence of the O, concentration was found.

Based on the stability of the intermediate phases under various atmospheres, an isothermal TCES-cycle
for Co304 and Mn,05 was investigated, triggering the redox-process by an abrupt change of reactive-gas
atmosphere. The fast reaction rate combined with a significant down-shift of the reaction temperatures
compared to an isokinetic redox reaction suggests application as a chemical heat pump, as well towards a
broadened operational profile not only in combination with concentrating solar power plants, but also
with e.g. recycling of industrial flue gas heat.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

operational temperature range and negligible loss on storage
(Bauer et al,, 2012; Yan et al., 2015; Zhang et al., 2016).

Heat-storage systems are considered a promising method for
minimization of heat loss in industry and other environments
(Abedin and Rosen, 2011; Dinker et al., 2017). Concepts based on
latent heat storage or phase change materials have already been
commercialized (Cabeza et al., 2011; Xu et al., 2014; Tian and
Zhao, 2011), whereas thermochemical energy storage (TCES) is still
a rather academic approach. In fact, TCES could prove superior to
established systems, as it provides higher storage capacity, broader

* Corresponding author.
E-mail address: danny.mueller@tuwien.ac.at (D. Miiller).

http://dx.doi.org/10.1016/j.solener.2017.05.037
0038-092X/© 2017 Elsevier Ltd. All rights reserved.
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Depending on the target application, proper selection of the
TCES-material allows temperature range tuning from low-
temperature  “household-applications” up to the high-
temperature regime in e.g. concentrating solar power plants. Salt
hydrates as CaC,04 H,O have been investigated for temperature
regimes between 100 and 200 °C (Knoll et al., 2017; van Essen
et al., 2009), whereas e.g. decomposition of hydroxides as Mg
(OH), or Ca(OH), (Kato et al., 2009) and ammoniates (Yan et al.,
2015) are applicable up to 400-600 °C. Finally, oxide carbonation
or oxide redox-couples allow for heat-storage at temperatures
above 1000 °C (Kuravi et al., 2012; Prieto et al., 2016).
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In the case of oxides, energy storage is realized by reversible
redox-reactions of metal oxides with different stable oxides in
variable oxidation states. The charging reaction causes a reduction
of the metal center, whereas during the liberation of the stored
heat a higher oxidation state is reformed:

M,Oy.n + AH = M,0, + 50, (1)

The interest in such high-temperature storage materials is
related mainly to solar power plants and high temperature batch
processes, for which heat storage is crucial to bridging non-
operational times (Prieto et al., 2016). Carbonates could also be
operated in high-temperature cycles, but the necessary carbon
dioxide for the energy liberation needs to be stored. This drawback
is overcome in the case of oxides, as the reoxidation reaction is not
necessarily operated under pure oxygen, thus instead using air.
Apart of the economic benefit the technological implementation
is simplified.

Metal oxides as TCES-materials have been under investigation
since the 1980s (Ervin, 1977), and many efforts in this direction
exist (Block and Schmiicker, 2016). A review article of André
et al. summarizes the most recent achievements (André et al,
2016). The most prominent example is the high-temperature
redox-chemistry of Cos04. Apart from its cost and toxicity, its per-
formance is promising (Agrafiotis et al., 2014; Hutchings et al.,
2006; Pagkoura et al., 2014). Cycle stability and high energy output
- crucial points for a TCES-material - have been established
(Agrafiotis et al., 2014), and a multitude of recent studies focus
on material improvement and processing: Agrafiotis et al. reported
the redox-cycling of Co30,4 on several solid supports for implemen-
tation in a reactor-setup (Agrafiotis et al., 2016b; Agrafiotis et al.,
2015a, 2015b), as well as the combination with Mn,0s3 in a
cascade-energy storage concept (Agrafiotis et al.,, 2016a). Other
approaches, focussing on faster reoxidation of CoO, concentrate
on the spinel-chemistry of Co304, leading to the formation of bin-
ary metal oxides (Babiniec et al., 2015; Block et al., 2014; Pagkoura
et al., 2016). Material fatigue and mechanical stress were investi-
gated through studies of cycle stability (Karagiannakis et al.,
2016; Pagkoura et al., 2014) and concepts for implementation in
technological processes have already been developed (Neises
et al., 2012). In addition to the Co304/CoO couple, several groups
have investigated the high-temperature redox-chemistry of
Mn,03/Mn304 as a thermochemical storage material (Alonso
et al., 2013; Carrillo et al., 2014, 2015; Chen et al., 2013). So far,
only minor information on the phases involved in the redox-
cycle, correlations between temperature and oxygen-
concentration, as well as the boundary conditions for oxidation
and reduction in dependency to the reactive-gas atmosphere are
available for the pure oxides. Due to the inferior redox-
reversibility and oxidation kinetics of Mn30O4 compared to CoO,
mixed manganese-oxides were investigated. The main efforts in
this area have focussed on perovskite-chemistry (Babiniec et al.,
2015, 2016) and doping Mn,03 with Fe (Carrillo et al., 2015), both
approaches significantly improved the redox reversibility.

To identify new oxide candidates for high-temperature thermo-
chemical energy storage (André et al., 2016), three thermodynam-
ically potentially reversible oxide redox-reactions (Deutsch et al.,
2016) were assessed for application in heat storage. In general,
selection criteria for potentially suitable oxide-reactions were an
equilibrium temperature below 1200 °C and a high storage density.
Finally, only redox-reactions switching between different oxides
were accepted to avoid issues with elementary metals during the
storage-cycle. According to theoretical data, not only Co0304,
but also MnO, and PbO, should be suitable for reversible
heat-storage at high temperatures. To shed light on the chemical
processes during the redox-cycle, temperature dependent in-situ

powder X-ray diffraction (P-XRD) was selected as method of
choice. Co304 was selected mainly to validate the P-XRD and
thermogravimetry/differential scanning calorimetry (TGA/DSC)
data. Nevertheless, in-situ phase-determination for the redox-
processes in oxidation and reduction of cobalt oxides - especially
dependency to the O, partial pressure - are lacking.

The aims of the current study are twofold. For the pure oxides
Co304, MnO, and PbO, a detailed investigation of the involved
phases during the redox-process under various atmospheres was
performed. For this purpose a combination of non-ambient in-
situ P-XRD and TGA/DSC was selected, allowing for correlation of
phase changes and phase percentages with gravimetric data. Sec-
ondly, a special focus was on the investigation of boundary condi-
tions of the stability regime of the different (intermediate) phases
as dependent on the reactive-gas atmosphere. This information
was gathered with the aim of developing an isothermal TCES-cycle.

2. Experimental methods
2.1. Material

Cobalt(ILIIT) oxide (99.995%, CAS 1308-06-1), manganese(IV)
oxide (99.99%, CAS 1313-13-9) and lead(IV) oxide (99.998%, CAS
1309-60-0) were obtained from Sigma-Aldrich and used as
supplied.

2.2. Thermal analysis

For thermal analysis of the redox-reactions a Netzsch TGA/DSC
449 C Jupiter® equipped with a water vapour furnace including an
air-cooled double jacket was used. The oven operates between
25°C and 1250 °C, regulated by an S-type thermocouple. Cobalt
and manganese samples were measured between ambient temper-
ature and 1100 °C, whereas for lead a temperature profile between
ambient temperature and 750 °C was used. Oxygen and nitrogen
gases were 99.999% and obtained from Messer. For all measure-
ments under air a mixture of 21% O, and 79% N, was applied.
The gas flow was set to 25 ml min~!, controlled and mixed with
Vogtlin Instruments “red-y” mass flow controllers. A sample mass
of 20 mg in an open Al,O3 crucible was used for all experiments
with heating and cooling rates of 10 °C min~'. The DSC was cali-
brated according to the procedure suggested by Netzsch, using
the In, Sn, Bi, Zn, Al and Ag standards provided by the
manufacturer.

2.3. X-Ray powder diffraction

The powder X-ray diffraction measurements were carried out
on a PANalytical X'Pert Pro diffractometer in Bragg-Brentano
geometry using Cu Ky, radiation and an X'Celerator linear detec-
tor with a Ni-filter. For the in-situ experiments an Anton Paar HTK
1200 N sample chamber was used. The sample is mounted on a
ceramic powder sample holder. The reaction chamber is operated
between 25 and 1200 °C and ambient pressure. The sample tem-
perature is controlled via a Pt 10% RhPt thermocouple and direct
environmental heating. The gas flow was set to 0.2 L min~?, unless
otherwise stated. The diffractograms were evaluated using the
PANalytical program suite HighScorePlus v3.0d with a background
correction and a K strip.

The diffractograms were collected within 180 s each 10 °C after
a thermal stabilization period of 180 s. The 2D-plots of the diffrac-
tograms between 50 and 1100 °C (50-750 °C for PbO,) qualita-
tively show the phase-transformations, whereas in the
accompanying plots show quantitative temperature-dependent
conversion in percentages.
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Asymmetry in the 2D-plots at lower 26-values in higher tem-
perature measurements is caused by the thermal expansion of
the unit cell.

3. Results and discussion

In this comparative combined P-XRD and thermoanalytical
study, the temperature dependent redox-behaviour of the Co304/
Co0, Mn0O,/Mn,03/Mn304 and PbO,/PbO were investigated under
atmospheres of air, nitrogen and pure oxygen. Additionally, after
reduction under nitrogen atmosphere, the materials were ther-
mally re-oxidized under oxygen to examine the behaviour of the
system in a low-temperature regime. A low temperature process
may be applicable to acyclic temperature-dependent use or
isothermal energy storage processes driven by changing oxygen
concentration rather than temperature.

3.1. The Co0,4/Co0 system

Thermochemical reduction of Cos0, is one of the most promis-
ing redox reaction based high-temperature chemical energy stor-
age methods under current investigation, combining high
reaction rates with a large reaction enthalpy (~830] g ') (Chase,
1998). Although detailed application-oriented studies of many
composite systems have appeared (Agrafiotis et al., 2016a,
2016b; Agrafiotis et al., 2014, 2015a, 2015b), the structural and
chemical processes involved in the redox-cycle have yet to be
investigated in detail. Therefore, guided by initial thermoanalytical
studies (see Fig. 1), the behaviour of the Co30,4/Co0 system through
heating and cooling cycles under several different atmospheres
was investigated using temperature dependent in-situ P-XRD (see
Fig. 2).

In general, the P-XRD results agree very well with the thermo-
analytical results and those previously reported in literature
(Agrafiotis et al., 2014; Hutchings et al., 2006; Pagkoura et al.,
2014). On heating, microcrystalline Co3;04 shows a single phase
up to an atmosphere dependent limit (630 °C under a nitrogen
atmosphere; Fig. 2A, 840 °C under air; Fig. 2B, and 855 °C under
oxygen; Fig. 2C) at which point rapid reduction to CoO is observed
under an oxygen atmosphere or in air. Under a nitrogen atmo-
sphere reduction begins at a lower temperature (630 °C), but con-
version to CoO proceeds more slowly than in the other cases. Upon
cooling under air or oxygen CoO is rapidly and quantitatively

re-oxidized to Co304, whereas under nitrogen, no re-oxidation is
observed. No crystalline phases other than Cos;04 and CoO are
observed over the course of the heating and cooling cycles
described under any atmosphere. In Fig. 2A and B the 2D-plot of
the diffractograms show around 780°C a shift of the peak-
positions to lower 26-values, which is not explained thoroughly
by the mentioned thermal expansion of the unit cell. In this regime
additionally to the normal (linear) thermal expansion also a partial
spin-crossover in the Cos;0, spinel-structure of the Co®* from a
low-spin to a high-spin occurs, thus causing a larger expansion
of the unit cell (Liu and Prewitt, 1990).

Since, as is expected chemically, the temperature at which
reduction from Co304 to CoO is initiated is dependent on the oxy-
gen content of the atmosphere, the temperature dependence of the
re-oxidation of CoO to Co304 under oxygen was also investigated
both by temperature dependent in-situ P-XRD (see Fig.2D) and
thermal analysis (Fig. 1). Re-oxidation of CoO is found to begin at
460 °C under oxygen and proceed, at a more or less constant rate,
to completion just below 700 °C. Once again, no crystalline phases
other than Co304 and CoO are observed. Additionally, this result
suggests the possibility of a medium-temperature (480-630 °C)
redox energy storage cycle operated not by changing process tem-
perature, but rather by changing the oxygen content of the gas
atmosphere under which the process is occurring.

Similarly, to the potential for a medium-temperature energy
storage cycle described above, reactive gas atmosphere dependent
composition should also be observed around 850 °C. Therefore, the
feasibility of a so far widely ignored isothermal redox energy stor-
age cycle driven by reactive gas atmosphere was investigated. For
TCES applications, minimization of the temperature spread
between charging and discharging of the storage system is essen-
tial for a successful technical application (Abedin and Rosen,
2011; Solé et al., 2012). Thus, from a thermal efficiency or exergy
point of view, isothermal cycle operation is superior to classical
latent heat or phase change TES systems. The focus of the ongoing
research activities has been to identify TCES systems with high
storage capacities and fast kinetics for which isothermal or near-
isothermal operation can be achieved by changing the fugacities
of the reactive gases to achieve charging/discharging rather than
by switching stability ranges through temperature change.

Thermoanalysis was the method of choice investigating an
isothermal redox-cycle (Fig. 3), as the data point density for TGA-
DSC analysis is much higher than for P-XRD. Instantaneous change
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Fig. 1. Mass-changes during redox-cycles under various atmospheres for Co;0,4. Detailed values for single experiments are given in the Appendix A in Tables A.1 and A.2 and
agree to literature data. (Agrafiotis et al., 2014; Hutchings et al., 2006; Pagkoura et al., 2014).
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of atmosphere from N, to O, (left) at 848 °C or from N, to air (right)
results in the oxidation of CoO to Cos04. For both O, and air the
redox-process is fully reversible with a mass-change of 7 + 0.04%,

also
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Fig. 2. Changes in sample composition during a Co304 redox-cycle under O, (A), under air (B), N, (C) and O, after reduction under N; (D).

the

(—538.9+75.06] g~ '; see Table A.3) is comparable. The only atmo-
sphere dependent difference in the processes is found in the reac-
tion rate, since under O, the reaction is complete after 10.4 min,

atmosphere whereas in air the complete oxidation is somewhat slower taking
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Fig. 3. Mass-changes and calorimetric behaviour under isothermal conditions at 848 °C, changing the atmosphere. Left: Change from N, to O,; Right: Change from N, to air.

15.4 min. Although, the reaction using pure O, is faster, as the oxi-
dation under air takes only one and a half times as long and is tech-
nologically more interesting. Complete reduction back to CoO
under N, takes 23 min.

Finally, the in-situ P-XRD system was also used to investigate
the effect of repeated thermal cycling on the Co304/CoO redox
energy storage system (Fig. 4). Material was subjected to five heat-

ments described above, the P-XRD data agree very well with the
thermoanalytical data and do not indicate the formation of any
species other than the cobalt oxides expected.

Having demonstrated the good agreement between thermoan-
alytical data and P-XRD results on the well-known system of
Co303/Co0, the same approach was used to investigate the phase
composition during the redox-cycles in the systems of MnO, and

ing and cooling cycles from 800 °C to 1000 °C. As for the experi- PbO,.
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Fig. 4. Correlation of P-XRD and TGA/DSC data for 5 Co304 redox-cycles under O, (top) and air (bottom) [In the DSC-curves of the cyclic redox-experiments notable artefacts
of the oven-heating are witnessed. The calorimetric values from Tables A.1 and A.2 are consistent to literature (Agrafiotis et al., 2014; Block and Schmiicker, 2016), where
similar issues with artefacts are observed during the DSC-runs. (Block et al., 2014)].
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Fig. 5. Changes in sample composition during a MnO, redox-cycle under O, (A), under air (B), N, (C) and O, after reduction under N, (D).
3.2. The Mn;03/Mn30, system reversibility between Mn,03; and Mns0,4, as known from litera-
ture, was observed. Whereas the reduction of the Mn")-state is

In contrast to thermodynamic data showing that MnO, should irreversible under the conditions investigated, the redox-
undergo reversible redox-chemistry (Deutsch et al., 2016), only ~ behaviour of the Mn™” and Mn™"-phases is notably affected
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by the oxygen partial pressure. Not only is the reduction temper-
ature for MnO, shifted to lower temperatures with decreasing O,
concentration, but the stability of the intermediate Mn,03 phase
is also reduced. From pure oxygen to nitrogen, the stability
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regime decreases from 380 °C (Fig. 5A) to 250 °C for air (Fig. 5B)
and finally to 40 °C under nitrogen atmosphere (Fig. 5C). For the
subsequent reoxidation of the Mns;O4-phase in the presence of
pure oxygen the Mn,0s3-phase is reformed, although notably
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Fig. 8. Mass-changes during redox-cycles under various atmospheres for MnO,.

slower then in the case of the Co-system. The same reaction in air
is limited to a final conversion of 73% Mn,05 (Fig. 5B). Heating an
Mns04-sample under an O, atmosphere (Fig. 5D) shows, that in
the Mn-system a similar medium-temperature cycle including a
gas-change between 620°C (reduction) and 450 °C (oxidation)
should also be possible.

For the isothermal redox-reaction, the same conditions as those
successfully applied in the Co-system, were used.

In contrast to the non-isothermal experiments, on instanta-
neous gas-change a fast and complete redox reaction is observed
(see Fig. 6). After reduction to Mn30,4 under N, switching the atmo-
sphere to O, yields a mass-increase of 3.1% with a concomitant
heat-flow of —137.0+6.17] g~ ! (see Table A.7). This corresponds
to the complete oxidation of the Mns0,4 to Mn,03. The oxidation
is accomplished within 16.9 min, whereas the subsequent reduc-
tion under N, takes 17 min. The reaction-rate in this case is com-
parable to the CoO-oxidation under air, although only
approximately % of the energy is obtained.

Attempts to perform the same isothermal cycle under air failed,
as no significant reaction occurred within 120 min at this
temperature.

Samples of MnO, were cycled 5 times under O, and air and
monitored in parallel by both P-XRD and TGA/DSC. After initial
reduction of MnO, to Mn,03, satisfactory reversibility is observed
under O, both by P-XRD and TGA/DSC. The mass-increase and
heat-flow is identical to the values obtained for the single TGA/
DSC runs, represented in Fig. 7. For air as reactive gas the sluggish
reoxidation behaviour found in the P-XRD (Fig.5B) prevents
cycling under the conditions applied in the TGA/DSC (Fig. 7,
right). In the P-XRD the results of the thermal analysis were con-
firmed, cycling the material under the same conditions as before
under O,.

To correlate the P-XRD data with thermal analysis, TGA/DSC
measurements of the MnO, system were performed under various
atmospheres. Due to the slower kinetics of the redox-reaction and
the lack of equilibration time (heating/cooling rate of 10 °C min ')
compared to the P-XRD, complete reoxidation of Mn30O4, even
under O, is not achieved. In the TGA run, a mass-increase during
cooling of only 1.31% was observed (Fig. 8). This corresponds to
reoxidation of 44.1% of the Mn,0s. An even more apparent change
in reactivity is observed for the experiment under air (Fig. 8), were

no observable reoxidation could be achieved. Heating a sample of
Mns04 under O, (Fig. 8) leads first to a mass-increase of 1.98%, cor-
responding to a complete oxidation to Mn,03. After subsequent
decomposition due to the slower reoxidation whilst cooling only
92.4% of the initially formed Mn,03 are recovered. Interestingly
for this second cycle of Mn304 oxidation a notably higher conver-
sion to Mn;03 is found. The single TGA/DSC-curves are shown in
Fig. A2 (detailed values for the single experiments are given in
the Appendix A in Tables A.4-A.6).

3.3. The PbO,/PbO system

Although, the desirable reversibility of the reduction of PbO,
could not be observed under the conditions investigated, this sys-
tem was the most challenging with respect to its chemical beha-
viour. The reduction of PbO, was investigated between 50 °C and
750 °C. At temperatures above 750 °C PbO tends to diffuse into
the used alumina crucibles. With increasing temperature the
Pb"™)-oxide is reduced stepwise to Pb{"™")-oxide in form of the lead
sesquioxide Pb,05, which then converts to the Pb"V)-oxide Pb30,.
At temperatures above 590 °C Pb(™-oxide is formed, in both its
tetragonal (litharge) and orthorhombic (massicot) modifications.
With increasing temperature, the metastable tetragonal phase is
converted into the orthorhombic one, which is the only present
species above 730 °C and completely stable whilst cooling under
an O, atmosphere. To elucidate whether, like the Mn-system, a
partial reversibility, e.g. between the Pb3O4 and Pb,03 systems is
possible, cycles with an adjusted temperature profile were per-
formed (Fig. A4). In none of the experiments could any reoxidation
be observed.

In Fig. 9 the stepwise decomposition of PbO, under the various
atmospheres is shown.

Similarly to the previously investigated systems, a decrease in
atmospheric O, content causes a narrowing of the stability-
regime of the different mixed oxides of lead (Fig. 9B and C). For
the attempted reoxidation of PbO under O,-atmosphere, only the
thermal expansion of the unit cell was observed.

TGA/DSC analysis also shows the stabilizing effect of an O,
atmosphere as observed by P-XRD with a small plateau following
the decomposition to Pb,03; and Pbs04 which decreases in size
with reduced O, partial pressure. Under an atmosphere of N, the
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Fig. 10. Mass-changes during redox-cycles under various atmospheres for PbO,.

stepwise decomposition from PbO, to PbO is no longer distinguish-
able as only a gradual mass-loss is observed. The single TGA/DSC-
curves are shown in Fig. A3. As observed from the P-XRD experi-
ments, PbO is completely unaffected by a heating and cooling cycle
under O, (Fig. 10).

The numerical values for mass loss and calorimetric data are
found in the Appendix A, Tables A.8-A.10, as far as they could be
derived from the measurements.

To this point, the main reason for ignoring lead oxides as poten-
tial thermochemical energy storage materials has been their inher-
ent toxicity rendering them inappropriate for an environmentally
benign process. However, in addition to these concerns, we have
found that lead-based systems also lack ready reversibility.

4. Conclusion

Three different oxides, Co304, MNO, and PbO, were investigated
by combined P-XRD-TGA/DSC studies with regard to their reversi-
ble redox properties, reactivity under various atmospheres and
thus suitability for thermochemical energy storage at elevated
temperatures.

Studies of Co30,4 agree well with previous work and clearly
demonstrate the applicability and usefulness of P-XRD as tool to
glean additional information concerning the crystalline phases
present. In addition, it was found that an isothermal energy storage
cycle involving change of reactive gas atmosphere rather tempera-
ture is also feasible for the cobalt oxide system. In the case of MnO,
only the Mn,03/Mn30,4 reaction was found to be reversible. The
importance of O, concentration and slower rates of reaction were
also apparent. Operation of the redox cycle under an O, atmo-
sphere led to complete reoxidation of the Mn3;0,4, whereas under
air only 72.8% Mn304 could be reoxidized. Finally, it was found that
the oxidation of in-situ reduced Mn304 under O, allows for opera-
tion of an energy storage cycle at lower temperatures. For PbO,
under none of the conditions applied could a reversible cycle be
established. This applies also to all intermediates, as several
attempts failed to cycle at least one of the intermediate oxidation
states. The reduction of PbO, includes 3 different stages, ending
finally with the B-PbO. From PbO, in a first step the Pb(!MV)
sesquioxide Pb,03 is obtained, which decomposes further to the

mixed Pb"™"Y) oxide Pb;04. Depending on the type of atmosphere
the final decomposition to PbO occurs stepwise to the tetragonal
o~-PbO, which converts on continued heating to the B-phase, or par-
allel, were both a- and B-PbO coexist in the sample. In the TGA/
DSC-measurements the single steps of the decomposition, well
resolved under O,-atmosphere smudge with decreased O,
content, finally leading to a gradual mass-loss up to 540 °C under
N,-atmosphere.

In contrast to theoretical predictions suggesting that all three
oxides investigated should react reversibly and thus be highly suit-
able for TCES, only the known Co304 and Mn,03 were found to
show any degree of reversible reaction. Once reduced, the Mn""
oxidation state in the MnO, system and none of the intermediate
phases between Pb"’ in PbO, and Pb"” in PbO were accessible.
This clearly demonstrates the limit of algorithm-based material
selection established by theoretical thermodynamic values:
Although, by a nonbiased approach new reaction couples for ther-
mochemical energy storage may be found, only a detailed experi-
mental investigation can confirm their practical suitability.

Nonetheless, several technologically attractive possibilities are
apparent from these studies including the possibility of medium-
temperature cycling enabled by reactive gases other than air. Use
of reactive gases other than air might also allow acyclic or isother-
mal operation of redox energy storage systems. Therefore we sug-
gest that studies focused on oxidic TCES-materials under gas-
change conditions might serve to further expand the applicability
of TECS materials in concentrating solar energy power plants and
recycling of industrial flue gas heat.
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See Figs. A1-A4 and Tables A.1-A.10.
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Table A.1

DSC and TG data for Co304 — CoO in Fig. 2.

Table A.2

DSC and TG data for CoO — Co304 in Fig. 2.

0, air N, 0, after N, 0, air N, 0, after N, 0, after N, (b)
DSC-onset [°C] 955.7 893.2 734.8 - DSC-onset [°C] 882.5 804.7 - 902.6 959.1
DSC-Peak [°C] 966.7 910.3 850.1 578.5 DSC-Peak [°C] 870.3 790.6 - 882.6 967.1
heat flow [J g7 '] 418.7 483.3 596.7 - heat flow [J g '] 273.0 2428 - 271.3 397.6
TG-onset [°C] 958.0 897.6 813.6 542.8 TG-onset [°C] 894.5 804.5 - 901.2 959.9
mass-change [%] -6.29 —6.34 -6.80 +6.59 mass-change [%] +4.91 +3.46 - +6.08 -6.86
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Table A.3
DSC and TG data for the isothermal redox-reaction of Co304.

1%t oxidation O, 2 oxidation O, 1%t oxidation air 2 oxidation air

Table A.7
DSC and TG data for the isothermal redox-reaction of Mn,0s.

1% oxidation O,

2" oxidation O,

3" oxidation O,

heat flow [Jg7!]
mass-change [%]

-130.3
+3.03

-142.4
+3.06

1%t reduction N,

-138.4
+3.06

2" reduction N,

heat flow [J g~ ']
mass-change [%]

97.16
-3.13

118.6
-3.11

Table A.8
DSC and TG data for PbO, — Pb,05 in Fig. 8.

02

air N,

0, after N,

DSC-onset [°C]
DSC-Peak [°C]
heat flow [J g~ ']
TG-onset [°C]
mass-change [%]

4143
—4.47

414.0
—4.61

415.2
~3.44

50

heat flow [J g~ ~593.8 ~574.9 ~558.4 ~4284
mass-change [%] +7.05 +7.04 +6.97 +6.97
1%t reduction N, 2" reduction N, 3" reduction N,
heat flow [Jg '] 546.6 47738 4824
mass-change [%] -7.12 -7.05 -7.02
Table A.9
Table A-4 o DSC and TG data for Pb,05 — Pbs0y in Fig. 8.
DSC and TG data for MnO, — Mn,0s in Fig. 6.
- 0, air N, 0, after N,
0, air N, 0, after N,
DSC-onset [°C] 631.2 - - -
DSC-onset [°C] - 593.4 - - DSC-Peak [°C] 640.6 - - -
DSC-Peak [°C] 644.0 628.0 - - heat flow [J '] 1228 _ _ _
heat flow [3 gl 182.8 166.2 - - TG-onset [°C] 633.4 563.3 4545 -
TG-onset [C] 6223 597.2 5722 - mass-change [%] -223 ~2.19 ~138 -
mass-change [%] -8.03 -8.26 -8.26 -
Table A.10
Table A.5 DSC and TG data for Pb30, — PbO in Fig. 8.
DSC and TG data for Mn,03 — Mns0y in Fig. 6.
0, air N, 0, after N,
0, air N, 0, after N,
DSC-onset [°C] - - - -
DSC-onset [°C] 1004.1 942.6 - - DSC-Peak [°C] _ _ _ _
DSC-Peak [C] 1 1032.7 970.0 - - heat flow [J ] _ _ _ _
heat flow [J g™ '] 118.9 41.72 - - TG-onset [°C] - - 5392 -
TG-onset [°C] 1010.7 921.9 834.0 878.9 mass-change [%] _ _ ~1.89 _
mass-change [%] -2.97 -3.00 -3.59 -1.15
References
Table A.6 o Abedin, Ali H., Rosen, Marc A., 2011. A critical review of thermochemical energy
DSC and TG data for Mn304 — Mn30s in Fig. 6. storage systems. Open Renew. Energy J. 4, 42-46.
X Agrafiotis, C., Roeb, M., Schmiicker, M., Sattler, C., 2014. Exploitation of
02 ar N2 O, after N, Oz after N, (b) thermochemical cycles based on solid oxide redox systems for
DSC-onset [°C] - - - - 999.6 thermochemical storage of solar heat. Part 1: testing of cobalt oxide-based
DSC-Peak [°C] - _ - - 1011.1 powders. Sol. Energy 102, 189-211.
heat flow [J g~'] _ _ _ _ 50.29 Agrafiotis, C., Roeb, M., Schmiicker, M., Sattler, C., 2015a. Exploitation of
TG-onset [°C] 852.1 _ _ 739.5 996.3 t}ﬁeljmoclhemicai cycles ?aseld ) lon solid ?xidg red%x SyS[ZmS ) for
mass-change [%] 131 _ _ +1.98 1.83 thermochemical storage of solar heat. Part 2: redox oxide-coated porous

ceramic structures as integrated thermochemical reactors/heat exchangers. Sol.
Energy 114, 440-458.

Agrafiotis, C., Tescari, S., Roeb, M., Schmiicker, M., Sattler, C., 2015b. Exploitation of
thermochemical cycles based on solid oxide redox systems for thermochemical
storage of solar heat. Part 3: cobalt oxide monolithic porous structures as
integrated thermochemical reactors/heat exchangers. Sol. Energy 114, 459-475.

Agrafiotis, C., Becker, A., Roeb, M., Sattler, C., 2016a. Exploitation of thermochemical
cycles based on solid oxide redox systems for thermochemical storage of solar
heat. Part 5: testing of porous ceramic honeycomb and foam cascades based on
cobalt and manganese oxides for hybrid sensible/thermochemical heat storage.
Sol. Energy 139, 676-694.

Agrafiotis, C., Roeb, M., Sattler, C., 2016b. Exploitation of thermochemical cycles
based on solid oxide redox systems for thermochemical storage of solar heat.
Part 4: screening of oxides for use in cascaded thermochemical storage
concepts. Sol. Energy 139, 695-710.

Alonso, E., Hutter, C., Romero, M., Steinfeld, A., Gonzalez-Aguilar, ]., 2013. Kinetics of
Mn,03-Mn304 and Mn304,~MnO redox reactions performed under
concentrated thermal radiative flux. Energy Fuels 27 (8), 4884-4890.

André, L., Abanades, S., Flamant, G., 2016. Screening of thermochemical systems
based on solid-gas reversible reactions for high temperature solar thermal
energy storage. Renew. Sustain. Energy Rev. 64, 703-715.

Babiniec, S.M., Coker, E.N., Miller, J.E., Ambrosini, A., 2015. Investigation of
La,Sri_xCoyM;_,03_5 (M =Mn, Fe) perovskite materials as thermochemical
energy storage media. Sol. Energy 118, 451-459.

Babiniec, S.M., Coker, E.N., Miller, J.E., Ambrosini, A., 2016. Doped calcium
manganites for advanced high-temperature thermochemical energy storage.
Int. J. Energy Res. 40 (2), 280-284.

Bauer, T., Steinmann, W.-D., Laing, D., Tamme, R., 2012. Thermal energy storage
materials and systems. Ann. Rev. Heat Transf. 15 (15), 131-177.

Block, T., Schmiicker, M., 2016. Metal oxides for thermochemical energy storage: a
comparison of several metal oxide systems. Sol. Energy 126, 195-207.



24

Block, T., Knoblauch, N., Schmiicker, M., 2014. The cobalt-oxide/iron-oxide binary
system for use as high temperature thermochemical energy storage material.
Thermochim. Acta 577, 25-32.

Cabeza, L.F., Castell, A., Barreneche, C., de Gracia, A., Fernandez, A.L,, 2011. Materials
used as PCM in thermal energy storage in buildings: a review. Renew. Sustain.
Energy Rev. 15 (3), 1675-1695.

Carrillo, AJ., Serrano, D.P., Pizarro, P., Coronado, J.M., 2014. Thermochemical heat
storage based on the Mn,03/Mn30,4 redox couple: influence of the initial
particle size on the morphological evolution and cyclability. J. Mater. Chem. A 2
(45), 19435-19443.

Carrillo, AJ., Serrano, D.P., Pizarro, P., Coronado, .M. 2015. Improving the
thermochemical energy storage performance of the Mn,03/Mn3;04 redox
couple by the incorporation of iron. ChemSusChem 8 (11), 1947-1954.

Chase, M.W., 1998. NIST-JANAF Thermochemical Tables, 4th ed. ]. Phys. Chem. Ref.
Data Monogr. 9.

Chen, S., Liu, F., Xiang, Q., Feng, X., Qiu, G., 2013. Synthesis of Mn,03 microstructures
and their energy storage ability studies. Electrochim. Acta 106, 360-371.

Deutsch, M., Miiller, D., Aumeyr, C., Jordan, C., Gierl-Mayer, C., Weinberger, P.,
Winter, F., Werner, A., 2016. Systematic search algorithm for potential
thermochemical energy storage systems. Appl. Energy 183, 113-120.

Dinker, A., Agarwal, M., Agarwal, G.D., 2015. Heat storage materials, geometry and
applications: a review. J. Energy Inst. 90 (1), 1-11. http://dx.doi.org/10.1016/j.
joei.2015.10.002.

Ervin, G., 1977. Solar heat storage using chemical reactions. J. Solid State Chem. 22
(1), 51-61.

Hutchings, K., Wilson, M., Larsen, P., Cutler, R., 2006. Kinetic and thermodynamic
considerations for oxygen absorption/desorption using cobalt oxide. Solid State
lonics 177 (1-2), 45-51.

Karagiannakis, G., Pagkoura, C., Halevas, E., Baltzopoulou, P., Konstandopoulos, A.G.,
2016. Cobalt/cobaltous oxide based honeycombs for thermochemical heat
storage in future concentrated solar power installations: multi-cyclic
assessment and semi-quantitative heat effects estimations. Sol. Energy 133,
394-407.

Kato, Y., Takahashi, R., Sekiguchi, T. Ryu, ], 2009. Study on medium-
temperature chemical heat storage using mixed hydroxides. Int. ]. Refrig.
32 (4), 661-666.

51

D. Miiller et al./Solar Energy 153 (2017) 11-24

Knoll, C., Miiller, D., Artner, W., Welch, J.M., Werner, A., Harasek, M., Weinberger, P.,
2017. Probing cycle stability and reversibility in thermochemical energy storage
- CaC,04-H,0 as perfect match? Appl. Energy 187, 1-9.

Kuravi, S., Goswami, Y., Stefanakos, E.K., Ram, M., Jotshi, C., Pendyala, S., Trahan, ].,
Sridharan, P., Rahman, M., Krakow, B., 2012. Thermal energy storage for
concentrating solar power plants. Technol. Innovation 14 (2), 81-91.

Liu, X., Prewitt, C., 1990. High-temperature X-ray diffraction study of Co304:
transition from normal to disordered spinel. Phys. Chem. Miner. 17 (2).

Neises, M., Tescari, S., de Oliveira, L., Roeb, M., Sattler, C., Wong, B., 2012. Solar-
heated rotary kiln for thermochemical energy storage. Sol. Energy 86 (10),
3040-3048.

Pagkoura, C., Karagiannakis, G., Zygogianni, A., Lorentzou, S., Kostoglou, M.,
Konstandopoulos, A.G., Rattenburry, M., Woodhead, J.W., 2014. Cobalt oxide
based structured bodies as redox thermochemical heat storage medium for
future CSP plants. Sol. Energy 108, 146-163.

Pagkoura, C., Karagiannakis, G., Halevas, E., Konstandopoulos, A.G., 2016. Co304-
based honeycombs as compact redox reactors/heat exchangers for
thermochemical storage in the next generation CSP plants. 1734, 050037.

Prieto, C., Cooper, P., Fernandez, A, Cabeza, LFF., 2016. Review of technology:
thermochemical energy storage for concentrated solar power plants. Renew.
Sustain. Energy Rev. 60, 909-929.

Solé, A., Fontanet, X., Barreneche, C., Martorell, L., Fernandez, A.l,, Cabeza, L.F., 2012.
Parameters to take into account when developing a new thermochemical
energy storage system. Energy Proc. 30, 380-387.

Tian, Y., Zhao, C.Y., 2011. A numerical investigation of heat transfer in phase change
materials (PCMs) embedded in porous metals. Energy 36 (9), 5539-5546.

van Essen, V.M., Cot Gores, J., Bleijendaal, L.P.J., Zondag, H.A., Schuitema, R., Bakker,
M., van Helden, W.GJ., 2009. Characterization of salt hydrates for compact
seasonal thermochemical storage, pp. 825-830.

Xu, J.,, Wang, RZ, Li, Y., 2014. A review of available technologies for seasonal
thermal energy storage. Sol. Energy, 610-638.

Yan, T, Wang, RZ,, Li, T.X., Wang, LW., Fred, Ishugah T., 2015. A review of promising
candidate reactions for chemical heat storage. Renew. Sustain. Energy Rev. 43,
13-31.

Zhang, H., Baeyens, ]., Caceres, G., Degréve, ]., Lv, Y., 2016. Thermal energy storage:
recent developments and practical aspects. Prog. Energy Combust. Sci. 53, 1-40.



energy:fuels

pubs.acs.org/EF

High-Temperature Energy Storage: Kinetic Investigations of the

CuO/Cu,0 Reaction Cycle

Markus Deutsch,* ® Florian Horvath,” Christian Knoll,”* Daniel Lager,§ Christian Gierl-Mayer,”

Peter Weinberger,i and Franz Winter'

"Institute of Chemical Engineering, “Institute of Applied Synthetic Chemistry, and Institute of Chemical Technologies and Analytics,

Technische Universitit (TU) Wien, 1060 Vienna, Austria

SAIT Austrian Institute of Technology GmbH, Center for Energy, 1210 Vienna, Austria

ABSTRACT: Thermochemical energy storage (TCES) is considered a possibility to enhance the energy utilization efficiency of
various processes. One promising field is the application of thermochemical redox systems in combination with concentrated
solar power (CSP). There, reactions of metal oxides are in the focus of research, because they allow for an increase in the process
temperature. The reaction system CuO/Cu,O has been reported as a suitable candidate for TCES. For proper development and
modeling of combined CSP—TCES processes, reliable kinetic data are necessary. This work studies the reduction of CuO and
the oxidation of Cu,O under isothermal and isokinetic conditions. The reactions are analyzed using a simultaneous thermal
analysis (STA) and a lab-scale fixed-bed reactor. The reaction behavior shows significant differences between both analyses.
To develop kinetic models, the non-parametric kinetic (NPK) approach is used. This model-free approach is expanded by the
Arrhenius correlation to increase the applicable temperature range of the models. The resulting models are evaluated and
compared. Furthermore, the cycle stability of the system over 20 cycles is assessed for a small sample mass in the STA and a large

sample mass in the fixed-bed reactor.

B INTRODUCTION

Thermochemical energy storage (TCES) has been in the focus of
researchers for the last couple of years as a result of its advantages
and potential compared to other thermal storage technologies."
The achieved energy storage densities of TCES systems are
up to 5 times higher than comparable latent heat storage systems
and up to 15 times higher than sensible heat storage systems.”
Additionally, the heat is stored in the form of chemical energy,
which makes energy storage possible without the need for
sophisticated and expensive insulation.” This makes TCES
especially suitable for high-temperature applications, such as the
combination with concentrated solar power (CSP). In this cases,
TCES can be used to increase their production during times
with low sunli%ht (e.g, when the sun is blocked by clouds or
after sunset).”” Especially, redox systems of metal oxides are
deemed to be suitable as a result of their operating temper-
ature.”” Wong et al. analyzed 16 potential metal oxide systems
following the oxidation reaction (eq 2).'” From these systems,
only BaO, Co;0,, CuO, Fe,03, and Mn,0; displayed the neces-
sary behavior for a suitable TCES material. Co;0, showed the
most promising results, according to Wong,"" and was further
analyzed in terms of reversibility and energy storage capac-
ity."*~"* The cycle ability of Mn,O; has already been proven by
Carrillo et al."* and compared to Co;0,."°

reduction

MO, - M,O,_; + 1/20, AHp > 0 (1)
oxidation

M,O_, +1/20, - M,0,  AHy <0 @)

A\ 4 ACS Publications  ©2017 American Chemical Society
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As pointed out by Alonso et al., copper oxide is highly available
in emerging CSP markets, such as Mexico and Chile, therefore,
reducing the material price compared to other metal oxides."”
In terms of energy storage capacity, CuO is as capable as Co;0,
(811 kJ/kg for CuO and 844 kJ/kg for Co;0, at their theoretical
transition temperature in air) and better than Mn,O, (202 k]/ kg).11
Both facts consolidate the potential of CuO as a TCES candidate.

For the proper design of the reactor, in which the solid-state
reaction should take place, the knowledge of the reaction kinetics for
the applied system is crucial."® Additionally, faster reaction kinetics
mean that the process has a shorter response time. The kinetics of
the system CuO/Cu,O has been investigated as a possible oxygen
carrier for chemical looping combustion (CLC). Several groups
reported a reduction of the oxidation rate in air at higher tempera-
tures.'”*” Clayton et al. studied the oxidation and reduction kinetics
of Cu-based carrier materials with a CuO loading of up to 50%.”"**
Their work focused on the development of kinetic expressions
aimed at better describing the observed oxidation profiles of
cuprous-oxide-based oxygen carriers. Zhu et al. investigated the
oxidation of Cu,O in a temperature range of 600—1050 °C during
the copper oxidation with and without an initial thin CuO layer.””

The goal of this work is the development of reliable kinetic
models for the reaction system CuO/Cu,O as it occurs in a
TCES application. Previous works investigated the system only
for CLC application, in which copper-based carriers with CuO
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loading up to 64% are used.”*” For TCES, applications would

result in an reduced energy density of at least 37%. Therefore, it is
important to measure kinetics without possible effects of carrier
material. The kinetic analysis was performed in a simultaneous
thermal analysis (STA) and in a lab-scale fixed-bed reactor. The
cycle stability of the system is analyzed on a chemical reaction
level in a STA and on a macroscopic level in a lab-scale fixed-bed
reactor to further investigate the applicability for TCES.

B FUNDAMENTALS

CuO/Cu,0 System. Used as a TCES material, the copper in
CuO cycles between the Cu(II) cupric state and the Cu(I)
cuprous state.

4CuO(s) + AHy = 2Cu,0(s) + O,(g) (3)

For this reaction, the equilibrium relation can be derived as

2

_ “cu,0%0,

=——
4cuo

(4)

where g, represents the activity of the corresponding species. The
activity of pure solids (CuO and Cu,0) can be assumed to be 1,
and the activity of O, can be expressed as its fugacity, with p®
being the standard pressure of 1 bar.

o,
p° (s)

With the simplification that O, behaves like an ideal gas, then the
fugacity is equal to the partial pressure of oxygen p, in the reac-

aoz =

tion atmosphere, resulting in

P
K=—g
p (6)
With the Gibbs equation for free energy
AGy = AH, — TASy = —RT In(K) )

where AGf, AHg, and AS}, are the free Gibbs energy, the reaction
enthalpy, and the reaction entropy at temperature T, respectively.
Equation 6 leads to the stability equation of the system

o)
nl—| =
r° (8)

This equation is represented graphically in the stability dia-
gram in Figure 1. As shown there, CuO reacts to Cu,O in air
(po2 = 0.21 bar) at temperatures over 1028 °c*

Kinetic Identification. In this work, the non-parametric
kinetic (NPK) analysis method was chosen for the kinetic anal-
ysis of the CuO/Cu,O cycle. The NPK method was developed
by Serra et al. and Sempere et al.”>~*" for isokinetic measure-
ments and generalized by Heal.””*° The method is free of a priori
established models and avoids explicit kinetic models as well as
the Arrhenius law. In principle, the method separates the effect of
conversion @ and temperature T on the conversion rate de/dt.
In the following, the method is described in more detail. On the
basis of the general kinetic equation

9 k(T

—AHy
RT

ASy
R

- )

the conversion rate da/dt can be seen as a continuous three-
dimensional surface based on the conversion dependency f(a)
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Figure 1. Stability diagram for CuO/Cu,O based on data from the HSC
Database™ shown with the investigated experimental conditions.

and the temperature dependency k(T). This surface can be
discretized and written in a (n X m) matrix A (bold uppercase
letters symbolize matrices, and bold lowercase letters symbolize
vectors), so that the matrix element A, gives the conversion rate
for @; and T}, as shown in eq 10.

fla)k(Ty) fla)k(Tz) - fla)k(Tw)
Ao f(QZ)'k(Tl) f(%)./f(Tz) e f(az).k(Tm) (10)
f(an)k(Tl) f(an>k(T2) cee f(an)k(Tm>

The analysis applied on isothermal experiments results in a
matrix A, where each column represents one measurement. The
incorporation of isokinetic measurements results in a widely
empty matrix; therefore, it requires the implementation of
submatrices in A. Further details can be found in the
literature.”> ™’

As a result of the discretization, A can be written as a matrix
product

A=f" (1)
with the vectors f and k defined as

f=[f@)f(ay)..f(a)] (12)

k = [k(T)k(T)... k(T,)]" (13)

Using the singular value decomposition (SVD),”" the matrix A is
decomposed into three matrices

A = USV’ (14)

with U and V being orthonormal matrices and S being a diagonal
matrix, whose entries are the singular values of A. If the
investigated reaction can be described by eq 9, then only the first
entry of § is significantly different from zero. From this follows
that only the first columns of U and V” are significant. Therefore,
eq 14 can be reduced to

A= usy’ (15)

with s = §(1) and u and v” being the first columns of U and V7,
respectively. In comparison of eq 15 to eq 11, the following
correlations can be found:

u=cf (16)

DOI: 10.1021/acs.energyfuels.6b02343
Energy Fuels 2017, 31, 2324—-2334



Energy & Fuels

v =k (17)
1
s=—
o, (18)

with ¢, and ¢, being scaling constants.

Hence, by application of a SVD analysis on A, two independent
vectors u and v are found, which are proportional to the conversion
dependency f and the temperature dependency k of the reaction.

When the temperature dependency of the reaction k(T) is
assumed to follow the Arrhenius law

k(T) = Ae B/RT (19)

then the activation energy E, and the pre-exponential factor A
can be calculated from the linearization with eq 19

Ea
T

In(k(T)) = In(vy) = In(c,A) — R

(20)
where v represents the value of v for temperature T.

The pre-exponential factor A cannot be calculated directly
from the axis section of eq 20 because the scales of the quantities
are lost in the matrix decomposition process.”” This can be seen
in eq 18. When ¢, is multiplied by an arbitrary factor and ¢, is
divided by the same factor, the result of eq 15 would not change
but the vectors u and v would be shifted. Therefore, A can only
be calculated if the conversion dependency f(«) is found (this
gives c;). This can be performed by fitting different conversion
models into u. At this point, 29 different conversion models for
f(@) are known in the literature.*” In this work, the identification
of E, has been performed, where possible, because it grants the
possibility to increase the temperature range of the kinetic model
to a certain extent. The identification of the conversion model
does not grant any additional information for the simulation and
was, therefore, omitted.

B EXPERIMENTAL SETUP

Material. The material used for all experiments was a granular CuO
from Merck Emsure. The particle size distribution of the granulate
material can be seen in Figure 2. For further analysis, the granulate was

mass fraction

particle size in mm

Figure 2. Mass-based particle size distribution of the CuO granulate.
Drawn points represent the mean value of the mesh size.

ground with a Retsch planetary ball mill PM 100 and sieved afterward.
For the analysis, the fraction with a particle size between 32 and 45 ym
was used. A Brunauer—Emmett—Teller (BET) surface analysis resulted
in a specific surface of the milled material of 3.1 m?/g. The phase
composition yielding >99.9% pure CuO phase was determined by X-ray
powder diffraction.
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STA. The STA measurements where performed in a Netzsch STA
449 F1 Jupiter with a differential thermal analysis (TGA-DTA) measurement
setup. The sample mass in all STA measurements was 151.2 & 0.6 mg
of CuO. The measurements were performed according to Figure 3.

For isokinetic STA measurements, the sample was heated with a
constant heating rate § up to 1100 °C in N, atmosphere (po, < 107 bar).

Then, the atmosphere was switched to synthetic air (po, = 0.21 bar), and

the sample was cooled with a cooling rate equal to the heating rate. In this
work, heating rates of 2, 5, and 10 K/min were applied.

For isothermal STA measurements, the sample was heated under a
synthetic air atmosphere with 10 K/min up to the measurement temper-
ature. When a constant sample temperature was achieved, the atmo-
sphere was switched to N,, inducing the reduction. After the reduction
was completed, the atmosphere was switched back to synthetic air to
start the oxidation. At the end of the oxidation, the sample was cooled
with 10 K/min. In this work, isothermal STA measurements were
performed at 920, 950, and 980 °C.

The use of N, during the reduction was motivated by the fact that
the system CuO/Cu,O has an eutectic point at 1091 °C and 35%
Cu,0.%* A reduction under air (po, = 0.21 bar) would require temper-

atures above 1028 °C (see Figure 1). Operating the system this close to
its melting point could pose problems, such as sintering or partial
melting, in the operation of the TCES system.

The cycle test was performed at 950 °C. The sample was heated with
10 K/min in a synthetic air atmosphere. When isothermal conditions
were reached, the cycle was started. The cycle consisted of two
segments: (1) reduction under a N, atmosphere for 60 min and (2)
oxidation under a synthetic air atmosphere for 75 min.

The cycle was repeated 20 times. Then, the sample was cooled with
10 K/min to room temperature.

From the mass signal m(t) of each measurement, the mass content of
CuO w(t) can be calculated on the basis of
m(t) — myV Mcuzo
2‘MCuO

w(t) = with

y:
my — myl

1)

with Mg, and Mc, o being the molar masses of CuO and Cu,O,

respectively, and my being the sample mass of CuO at the beginning.
The term myv is equal to the theoretical mass of Cu,O after full
conversion. The conversion « in the case of the oxidation is equal to
w(t), and in case of the reduction, @ = 1 — w(t) is valid.

Fixed-Bed Reactor. A reactor was used to investigate the reaction
under macroscopic conditions. Its schematic setup is shown in Figure 4.
It consists of two tubes on top of each other with an inner diameter of
40 mm. The lower tube is the preheating zone and is filled with sand for
better heat transfer onto the reaction gas. In the reaction chamber, the
material was placed on a glass frit. The quartz glass frit with a pore size
between 160 and 250 pm is used to evenly distribute the reaction gas
over the cross section of the reactor. The reactor is heated with
resistance heating shells up to 1100 °C. The temperature control is
performed on the basis of the temperature inside the reactor, which is
measured with a thermocouple type K within the CuO bulk. To achieve
different gas atmospheres, N, and O, can be mixed via two mass flow
controllers. After passing the reactor, the reactive gas passes a gas cooling
system into a gas analyzer, which measures the O, concentration cq .
Compressed air is used for outer cooling of the reactor and better tem-
perature control. In the reactor, isothermal tests at 930, 950, and 980 °C
with 50 g of CuO granulate material were performed. The material was
heated with a gas flow of 2.5 L/min N,/O, mixture with po = 0.21 bar to
simulate air. When isothermal conditions were reached in the reactor,
the reaction atmosphere was switched to 2.5 L/min N, (pg, < 1075 bar)
to induce the reduction (see Figure 1). When the O, concentration
reached zero in the off-gas, the reduction was assumed to be completed
and the oxidation was started. This was performed by switching
back to the starting reaction atmosphere of 2.5 L/min N,/O, mixture
(Po, = 021 bar).

The cycle test was similar to the test in the STA. The test used
50.8267 g of CuO. The sample was heated in a mixed gas flow

DOI: 10.1021/acs.energyfuels.6b02343
Energy Fuels 2017, 31, 2324—-2334
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Figure 3. Representative measurement procedure in the STA for kinetic analysis: (left) isokinetic measurement with f# = S K/min and (right) isothermal

measurement with T = 950 °C.
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Figure 4. Schematic setup of the reactor used for kinetic measurements under fixed-bed conditions.

of 2 L/min N, and 0.5 L/min O,. When isothermal conditions at 950 °C
were reached, the cycle was started. The cycle consisted of two
segments: (1) reduction under 2.5 L/min N, for 200 min and (2)
oxidation under 2 L/min N, and 0.5 L/min O, for 130 min.

The cycle was repeated 23 times.

The conversion « in this case is calculated on the O, concentration ¢g,

following
¢
VAcg () dt
a(t) = '/an.—z
fO VACOz(t) dt (22)
where V is the volumetric gas flow through the reactor, t,.4 is the

duration of the reaction, and Acy (t) is the difference in co, between an

empty reactor and a reactor filled with reactive material. The change of V/
as a result of released or consumed O, is negligible.

X-ray Powder Diffraction. The powder X-ray diffraction measure-
ments were carried out using a PANalytical X'Pert diffractometer in
Bragg—Brentano geometry using Cu Ka,, radiation, an X'Celerator
linear detector with a Ni filter, sample spinning with back loading
zero background sample holders, and 26 = 4—90° (T = 25 °C). The
diffractograms were evaluated using the PANalytical program suite
HighScorePlus, version 3.0d. A background correction and a Ka, strip
were performed.

BET Analyzer. The analysis of the specific surface of the samples was
determined with nitrogen sorption measurements on an ASAP 2020
(Micromeritics) instrument. The samples (amounts between 100 and
200 mg) were degassed under vacuum at 80 °C overnight prior to the
measurement. The surface area was calculated according to the BET
method.**
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B RESULTS

STA Measurements. The results of the isokinetic STA
measurements are shown in Figure S. In the left diagram, the
reduction of CuO in a N, atmosphere during heating can be seen
for different heating rates. It reveals that the system reacts
completely, regardless of the heating rate, with the typical shift of
the conversion curve to higher temperatures for higher heating
rates. The right diagram shows the oxidation of Cu,O during
cooling in a synthetic air atmosphere. There, the reached content
of CuO strongly depends upon the cooling rate, with the slowest
rate reaching the highest CuO content. The reaction stops as the
temperature falls below 800 °C. This behavior is similar for all
investigated cooling rates; therefore, it can be concluded that
the available energy at temperature levels below 800 °C is not
enough to promote the reaction. Hence, the reaction is kineti-
cally limited by the temperature. This also explains the difference
in final conversions, because the sample in a measurement with
a slower cooling rate remains longer in a temperature range
above 800 °C, where the reaction occurs. As a result of this, the
temperatures 920, 950, and 980 °C were chosen for the iso-
thermal measurements, because the reaction has a relevant
reaction rate in this temperature range.

The isothermal measurements are shown in Figure 6. The left
diagram shows the reduction of CuO in a N, atmosphere, and
the right diagram shows the oxidation of Cu,O in a synthetic air
atmosphere. In both cases, the conversion is complete. On one
hand, it can be seen that a higher temperature results in faster

DOI: 10.1021/acs.energyfuels.6b02343
Energy Fuels 2017, 31, 2324—-2334
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reduction. On the other hand, the oxidation is slowed with an
increased temperature as reported in the literature.”’ Addition-
ally, the isothermal experiments are used to measure the energy
turnover during the reaction. Figure 7 shows the differential scan-
ning calorimetry (DSC) signal during a measurement at 950 °C.
The baseline was constructed according to Hohne et al?
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Figure 7. Energy uptake/release during the conversion in an isothermal
measurement at 950 °C.
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The absorbed energy during the reduction (820 kJ/kg of CuO)
is slightly higher than the released energy during the oxida-
tion (806 kJ/kg of CuO). This is most likely due to produced
oxygen, which exits the cruible during the reduction, thus, taking
away some energy, which is measured as additional cooling of
the sample. Still, both values are within 1% error to the value
reported in the literature (811 kJ/kg of CuO'").

Reactor Measurements. The results of the measurements
in the test reactor are presented in Figure 8. All measurements
reached full conversion, which was verified by X-ray powder
diffraction analysis. The major difference between the STA
measurements and the reactor measurements is that the
oxidation does not slow with the increasing temperature. This
is most likely connected to a better mass transport inside the bulk
as a result of the flow through of the reactive gas compared to the
laminar transport in the STA crucible.

Additionally, it has to be noted that the temperature inside the
reactor for the oxidation is not constant. As a result of the big
sample mass in the reactor (50 g), the released energy influences
the local sample temperature inside the reactor. As a result of the
thermal inertia of the system, the released energy results in
non-isothermal measurement conditions, which are recorded
by the thermocouple within the bulk material. Figure 9 shows
representatively the deviation of the isothermal temperature
of 950 °C during the oxidation. The released energy can hardly

DOI: 10.1021/acs.energyfuels.6b02343
Energy Fuels 2017, 31, 2324—-2334



Energy & Fuels

1 T T T T

0.9
— —950°C
980 °C

0.8 -

0.7 +

0.5+
0.4+

mass content CuO

0.3+
0.2+
0.1+

—-—=930°C| ]

0.6 N i

O 1 1
0 50 100
time in min

150 200

o9+ ===
0.7 +
0.6 -
0.5+

mass content CuO

0.3+

02ry —930°C| ]
4 950 °C
0.1y 980°C| 1
0 1 1 1 1 1 1 1 1
30 40 50 80
time in min

90

Figure 8. Measurements in the fixed-bed reactor at different starting temperatures: (left) reduction in N, and (right) oxidation in synthetic air.

1 . . . : 20
09}F . 1175
'\ 7.5
08F | 115
507t ! 1125
I 8
So6t ; 110 §
2 . _ )
g 0.5 . 1nass co;ltent 175 %
8 \\ — - — tlemperature o
§ 0.4 \. 15 :
S03 \, 2
\
0.2 \
. "
A \ N
0.1 .
\ '
0 . ! | | . P
0 10 20 30 40 50 60
time in min

Figure 9. Temperature change in the reaction zone as a result of the
released energy during oxidation at 950 °C starting temperature.

. e L L 2
n o N »
T T T T T

1,
. | 1 | |

=3
~
T

v - normalized
(=]

e
w
T
|

o
o
T

e
T
.

(=}

950 1000 1050
temperature in °C

850 900

Figure 11. Temperature dependency vector v derived from isokinetic
measurements of the reduction of CuO in N,.

O
» L

i
“

u - normalized
S
38} w +~ W N
T : . : :
. | ; . .

o
T
L

0.8 1

0 1
0.2

. .
0.4 0.6
conversion o

Figure 10. Conversion dependency vector u derived from isokinetic
measurements of the reduction of CuO in N,.

In(v) - normalized
0 -

[V R P SR

T . T T

'

w

W
T

4

45 ! ! c
0.75 0.8
1000/T in 1/K

Figure 12. Arrhenius plot of v derived from isokinetic measurements of
the reduction of CuO in N,.

be compensated by the cooling of the reactor. This further
consolidates the system CuO/Cu,O as a promising CSP—TCES
system.

Kinetic Identification. All models presented in this work can
be downloaded at the projects homepage solidheat.project.
tuwien.ac.at.
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Reduction. The kinetic identification of the reduction was
performed on the isokinetic STA measurements (Figure 5).
Using the NPK method, this resulted in a model based on eq 15,
with s = 2.949 X 107 s™" and the vectors u and v as shown in
Figures 10 and 11. Linearization of v based on eq 20 results in the
Arrhenius plot in Figure 12. From the slope of the fitted linear
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equation, the apparent activation energy E, for the reduction can
be calculated as 255.68 kJ/mol.

Therefore, both the isokinetic measurements and the iso-
thermal measurements were simulated on the basis of the model
derived from the isokinetic data. Additionally, the simulation was
performed in two different ways.
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conversion o

Figure 16. Conversion dependency vector u derived from isothermal
measurements of the reduction of CuO in the reactor.

‘With the kinetic information calculated with the NPK method,
the reduction was simulated in two ways. Once, with the result of
the NPK method used directly to simulate the conversion (“full
NPK”) and once with the temperature dependency described by
the identified Arrhenius equation (“NPK + Arrhenius”). Often
the conversion dependency found by the NPK method is valid in
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a sufficient range, but the temperature dependency is limited.
By fitting the Arrhenius equation, an extrapolation is possible
and, therefore, the temperature range in which the model is
applicable is increased. Note that the apparent pre-exponential
factor is only correct in combination with the vector u, identified
by the NPK method (see the Kinetic Identification section).
Figure 13 shows the fit of the simulated isokinetic measurements
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to the actual measurements for conversion and conversion rate.
Both methods reproduce the measurements well, and while the
full NPK method is limited to temperatures above 850 °C as a
result of u (Figure 11), the combination of NPK and Arrhenius
equation is capable of giving the behavior of the reaction below
850 °C.

The results of the simulation of the isothermal experiments are
shown in Figure 14. There, it can be seen that the models fit the
measurements reasonably well, especially because the model was
identified from isokinetic data.

Additionally, the reduction in the reactor is analyzed. Because
only three temperature levels are available, vector v consists
of only 3 points. The activation energy E, based on the cor-
responding Arrhenius plot (Figure 15) was calculated as
316.9 kJ/mol. The difference between E, in the STA and the
fixed-bed reactor leads to the conclusion that the reaction in the
STA is not only governed by the intrinsic reaction kinetic but
also by mass transfer.”® One can also see that the conversion
dependency u (Figure 16) differs from the dependency found in
the STA measurements. Note, that the dead volume in the
reactor smears the change of the O, concentration in the off-gas.
This is especially significant at the beginning of the reduction,
when the atmosphere in the reactor is changed from synthetic air
to N,. This causes the steep drop at the beginning of u. Thus, it is
assumed that the conversion dependency is only valid for @ > 0.1.
With the identified model for the reactor, it was also possible to
reproduce the measurement results satisfactorily (Figure 17).

Oxidation. Because the isokinetic STA measurements of the
oxidation reaction (see Figure 5) do not reach full conversion,
it is not possible to calculate the conversion dependency for a
satisfying conversion range. Therefore, the NPK method was
performed on the isothermal STA experiments. The identified
vectors # and v are shown in Figures 18 and 19. The shape of u in
the oxidation differs from the reduction; thus, it can be concluded
that the conversion mechanism differs between reduction and
oxidation. Again, vector v consists of only three points. Also, as
expected from the isothermal measurement data, the fitted linear
equation in the Arrhenius plot of v has a positive slope, resulting
in a apparent activation energy E, of —137.10 kJ/mol. Never-
theless, the simulation can reproduce the measurement with
good accuracy (Figure 20).

The result of the kinetic identification of the oxidation in the
reactor is shown in Figures 21 and 22. In contrast to the other
isothermal measurements, vector v consists of more than
3 points. This is due to the non-isothermal condition described
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in the Reactor Measurements section. This can be considered in
the kinetic identification by the NPK method, and therefore,
additional temperature information is extracted from the data.
As a downside, a non-isotropic temperature field occurs, reducing
the quality of the identified model and leading to a higher deviation

of the simulation from the measurement (Figure 23).
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Cycle Test. The cycle stability test in the STA is shown in
Figure 24. The diagram shows the change of the conversion in
the sample and the energy flow over 20 cycles. One can see that
the form of the conversion curve changes only minorly over the
cycles. There is no sign of chemical degradation; in fact, after
10 cycles, the system reaches nearly theoretical conversion.

An equivalent cycle test was performed in the reactor, with the
result that the granular material sintered together, blocking the
reaction after a few cycles. Figure 25 shows the sintering of the
material after the first and last cycles. Additionally, the sintered
material was cut in half (Figure 25D). It can be seen that the
surface of the material sintered completely together, while the
granular structure is still present in the inner core of the sample,
thus, blocking most of the reactive surface. Additionally, cavities
of Cu,O were formed in the edge regions, which was confirmed
by a XRD analysis. On the basis of this behavior, it can be con-
cluded that a fixed-bed process is not practical for energy storage.
An alternative option would be to use a rotary reactor, because it
prevents the sintering as a result of relative movement of the
particles, as suggested by Alonso et al.'”

B CONCLUSION

In this work, the kinetic behavior and the cycle stability of the
TCES system CuO/Cu,O were analyzed in a STA and a fixed-
bed reactor. On the basis of isokinetic and isothermal measurements,
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Figure 24. CuO reaction behavior over 20 cycles in the STA at 950 °C and changing N, /synthetic air atmospheres.

Figure 23. Sintering of the granulate material in the fixed-bed reactor:
(A and B) top and side views after 1 cycle, (C) top view after 20 cycles,
and (D) inside view of the material after 20 cycles.

kinetic models were derived for oxidation and reduction. To
identify these models, the NPK method was applied, which
is an a priori model-free approach. Then, the Arrhenius cor-
relation was introduced to the models to expand the applicable
temperature range. The measurements revealed a distinctively
different behavior between the oxidation in the STA and the
fixed-bed reactor. In the STA, the oxidation slowed with an
increased temperature as described in the literature. This results
in a negative apparent activation energy E, of —137.10 kJ/mol.
Such behavior was not observed in the fixed-bed reactor, where a
mechanistic change was detected, through a change of E,, but no
negative E, has been found. A comparison between the available
literature”"*>*”** and this work shows significant differences in
the kinetics of the reaction system. Clayton et al. presented
conversion times around 1—2 min for the reduction, and Hu et al.
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reported that the reaction occurs within 10 min, while the reac-
tion in this work took around 40 min for full conversion. All three
publications conducted their measurements in thermogravimet-
ric analysis (TGA) or STA. The main difference between all pub-
lications is the sample material.

While Clayton et al. used copper-based oxygen carriers with
TiO, and ZrO, as support material, Hu et al. used an oxygen-
carrier-based Al,O;. The support material reduces the CuO con-
tent to around 40%, which directly reduced the energy density.
Thus, this work used granular CuO. Johansson et al. reported
that different support materials have different effects on the
reactivity of system Mn;0,/MnO. A similar effect could explain
the different kinetic behaviors. Further examinations are needed
to identify the decisive factor behind this different behavior.
In the fixed-bed reactor, the system showed a high-energy output
during oxidation, proofing the capability of CuO as a TCES
material. In the STA, the reaction system shows a excellent cycle
stability over the course of 20 cycles. In the fixed-bed reactor,
heavy sintering occurred, which reduced the reaction to a mini-
mum by blocking most of the reactive surface. This allowed only
the outmost layer of the material to react. Further investigations
show that the sample in the STA also sintered, but as a result of
the small thickness of the sample in the crucible, no reaction
hindering effect was measured. Thus, a fixed-bed process is not
suitable for application; instead, a system with movement of the
material to prevent sintering should be considered. Overall, the
study shows that the system CuO/Cu,O is a valid candidate for
TCES in combination with CSP, but further investigations are
necessary.
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An novel method to identify the pressure dependency for reactions of the type A(s) = B(s) + C(g) is proposed. It
is an extension of the non-parametric kinetic analysis (NPK) method as it identifies the pressure dependency in
addition to the temperature and conversion dependency of the reaction. This is done by analyzing kinetic data in
a three-dimensional data space (conversion, temperature, pressure) and attributing the variation of the con-
version rate to these independent variables. Thus a reduction from a three-dimensional problem to three one-
dimensional problems is achieved. The derivation of a kinetic model can then be performed for each dependency
independently, which is easier than deriving a model directly from the data. This work presents the basic ap-
proach of the identification and combination of the three dependencies to build a full kinetic model. Also, the
interpretation of the model to achieve a physically motivated model is illustrated. Then the method is applied to
identify the complex reaction kinetics of the decomposition of CdCO3; based on a set of thermogravimetric

measurements. It is shown that it is possible to identify interaction terms between the dependency terms.

1. Introduction

The kinetics of a reaction often determines its technological ap-
plicability and directly influences how economically feasibly a process
based on that reaction is. Knowledge of the reaction kinetics is funda-
mental to choose optimal reaction conditions and to achieve satisfying
conversion.

Many solid-state decompositions follow the simple reaction

A(s) = B(s) + C() (€8]

The kinetics of such reactions is often modelled based on the reac-
tion rate da/dt. It is generally described as a product of the contribu-
tions of three independent variables, the conversion a, the temperature
T and the pressure p by the differential equation

& = F@KI)

d (2)

In case of reactions that follow Eq.(1) the pressure relevant is the
partial pressure of the gaseous component C. The literature on solid
state kinetic identification focuses mainly on the determination of
conversion dependency f(a) and temperature dependency k(T), while
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the identification of the pressure dependency h(p) is often neglected
[1]. Yet the pressure dependency is of great interest for reactor design
since some reactor types, e.g., fluidized bed reactors, feature high
concentration gradients of the reactant gas across the bed height. To
take this effect into account, knowledge about the pressure dependency
of the reaction is absolutely necessary [2].

To describe the conversion dependency f(a) different conversion
models are used. These conversion models are mathematical descrip-
tions of the measured process during the reactions. For solid state re-
actions, various different models have been proposed. Some of them
represent physical processes (e.g. nucleation, diffusion) as their math-
ematical description has been derived on certain mechanistic assump-
tions. Others are purely mathematical. Khawam et al. and Dickinson
et al. describe 28 different models and give an overview over the dif-
ferent models and their underlying assumptions [3,4]. Table 1 shows
the models, relevant for this work.

The temperature dependency is usually described by the Arrhenius
equation

a
RT

k(T) = Aexp 3)
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Nomenclature

pre-exponential factor (1/s)

reaction rate tensor (1/s)

matrix for pressure dependency identification (1/s)
matrix for temperature dependency identification (1/s)
activation energy (J/mol)

gas constant (J/mol K)

goodness of fit value (1)

temperature (K)

vector of temperature values (K)

¢, €1, €, €3 scaling factors (1)

> >

/!

E
R
R2
T
T

fla) conversion dependency (1)

f vector of conversion dependency values (1)
h(p) pressure dependency (1)

h vector of pressure dependency values (1)
k(D) temperature dependency (1/s)

k vector of temperature dependency values (1/s)
m sample mass (mg)

Pco, partial pressure of CO, (bar)

P vector of pressure values (bar)

P pressure (bar)

Sp singular value of the pressure identification (1/s)
St singular value of the temperature identification (1)
s singular value from SVD (1)

t time (s)

u result vector from SVD corresponding to f (1)

v result vector from SVD corresponding to k (1/s)
w result vector from SVD corresponding to h (1)

a conversion (1)

a vector of conversion values (1)

B heating rate (K/s)

X, @, w pressure model parameters (-)

with the activation energy E, and the pre-exponential factor A.

The pressure dependency models h(p) that have been considered in
this work are given in Table 2. They where commonly found in the
literature. Most of these models are empirical and allow only limited
physical interpretation. The only exception is the model ‘p2’, which is a
generalization of the (1 — p/peq)-model that has been derived on the-
oretical grounds in [5-7].

In this work a novel method to determine the pressure dependency
and to build a combined kinetic model is presented. It is an extension of
the NPK method. The NPK method is a numeric method that was de-
veloped by Serra et al. and Sempere et al. [11-14] to identify the
temperature and conversion dependency from constant heating rate
measurements. It was then generalized by Heal [15,16] for isothermal
measurements.

It does not rely on a priori established models and avoids explicit
kinetic models as well as the Arrhenius law. From a mathematical point
of view, the only assumptions are the choice of the independent vari-
ables and the multiplicativity of the contributions of each factor. In
principle, the method separates the effect of conversion a, temperature
T and partial pressure p of the gaseous component C on the conversion
rate da/dt. This is done according to the general kinetic equation Eq.
2).

Typically, measurements are performed at constant pressure to de-
termine the temperature dependency k(T) and the conversion de-
pendency f(a). This simplifies Eq. (2) to the well known expression

da

i | =S @kMhy) = f @)k’ (T)

p1

(€3]

It can be seen that the effect of h(p,) results in a factor which would
usually be incorporated in the temperature dependency when no
pressure dependency is considered. This attribution is a result of the
common assumption that the temperature dependency follows the
Arrhenius equation Eq. (3).

Table 1
Selection of relevant conversion dependency models [3,4].

Model ID Type fla)

Al Avrami-Erofeyev 41 - o)[-In(1 — @)1
A2 Avrami-Erofeyev 2(1 - a)[—In(1 — )12
A3 Avrami-Erofeyev 3(1 — a)[-In(1 — a)]??
A4 Avrami-Erofeyev 4/3(1 — a)[—In(1 — &)1'*
A5 Avrami-Erofeyev 3/2(1 — a)[—In(1 — &)]'3
Bl Prout-Tompkins a1l — a)

R2 Contracting area 201 — a)?

R3 Contracting volume 31 - )3

R4 Interface 3/2(1 — a)®

Thus, the value of h(p,) is incorporated in the pre-exponential factor
during the identification as A = Ax,h(p;). Note, that this is always the
case for other identification methods (e.g. Ozawa, Flynn and Wall
(OFW) method [17-19], Kissinger method [20,21]), when the pressure
dependency is neglected.

To identify the pressure dependency it is necessary to vary the
pressure affecting the reaction. In this work this is the partial pressure
of the gaseous component. If the temperature is kept constant during
the measurements then Eq. (2) can be reduced to

da

i | = @k(Mhrp) = f(@)H (p)

T

()

In this case the contribution of k(T;) is incorporated into h’(p).

In the following section the identification of f(a), k’(T) and h’(p)
from measurement data is described and a novel method is introduced
to combine these results to find the full model with k(T) and h(p). Then
the method is applied to real data to analyze the decomposition of
CdCOs.

2. The extended NPK method

For better understanding and as a proof of concept of the presented
method, a single step decomposition reaction based on Eq. (1) is as-
sumed. The example reaction follows conversion model ‘Al’ (see
Table 1), the Arrhenius temperature dependency with A = 10° s~ ! and
E, = 60 kJ/mol and the pressure dependency ‘p2’ (see Table 2) with
® = 1 and y = 4. This results in the following dependencies:

f@) =41 - a)[-In(Q — )P4 (6)
o (—6-10°%

k(1) =10 eXp(s.314T) @)

h(p) =1 - p)* ®)

The input for the method is generated by simulating measurements
based on the example reaction. For the identification of the temperature
dependency, constant heating rate measurements with a heating rate f

Table 2
Pressure dependency models, Greek symbols are model parameters.

Model ID h(p) Literature
pl p* [8]

p2 (@ = p)” [5-7,91
p3 P — p)”

p4 exp(xp) [10]
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of 2, 5, 7, 10 and 15 K /min at p = 0.3 bar are simulated. To identify
the pressure dependency isothermal measurements at 310 K and dif-
ferent pressure levels (0.1, 0.2, 0.3, 0.4 and 0.5 bar) are simulated.

2.1. Identification of k’(T) and f(a)

To identify the temperature dependency k’(T) and the conversion
dependency f(a) the NPK Method introduced by Serra, Sempre and
Nomen [11-13] is applied.

For isobaric conditions, the conversion rate da/dt in Eq.(4) can be
thought of as a continuous three dimensional surface in the a-T-space.
This surface can be discretized for fixed values of @ = [a; -+ a;]T and
T = [Ty - T,,]" and written in a (I x m) matrix A7 so that the matrix
element (i, j) gives the conversion rate at q; and T;. It can be shown that
the matrix A can be written as matrix product Ay = fk'7 = f ® k' with
the dependency vectors f = [f(ay) - flap]” and k' = [k’ (T)---k' (T,)]".
Thus, matrix Ar is by definition a rank-1 matrix.

When measured conversion rate values are arranged in Ar the sin-
gular value decomposition (SVD) [22] can be utilized to decompose the
matrix according to

n n
Ar = ) sw @ vi= s @ v+ ), sl @ v,

i=1 i=2

9

where s; is the norm of the submatrix, the singular value, and u; and v;
are normalized row and column vectors, respectively.

The SVD returns a successive best first order approximation of the
matrix Ar. Thus, if the assumption of multiplicativity in Eq.(4) holds, all
but the first singular value will be zero. Since real data contain mea-
surement errors, all singular values will differ from zero. If the reaction
follows Eq.(4), the first singular value will be significantly bigger than
the others. Then the SVD can be truncated after the first term, since it is
safe to assume that the remaining terms only contain noise.

This simplifies Eq.(9) to

AT=s1u1®v1=sTu®v;f®k' (10)

The SVD attributes the variation of the conversion rate to the in-
dependent variables a and T, but the scales of the quantities are lost
during the matrix decomposition process and combined into the sin-
gular value sy [15]. To determine the sought-after dependency vectors f
and k’ the scaling of sy must be attributed to u and v accordingly.

Fig. 4 shows the identified conversion dependency vector u (left)
and the identified temperature dependency vector v (middle) for the
example reaction.

2.2. Identification of h’(p)

To identify the pressure dependency of a reaction h’(p) information
about the reaction rate at different pressure levels is needed. Due to
limitations of the analytical equipment, measurements with con-
tinuously changing pressure are usually not possible. This is especially
true for TGA (thermogravimetric analysis) measurements where each
pressure change results in oscillations and errors in the weight signal
due to pressure surges. Thus the most promising approach is to measure
under isobaric conditions at different pressure levels. Nevertheless the
proposed method can handle measurements with continuously chan-
ging pressure in the same way as constant heating rate measurements
during the temperature dependency identification.

The identification of the pressure dependency h’(p) is accomplished
in the same way as the identification of the temperature dependency
k’(T) described in the previous section.

Eq.(5) can be visualized as a surface, in the a-p-space. Fig. 1 shows
this surface for the example reaction at T = 310 K. The dashed lines on
the surface represent the trajectory of isobaric measurements. The

1 Bold upper-case letters symbolize matrices or tensors, bold lower-case letter vectors.
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dotted lines visualize the change of the surface for isobaric measure-
ments with increasing temperature.

The discretization of the surface at fixed values of a = [a; - a]T
and p = [p; - p,]” results in the (I x n) matrix A,, which can be ex-
pressed as the matrix product of the dependency vectors f = [f(a;) -+ f
(@)1" and ' = [ () (p,)T'.

Arranging measured conversion rate values in the matrix A, and
performing a rank-1 approximation with the SVD analysis leads to

Ay =si@W=FfQH an

with the singular value s, of this decomposition and the normalized row
and column vectors @ and w respectively. The right curve in Fig. 4
shows the calculated pressure dependency vector w for the given ex-
ample.

As the conversion dependency f is identical for both identifications,
the identified conversion dependency vectors u and @ must be equal,
apart from a constant factor.

u=ci 12)

Fig. 2 shows the comparison between the identified conversion
dependencies u and #, both normalized to 1. The deviation between
both identifications originates from numerical errors in the decom-
position algorithm. The difference is negligible though. When applying
the extended NPK method it should always be confirmed that the
conversion vectors of each identification step coincide.

2.3. Combining the dependency vectors

To create a numerical representation of the full model according to
Eq. (2) the identified dependency vectors u, v and w have to be com-
bined correctly. Similarly to the matrices Ay and A,, a three dimen-
sional (I X m X n) tensor A can be built, which represents a dis-
cretization of Eq.(2) in the a-T-p-space.

A=-fRkRg=u@vew (13)

The difficulty of combining the identified dependency vectors u, v
and w lies in finding the residual scaling factor s.

The matrix At for the identification of the temperature dependency
represents a slices of A at a specific pressure. Similarly, A, for the
identification of the pressure dependency represents a slices of A at a
specific temperature. This is visualized in Fig. 3. The axes span the
tensor A, while the red and the blue panes symbolize the matrices Ar
and A,. The contour lines represent the conversion rate da/dt the solid
black lines represent various measurements used for the identification
and the black dashed line is the intersection line of the two panes.

In mathematical terms this can be written as

Al =Ar =sru®v 14)

Here, the notation Al; means that the tensor A is evaluated at T,
reducing its dimensions to a matrix. If T; lies between the discretization
points, then the values are interpolated. Similarly, vi; denotes an eva-
luation of v at T; which results in a scalar value.

To find the value of s, the intersection vector of the slices Ar and A,
at T = T; and p = p; has to be considered (dashed line in Fig. 3). At this
intersection the following equation holds

Alg,p, = Arly (15)
Substituting Egs. (13) and (14) into (15) results in
suvlywl, = sruvly (16)
which yields
ST
- w, an

It is also possible to calculate the scaling factor s by considering the
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Fig. 1. Reaction rate surface for the example at constant temperature T = 310 K. Dashed lines (- -) represent isobaric experiments, dotted lines (..) the change of the surface with

increasing temperature.
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Fig. 2. Comparison of the conversion dependency vector u and i from the identification
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Fig. 3. Visualization of two slices of the tensor A at T; and p;, respectively. The contour
lines represent the change of the conversion rate da/dt, the solid black line represent
various measurements used for the identification and the black dashed line is the inter-
section line between the two panes. (For interpretation of the references to color in text
near the reference citation, the reader is referred to the web version of this article.)

= Ayl

plp- Then § = sp/vly.

pressure identification matrix Al
Incorporating this into (13) yields

=spﬁ®i®w

w
A=s5sruQ@QvQ® —
w vy

Ipy (18)
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Provided that (12) holds the two scaling factors s and § should have
the same value. The deviation can be used to assess the quality of the
decomposition procedure. In case of the example reaction the relative
difference between the values is 0.53%.

Fig. 4 shows all identified dependency vectors. With the scaling
factor s = 0.1008 they represent the full numeric model.

2.4. Interpretation of the dependency vectors

Now that the effect of each dependency vector has been identified,
the next step is to arrive at a physical interpretation of the identified
dependency vectors. To do that model functions are fitted to each
vector.

To describe the conversion dependency vector u, different conver-
sion models f(a) are considered. In total, 28 different conversion models
described by [3] and [4] have been fitted, the most relevant for this
work are listed in Table 1. Since none of the models has extra para-
meters the only fitting parameter is a constant scaling factor c;.

First all models are fitted to the conversion dependency vector u
with the least-squares-method. Based on the R%-value (see Table 3) the
five best fitting models are selected and plotted (Fig. 5).

Since the resulting R values are often very similar a pairwise F-test
is performed to discriminate between the models. The best fitting model
is compared to each of the other models. Then the result of the F-test is
a p-value that reflects the statistical probability of the first model being
an improvement over the other model. The result is deemed to be
statistically significant if the p-value is greater than 0.95. The results in
Table 3 show that model Al is a significantly better fit than all the other
considered models. Hence the proposed method successfully identified
the conversion model that was used to simulate the example data.

To identify the best fitting model for the pressure dependency the
same procedure as above is used. In addition to the model parameters
the scaling factor c, is fitted with each model. The fitted models are
plotted in Fig. 6 and the statistical results are provided in Table 4. The
two highest scoring models, p2 and p3, result in almost identical R*-
values. This comes as no surprise since p3 is an extension of p2. Here,
the F-test allows us to discriminate between the two models: Only with
a probability of 7% is the model p3 an improvement over the second
best model p2. Since this value is far below the significance threshold of
0.95 the simpler model with less parameters, p2, is chosen.

Again the presented method identified the correct model and with
® = 1.014 and y = 4.102 also the recovered values of the model
parameters are very accurate.

With the two fitted scaling factors c¢; and c, the last scaling factor
c3 = s/(cic3) can be calculated. Assuming that the temperature de-
pendency follows the Arrhenius equation in Eq.(3) the following holds:

—E,
Ir = Aexp[ =2
C3Vir exp( RT ) (19)
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the pre-exponential factor.
As a final verification step the simulated measurements that have

been used as input for the method will be reproduced. First, to de-
monstrate the efficacy of combined pressure-temperature NPK decom-

conversion models according to Table 1.

position only the identified dependency vectors given in Fig. 4 are used.
Second, the derived model equations from this section are used to show
that the method is a useful tool for kinetic model identification. Figs. 8
and 9 show the simulated measurements with the initial model (blue),
the dependency vectors (green) and the identified model (red). Both,
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Table 4
Goodness of fit values of the pressure dependency models for the example reaction.

Model ID R? p
p3 1.0000
p2 1.0000 0.066
PS5 0.9987 0.999
p4 0.9966 0.999
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Fig. 7. Temperature dependency vector c3v of the example reaction with Arrhenius fit.

the vector based and the model based simulations fit the initial data
very well.

3. Decomposition of CACO3
3.1. Measurements

To test the proposed method on real data the decomposition of
CdCO3 was analyzed. This reaction follows the equation
CdCO;(s) = CdO(s) + CO,(g) (20)

The material used for all decomposition experiments was CdCO3
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Purissimum from Merck. For the STA measurements a fraction with a
particle size between 180 pm and 250 pm was used.

The STA measurements where done in a Netzsch STA 449 F1 Jupiter
with a differential thermal analysis (TGA-DTA) measurement setup in
open Al-crucibles. The sample mass in all STA measurements was
5 * 0.05 mg CdCOs.

To identify the temperature dependency k(T) constant heating rate
measurements with different heating rates (8 = 2, 5, 7, 10 and 15 K/
min) at a constant CO, partial pressure p.,, = 100 mbar were per-
formed. To identify the pressure dependency h(p) isothermal experi-
ments were performed: The sample was heated under CO, atmosphere
(Pco, = 1bar) at a rate of 10 K/min up to the measurement tempera-
ture. When a constant sample temperature was reached, the atmosphere
was switched to a CO,/N, mixture to induce the decomposition. The
measurements were performed at 633 K with CO, partial pressures of
25, 50, 100, 150 and 200 mbar. The partial pressure of N, was chosen
in a way that the total pressure was always 1 bar. Fig. 10 shows typical
measurement curves for constant heating rate and isothermal mea-
surements.

The conversion a can be calculated from the mass signal m(t) as
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Fig. 10. Representative measurement curves in the STA for kinetic analysis. left: constant heating rate measurement with = 10 K/min and p¢o, = 100 mbar, right: isothermal mea-

surement with T = 633 K and atmosphere change from pcp, = 1 bar to pco, = 100 mbar.

a(t) = mo — m(t)
My — Meo (21)

where my is the initial sample mass, m(t) is the sample mass at time t
and m.. is the sample mass at the end of the decomposition. XRD
analyses of the material after STA measurements were performed to
confirm full conversion.

3.2. Model identification

The procedure to decompose the measurement data into de-
pendency vectors is the same as described in the previous section. The
data lie in the T-p.,-a-space. Within this space, the measurements to
identify the temperature dependency lie on an isobaric pane and the
measurements to identify the pressure dependency lie on an isothermal
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pane. The measurements were performed in such a way that the panes
intersect at T = 633 K and Pco, = 100 mbar (see Fig. 3).

The identified dependency vectors are shown in Fig. 11. Their
combination resulted in a scaling factor s = 0.455. The applicability of
the rank-1 approximation was checked at each identification step.

The conversion dependency vector u was taken from the pressure
dependency identification step. This was done, because the measure-
ments for the pressure dependency are performed under isothermal
conditions. Thus, reducing possible error sources, due to heat transfer
effects within the sample during constant heating rate measurements.

To derive model equations, the fitting procedure described in
Section 2.4 has been applied to the identified dependency vectors.

The conversion dependency vector u and the five best fitting models
from Table 1 are plotted in Fig. 12. Table 5 shows the corresponding
statistical results. Based on the p-values it can be seen that the F-test
unambiguously identifies the model A4 as the best fitting one. The
Avrami-Erofeyev nucleation models are often found to describe various
decomposition reactions [23,24]. Criado et al. found that the reaction
follows most likely a first order decomposition, but based on provided
data the fit of the model R3 is not significantly worse [25]. Authors of
both works used isothermal experiments without atmosphere change.
Thus it is likely that the beginning of the reaction is not properly
considered in the identification. If the fitting of the conversion models
is only done for a range of a between 0.2 and 1, then the R-models
would result in a good fit. Mu et al. also stated that the reaction follows
model R3 but did not include A-models in the identification [26].

Fig. 13 shows the identified pressure dependency vector w alongside
the fitted pressure models from Table 2. The statistic results are listed in
Table 6. The fitting results show that all models fit the data well. Yet,
from a mathematical point of view, the model p4 is to be preferred, not
only because it produces the smallest error, but also because it only has
one parameter. The models p3 and p2 fit the data almost equally well,
but this might just be due to the higher number of degrees of freedom.
This fact is taken into account by the F-test resulting in a probability of
almost 100% of p4 being better than p2 and p3. It has to be noted, that
model p4 has no direct physically motivated derivation, despite being
used in the literature [10]. Thus we strive to present a mathematical
representation of the data rather than a physically bullet proof model.

The temperature dependency vector was identified based on con-
stant heating rate measurements at p.,, = 100 mbar. The result is
shown in Fig. 14. It can be seen that there is a clear deviation from the
typical Arrhenius form of the temperature dependency. Thus, an in-
teraction effect between the temperature and another factor is ex-
pected.

3.3. Investigation of the interaction effect

To further investigate, the constant heating rate experiments for the
determination of the temperature dependency were repeated in inert N,
atmosphere (pco, < 1073 bar). By comparing the resulting plot (Fig. 15)
with the one at p.,, < 100 mbar two observations can be made. First,
the absence of CO, changed the temperature dependency vector w. As a
result the quality of the fit increased significantly. Second, a change in
the slope of the fitted linear equation is detectable. Thus, the activation
energy changes as a result of the pressure change. This was also ob-
served by Criado et al. [25]. Both observations led to the conclusion
that an interaction effect between pressure and temperature exists.

The existence of an interaction effect does not violate the assump-
tions of the NPK method since each SVD is performed on either on an
isothermal or an isobaric pane, where the interaction effect is “con-
stant”. Only the combination of the results on multiple panes can reveal
the interaction effect.

To investigate the interaction effect the pressure dependency vector
w was identified at different temperatures. At each temperature level
the data was decomposed into a conversion dependency vector and a
pressure dependency vector as described in Section 2.2. The identified

175

70

Thermochimica Acta 654 (2017) 168-178

conversion dependency vectors agree extremely well as can be seen in
Fig. 16. Thus an interaction effect with the conversion a can be ruled
out. Fig. 17 shows the identified pressure dependency vectors. It can be
seen that the pressure dependency vector gets steeper at lower tem-
perature. This can be taken into account by making the ) parameter
temperature dependent. In this work a linear temperature dependency
of y is assumed, which is mathematically justifiable as it can be seen in
Fig. 18. With this temperature dependency of y the pressure de-
pendency h(pco,, T) is given by

h(pco,> T) = exp((0.3216T + 211.7)pc,) (22)

with T in K and pc, in bar.

To determine the Arrhenius parameters E, and A, the temperature
dependency vector identified in inert atmosphere is used. From this
vector E, and A can be directly determined by Eq.(3), since the pressure
dependency does not contribute. This is a result of h(p¢,, < 107° bar,
T) =1 regardless of the temperature T. This results in an activation
energy E, = 1629kJ/mol and a pre exponential factor
A = 1.11-10"/s for the decomposition of CdCOs. L'vov et al. calcu-
lated for E, a value of 151 kJ/mol for the decomposition of CACO5 [27],
while Mu et al. measured a value of 150.5 kJ/mol [26]. For the pre
exponential factor A they determined a value of 6.67 - 10° 1/s, but they
identified a different conversion model, which is why the values are
hardly comparable.

3.4. Validation of the identified models

In this work two models have been derived. The first model was the
combination of the dependency vectors of the extended NPK method
(Fig. 11). The derivation of this model was purely data driven with the
only modelling assumption being the multiplicativity of the contribu-
tion of the factors. The second model is a further development of the
first by identifying underlying functions in the dependency vectors.
This resulted in the following function based model:

do
& =L @K(Dh(peo,. T) 23
f@) =4/30 — a)[-In(1 — a)]"/* 29
— .10°
k(T) = 1.11-10"exp —1.629-107
8.314T (25)
h(pCOZ, T) = exp((—0.3216T + 211.7)pCO2) (26)
The temperature T is in K, the pressure p., in bar.
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Fig. 12. Conversion dependency vector u of the decomposition of CAdCOz with fitted
conversion models according to Table 1.
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For validation of both identified models isothermal measurements
at pco, = 100 mbar and isobaric measurements at T = 633K were si-
mulated and compared to measured data. Figs. 19 and 20 show that
both the vector based model (NPK) and the function based model
(function based) fit the measured data for measurements that lie on the
panes of the T-p.,-a-space, used for the identification. The simulation
results for measurements outside the temperature and pressure region
used for the identification show a difference between the two models
(Fig. 21). The vector based model is not capable to reproduce the
measurement, as the found interaction between temperature and
pressure is not described by the model. The function based model shows
a good agreement between the measurements and the simulation. This
implies that the functions chosen to describe the dependencies and the
interaction are reasonable.

4. Conclusion

In this work a novel method to analyze solid-state reactions is
presented. The method extends the NPK method to also identify a
pressure dependency in addition to the temperature and conversion
dependency. It does so by splitting a three-dimensional problem (a, T,
p) into three one-dimensional problems, thus reducing its complexity.
The method is based on the assumption that the effect of @, T and p are
linked multiplicatively. By arranging measurement data in special data
matrices a singular value decomposition can be utilized to approximate
the underlying dependencies. The resulting vectors can be combined to
build a full model or they can be further analyzed to get insight into the
underlying physical processes.

To test the presented method on real data, the decomposition of
CdCO3; was analyzed. Simulation with the resulting empirical model
showed good agreement with the measured data. The application to
real measurements also showed that the method is capable of detecting
interactions between the variables. The kinetics of the decomposition
was found to follow the conversion model A4, an Arrhenius tempera-
ture dependency with an activation energy E, = 162.9 kJ/mol and a
pre exponential factor A = 1.11-10"' 1/s and pressure model p4.
Furthermore the identified interaction between temperature and pres-
sure was successfully modeled into the fit parameter of the pressure
model.
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Abstract:

Calcium doping of magnesium oxide results in significantly increased water dissociation rates,
thus enhancing both hydration rate and reaction completeness of hydration compared to pure
MgO. For a series of mixed magnesium-calcium oxides (MgxCaixO) with varying Ca-

contents between 0 and 40 % the material of a composition Mgo.9Cao10 shows the fastest
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rehydration, transforming completely within 80 minutes to the mixed hydroxide. In
consecutive dehydration / rehydration cycles reasonable cycle stability is found. A
“regeneration” of the aged material (reactivity reduced by excessive cycling) in liquid water
re-establishes the initial rehydration reactivity. Density Functional Theory (DFT) calculations
support the experimental findings, confirming that calcium doping can reduce the energy of

the rate limiting water dissociation reaction exploiting both electronic and steric (size) effects.

Three major requirements for future sustainable energy management have been established
including reduction of greenhouse gas emissions, promotion and increased use of renewable
energy sources, and enhancing the efficiency of energy use.[':? Whereas the first two issues
are widely discussed and the subject of international treaties such as the Kyoto protocol™ and
the Paris-agreement,'¥ awareness of the poor overall-efficiency of today’s energy economy is
rather limited. Heat is the most ubiquitously used form of energy, including in electricity
generation, power plants or industry.” In this context, in 2011, the International Energy
Agency (IEA) estimated in a report entitled “Solutions for a low-carbon energy future” that
global energy loss through waste heat accounts for 2/3 of the overall energy production.®
Therefore, methods suitable for reduction of waste heat or reutilization thereof could
contribute significantly to a sustainable energy management.[’-"]

Among the different approaches to this challenge, thermochemical energy storage (TCES) is a
highly appealing concept, since by means of a reversible chemical reaction a suitable material
energy is converted from thermal to chemical energy. The charged material may be stored for
any period of time without further losses or additional infrastructure (such as insulation), until,
by addition of the proper reactant, the discharging reaction, releasing the stored energy in
form of heat, is initiated.[> 11?1 The economic benefit of implementing TCES-cycles in the

energy management was demonstrated by several economic feasibility studies, illustrating
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that e.g. with the waste heat from Lenzing AG, ! the complete district heating for the
Austrian city of Salzburg could be supplied.'*!

Materials for a technological implementation of TCES processes should be cheap, highly
cycle stable, show fast reaction kinetics and be completely reversible. Mg(OH), undergoes
reversible calcination and hydration and is readily available in large quantities. With
calcination temperatures between 350 °C and 450 °C it is also compatible with many
industrial waste heat sources.!'> '®) Although the Mg(OH), / MgO TCES cycle is well
known,['> 1720 Jow cycle stability and incomplete hydration impede application. In literature
different efforts were made to improve the reactivity and thermal conductivity of the material

21-23]

by addition of lithium-salts! increasing the reaction rate, and the preparation of composite

20, 2426] The issue of limited reactivity and low cycle

materials with expanded graphite.!
stability is mainly related to the kinetic inhibition of the critical dissociation of water on the
MgO surface.?”! Interestingly, for the isostructural CaO" the water dissociation is comparably
favorable,?’! leading to rapid and complete hydroxide formation on contact with water. To
improve the rates of water dissociation during MgO hydration, a series of Ca** doped MgO
materials was prepared to investigate the influence of variable amounts of calcium on the
kinetic barrier of water dissociation during MgO hydration.

Mixed MgixCax(OH). was obtained by precipitation of the hydroxide from an aqueous
solution of MgCl>-6H,0 and 0 - 40 mol % CaCl,-6H,O with NaOH. After calcination at
375 °C, the Mgi1xCaxO samples were rehydrated with steam, while monitoring for reaction
progress and completeness by in-situ powder X-Ray diffraction (for details see SI). As

reference material, a sample of commercially available Mg(OH)> calcined under the same

conditions as the Mg1xCaxO was used (Figure 1a). After 2 hours of rehydration a maximum

* Ca(OH), / CaO as thermochemical storage material is well known, but due to the required calcination
temperatures around 600 °C much more restricted regarding its scope of application.!? 2%

T All experimental details are given in the supporting information. The exact Mg-Ca ratios were determined by
X-Ray fluorescence analysis (table S1).
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conversion of 42.8 % was found, which decreased within the next 5 consecutive cycles to a
final yield of 4.4 % Mg(OH),. From Figure 1b the advantageous effect of the Ca doping is
clear, since for all experimentally investigated Ca-doped oxides a significantly higher
rehydration rate is observed. The fastest reaction rate was found for Mgo9Cao.1O for which,
after 80 minutes, the oxide was completely converted to the mixed hydroxide. For larger Ca
amounts the final conversion decreased slightly to roughly 80 % hydroxide phase after 120
minutes. These experiments were readily reproducible, both on the same batch of material, as
well as on newly prepared samples, as in all cases for repeated rehydration experiments highly
comparable rehydration rates were found.

As observed for the MgO reference material, the conversion of Mg1.xCaxO showed a decrease
through multiple calcination-rehydration cycles (Figure 1c). The reason for the decreased
reactivity of the pure MgO was attributed to its smaller primary crystallite size, as well as to a
notable tendency toward agglomeration, resulting in a very compact assembly encumbering
the transport of H2O molecules to the reactive surface. To better understand this effect on a
nanometric scale, small angle X-Ray scattering (SAXS) was used. For this purpose, freshly
synthesized material, its calcined oxide, as well as a sample after six cycles were compared
for both pure commercial Mg(OH). and Mgo.sCao2(OH)..

The SAXS-patterns (Figure 2a) were described by a model combining the unified scattering
function of Beaucage!*” (resulting in a radius of gyration R, and a fractal dimension dy) with a
packing factor from a hard sphere model,*!: 32! describing the agglomeration of units (distance
Rpus and hard sphere volume ratio 7). The most striking differences are the larger size of
Mgo.8Ca.20 (Rg = 3.2 nm, Rys = 5.0 nm) in comparison to MgO (R; = 1.8 nm, Rys = 2.6 nm),
as well as the larger hard sphere volume ratio (7= 0.18) for MgO in comparison to
MgosCap20 (7= 0.01). This confirms the greater degree of agglomeration of the units in MgO

than for MgosCap20. After six consecutive calcination / rehydration cycles, the former
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agglomerates were decomposed due to the notable volume work associated with the Mg(OH)>
/ MgO transformation, but the size of the units remains smaller for MgO (R; = 3.6 nm for
MgO, R, = 4.9 nm for MgosCao20). The fractal dimension of MgO is dr= 3.5, showing a
more compact structure with a rough surface, whereas dr=2.75 for Mg sCao.20, is typical for
a mass fractal, i.e. a completely transformed structure of a broad size variation. To establish
the effect liquid water rehydration would have on the material, the kinetics of the conversion
to hydroxides was measured by immersion of the samples in an excess of water under ambient
conditions with in-situ SAXS for a freshly calcined sample of commercial MgO and
Mgo.sCao2O (Figure 2b). Both materials feature complete rehydration to the corresponding
hydroxide, for pure MgO within two hours and within four hours for MgosCao20. The
conversion rate was calculated from the intensity difference to the fully converted material
after 24 hours in water.

Based on the finding that liquid water is highly efficient in dispersing agglomerates, a
regeneration process for Mg1.xCaxO hydrating the less reactive material for 24 hours in liquid
water was established. Experiments with “spent” material after 6 consecutive calcination /
rehydration cycles, calcined again and subsequently rehydrated in liquid water were highly
promising, as the initial reactivity of the material could be restored. In Figure 1d the
rehydration rate of MgooCao1O is shown during the 1% and 2", 7" and 8", (after 1%
regeneration) and 13™ and 14" cycle (after 2" regeneration), all of them being highly
comparable and complete. A complete hydration cycle is shown in Figure S1. From an
economic point of view such a regeneration of inactive material extending the duration of use
is highly desirable, as material life time and efficiency are relevant parameters for the cost-
effectiveness of a TCES-process.

Although the samples containing greater than 10 % Ca could be rapidly calcined and
rehydrated, a second aspect should be considered: For all samples up to 10 % Ca content only

the mixed Mg;xCax(OHz) phase was identified (refined against Mg(OH)>) in the P-XRD,
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whereas for higher Ca-contents the miscibility is exceeded and Ca(OH): is identified as an
independent secondary phase (Figure S2, Table S1). These phase compositions were
reproducible, although, in one case, contamination of the MgooCao.1(OH2) phase 0.8 % of
Ca(OH), was found. Calcination at 375 °C decomposes only the MgixCax(OH2) phase,
whereas the Ca(OH): is left unaffected. Therefore, for materials with a secondary Ca(OH)»
phase, the calculated rehydration of the Mgi.«CaxO needs to be corrected for inert Ca(OH)>
when calculating values for overall-conversion of the material (Table S1). Apart from a lower
overall conversion, it is imperative, from a technological point of view, to prevent the
introduction of an excessive amount of inactive material.

The formation of a Ca enriched Mg1.xCaxO phase, seeing as MgO and CaO are immiscible up
to 1900 K,**! may be explained by the origin of the material from a coprecipitated hydroxide
phase. The structures of Mg(OH), and Ca(OH),, as well of MgO and CaO are isotypic,
differing only in the lattice constants due to the larger ionic radius of Ca*" (Mg®* 0.86 A, Ca®"
1.14 A).*¥ According to the Rietveld refinement of P-XRD data (Figure S3), in the case of
the hydroxides it is possible to exchange Ca*" on Mg? -positions for a doping up to 10 mol%
Ca”*, with an accompanying lattice parameter expansion of up to 0.06 % for all lattice
parameters, as shown in Figure 3. These results agree perfectly with a previous report on
Mgi.xCaxO samples obtained by chemical vapor deposition (CVC).!*") Whereas in the case of
the CVD-preparation samples doped with greater than 12 % Ca lead to a segregation of Ca>"
on the surface,*> co-precipitation of mixtures of greater than 10 mol % Ca®’ results in the
formation of a Ca(OH):-phase within the precipitated material. As the mixed Mg;.xCaxO-
phase is obtained by calcination at relatively low temperatures, any diffusion-driven

¥ s

exsolution by phase-separation — as expected due to the immiscibility of the oxides!
prevented. The origin of the materials as precipitated mixed hydroxides is also apparent under

the scanning electron microscope (SEM). For all Mgi.xCaxO samples the hexagonal platelet
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shape of brucite is retained. For the mixed oxide, increasing Ca**-content results in decreasing
particle size (Figure S4).

All Ca?"-doped magnesium oxide samples show very similar thermal decomposition behavior
and are completely dehydrated at 375 °C. The decomposition temperature of the mixed
hydroxides deviates by only ~15 °C from pure Mg(OH) (Figure S5).*

The impact of the Ca*" dopant on the rate of the water dissociation on calcination may be
attributed both to electronic and steric (size) effects enlarging the interatomic distances of the
MgO-structure. Using DFT-calculations, the stability of undissociated (adsorbed) and
dissociated water (hydroxyl groups on the surface are more stable than the adsorbed water
molecule) were simulated. Initially, the lattice parameters and interatomic distances of a pure
MgO surface were artificially increased by about 6.8 % to 4.55 A, thus approaching the lattice
parameters of a pure CaO surface (a=4.84 A). To compare this pure size-effect with an
electronic one, on a pure MgO-surface one (10 % Ca?" doping) or two Mg-positions (20 %
Ca?* doping) were exchanged with Ca**-atoms, affecting the electronic structure of the
surface. In Figure 4 the adsorption energies for the most stable structures found for all three
surface models are shown (full symbols denote intact water molecules, open symbols
correspond to dissociated water being more stable) as a function of lattice parameter. Whereas
for a pure MgO surface with slightly enlarged lattice parameters the adsorption of intact water
molecules is favoured over water dissociation, a lattice parameter extension of greater than
5.8 % results in a preference for the dissociative pathway. This confirms the initial
assumption of steric influence of the Ca**-dopant. At the other hand, once the Mg-positions
were exchanged with Ca®'-atoms, the dissociative water adsorption at certain positions is
energetically favoured over the whole considered range. This finding seems to confirm an

additional, predominantly electronic, effect of Ca** doping. The electronic impact of one or

I The dehydration mechanism of Mg(OH), and a Ca-doped Mgo97Cao.03(OH)2, was investigated in literature
using transition electron microscopy.[*®!
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two Ca?"-atoms per unit cell surface area affects the adsorption energies only for small lattice
parameters. In the case of one Ca** atom on the surface, initially, intact water is more stable,
whereas for a second Ca®>" atom Eags is smaller for dissociated water over the range of
investigated lattice parameters. For the larger lattice parameters the Eags values differ only
slightly for both surface models.

To shed light on the formation of the mixed Mg;.«CaxO-phase from a theoretical point of view,
both formation enthalpy AfH and Gibbs free energy A:G for the mixed oxides were calculated.
As anticipated based on the large lattice mismatch between the two oxides (aca= 4.26 A for
MgO and 4.84 A for CaO), AH is positive for all compositions (Figure S6). Modelling the
entropy with a regular solution model — assuming a random mixture — leads to A¢G, which is
also positive over the entire range of compositions at the temperature at which the materials
are formed experimentally (Figure S6). Both results agree well with literature,'** confirming
again, that also from a theoretical point of view formation of the mixed Mg;xCaxO-phases is
thermodynamically unfavorable and possible only by calcination of the co-precipitated mixed
hydroxide.

In conclusion, it was demonstrated that doping MgO with Ca*" by calcination of the co-
precipitated mixed Mgi«Cax(OH): species, the kinetic barrier to the water dissociation step of
MgO rehydration could be significantly reduced. The maximum rehydration rate and cycle
stability were dramatically increased for MgO doped with 10 % Ca?", Mg 9Cao.10, enabling
full conversion to the corresponding hydroxide within 80 minutes. The decrease in
rehydration reactivity during the following cycles was attributed to agglomeration of material
during the consecutive calcination / rehydration steps, impeding the access to the reactive
surface. Rehydration of the less reactive material in liquid water regenerates the initial
reactivity due to degradation of the aggregates. DFT calculations demonstrated the effect of
the Ca®" doping as both electronic and steric in nature. Expanding the lattice-constants of an

MgO (001)-surface towards the values of a corresponding CaO surface results in a more
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stable water adsorption together with an increased tendency toward water dissociation (size
effect), whereas exchange of Mg?* atoms with Ca®" lowers this energy even further (electronic
effect). The outcome of this study provides not only a new material for highly efficient and
economic thermochemical energy storage, but also showcases, the power of rational design

and understanding on the development of new materials tailored for a certain application.

Experimental Section
Reference Mg(OH)>: The commercial Mg(OH)2 (0-5 um, 99.9% purity) used as reference

comparing the mixed-oxides water dissociation performance was obtained from RHI AG.

Preparation of Mixed Mg-Ca Oxides: Mixtures of the appropriate amounts of MgCl,-6H>O
and CaCly-6H20 to produce 0.2 mol of the mixed oxide, were dissolved in 75 ml degassed
H>O. Freshly prepared 20 % NaOH solution in degassed H2O (0.4 mol, 50 ml) were added,
resulting in immediate precipitation of a voluminous white precipitate. The Mg Cai.x(OH)>
precipitated was centrifuged and washed three times with 100 ml degassed H>O until chloride
free (verified by silver-nitrate test). The hydroxides were calcined in an electric furnace under
static atmosphere for 4 hours at 375 °C, yielding the oxides of the composition MgxCa;~O,

where x= 1-0.5 in almost quantitative yields.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Rehydration rate and cycle stability of various Mgi.xCaxO samples a) Commercial
MgO as reference. b) Comparison of Mg;xCaxO with Ca content between 0 — 40% (The 3D-
plot compares the final conversion of the different samples, whereas the contour-plot at the
bottom directs the focus on the reaction rate / initial delay.) ¢) Mgo9Cao.1O d) Hydration rate
of Mgo9Ca 10 to MgooCao1(OH), for two consecutive cycles before and after 1% and 2™
regeneration
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Figure 2. a) SAXS intensities for MgO and Mgo sCao20, calcined and after 6 cycles of steam
treatment. The calcined samples show small particles with a short range order (i.e.
agglomeration), visible by the peak. The particles of commercial MgO are smaller and exhibit
more pronounced agglomeration. b) Kinetics of conversion to the hydroxide, measured by the
decrease in the intensity difference between starting (calcined) and hydroxide material. The
half-life times of the hydration of MgO were determined by exponential fit to be 0.67 hours
for MgO and 1.63 hours for Mg gCao 0.
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Figure 3. Lattice parameters of MgixCax(OH)> versus degree of Ca-doping (left ordinate)
including the amount of Ca(OH), observed (right ordinate) for a) a-, b- and b) c-lattice
parameters, respectively. The blue lines denote trends in the Ca®*-content; the red lines shown
for the amount of the Ca(OH). present serve only to guide the eye. The green vertical denotes
the intercept of the two different slopes for the lattice parameters observed.
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X-Ray Powder Diffraction with In-Situ Hydration: A PANalytical B.V. MPD Pro
diffractometer was used to perform the P-XRD in Bragg Brentano geometry within a
scattering angle 5° < 20 < 90° for Cu Kuoi2- radiation. The instrumental resolution was
defined on the primary side by a '4° fixed divergent entrance slit followed by a 0.04 rad Soller
slit. A 0.04 rad Soller slit was placed before the X’celerator detector operated in the 1D
continuous line mode. The detector to sample distance for this instrument is 240 mm. The
hydration of the MgxCaixO samples was performed in an Anton Paar XRK 900 sample
chamber, connected to an evaporation coil kept at 300 °C. Using a HPLC-pump, 3 g min’
water were evaporated and the resulting 3 g min™! steam were passed through the sample (4
mm thickness) with 0.2 L min' nitrogen as carrier gas. During rehydration the sample
temperature was constantly kept at 50 °C, as governed by the thermocouple in the ceramic
sample holder. Nevertheless, the atmospheric temperature in the reaction chamber is
uncontrolled and due to the introduction of high-temperature steam, most likely higher than
that of the sample holder. During the experiment, any condensation within the sample
chamber cannot be observed, as the reaction chamber does not allow for optical inspection
whilst operation. On opening the chamber, no condensed water is found either inside of the
housing or on the sample.

For the cycle-experiments the MgxCaix(OH)2-samples were calcined for 15 minutes at a

temperature of 375 °C and subsequently cooled to 50 °C in a continuous stream of 0.2 L min™!

88



nitrogen (SATP-conditions). At this point the steam supply was activated and the
diffractograms were collected continuously, scanning the 5° < 26 < 90° within 4.4 minutes.
As the sample is completely penetrated by the X-rays, the diffractograms obtained are an
average of the complete sample. The experimental setup for the in-situ experiments is
illustrated in Figure S7.

The diffractograms were evaluated using the PANalytical program suite HighScorePlus v4.6a.
(11 A background correction and a Ko strip were performed. Phase assignment is based on the
ICDD-PDF4+ database,*! the exact phase composition, shown in the conversion plots, was

obtained via Rietveld-refinement incorporated in the program suite HighScorePlus v4.6a.[!]

Calculation of Lattice-Parameters from P-XRD:

The calculation of the crystallographic lattice parameters for MgixCaxO with differing
degrees of Ca doping were performed using the Rietveld refinement method based on the P-
XRD data recorded in one dimension within a scattering angle 5° < 20 < 133° with Cu Ka12-
radiation. The measurements for the analysis were carried out on a MPD Pro (PANalytical
B.V.) powder diffractometer in Bragg Brentano geometry. The instrumental resolution was
defined on the primary side by a ’2° fixed vertical entrance slit followed by a 0.04 rad
horizontal Soller slit. A 0.04 rad horizontal Soller slit was placed before the X’celerator
detector operated in the 1D continuous line mode. The detector to sample distance for this
instrument is 240 mm. Approximately 10 % of a Silicon NIST Standard SR640c with a well-
known lattice parameter (a = 5.411946 +£0.00005 A) was mixed with the Mg(OH), powders
doped with increasing Ca content to enable a correction for the instrument parameters
concerning zero shift, etc. Hence, restraining the lattice parameter for the Si phase during the
Rietveld refinement, the changes in the parameters for the Mg(OH),- and Ca(OH);-phase

could be evaluated within high precision, respectively. Figure S2 shows a graphical
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representation of a Rietveld refinement for the sample with 0% Ca. The residuals for the

profile fit are Rpragg = 1.9% and Ruweighted pattern = 6.7%, respectively.

Scanning Electron Microscopy: SEM images were recorded on a Quanta SEM instrument
from FEI under low-vacuum and in the presence of water vapor to prevent electrostatic

charge.

Small-angle X-Ray Scattering: The samples were prepared either as powder between two
tapes or in a vacuum-sealed capillary. Patterns were recorded using a microsource with X-
rays from a copper target (Incoatec High Brilliance, wavelength 0.1542 nm, CuKa), a point
focus (Nanostar from Bruker AXS) and a 2D detector (VANTEC 2000). The X-ray patterns
were radially averaged and background corrected to obtain scattering intensities dependence

on the scattering vector g=(47n/A) sinO, with 20 being the scattering angle.

Computational Details: All DFT calculations were performed using the WIEN2k program,!*!
an implementation of the full-potential linearized augmented plane wave + local orbital
method. Both the calculation of the adsorption energies of water and the formation energies of
the mixed oxides were done using the general gradient approximation by Perdew et al
(PBE).[*]

The water adsorption was modeled with a 5-layer slab with inversion symmetry and a vacuum
layer of 15 A, starting from a (V2xV2)R45 supercell of bulk MgO. Pure MgO surfaces and
mixed surfaces with one and two Ca at Mg sites per unit surface area were simulated. Atomic
sphere radii of 1.7, 1.1, and 0.55 bohr were used for Mg/Ca, O, and H respectively. The basis
set size is determined by RKmax = 3.5, which is the product of the largest vector Kmax in

reciprocal space (plane wave cut-off) and the smallest atomic sphere radius, and the 2D
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Brillouin zones of the surface models were sampled using a 2x2x1 Monkhorst-Pack k-mesh."!
The adsorption energies Eads were calculated according to the following equation:

Eads = 0.5 (Estab+water/hydroxyls — Estab— 2 Ewater),
where Eglab+watermydroxyls 1S the energy of the slab with water and hydroxyls respectively, Esap 18
the energy of the clean slab, and Evwaer 1S the energy of a water molecule in a unit cell of the
slab with all slab-atoms removed. Water was adsorbed with the oxygen above a surface cation
and the hydrogens oriented toward surface oxygens (roughly along the metal-oxygen bonds of
the surface) — as described by Hu et al.ly After a relaxed structure had been found, the
adsorbed water was split manually — i.e. one hydrogen was moved to neighboring oxygen.
Subsequently another relaxation step was carried out to see whether the hydroxyls are stable
or recombine to an absorbed, but intact water molecule. All structures were relaxed until the
residual forces were below 1 mRy/bohr.
The formation energies of the mixed oxides were calculated with primitive 2x2x2 supercells
of bulk MgO (with 64 atoms per cell) — for the lowest Ca-content a 3x3x3 supercell was used
— with Ca substituted for random Mg-atoms. The random substitutions were created with the
program “Supercell”,l”) with the number of substituted Mg-atoms corresponding to the
respective content of CaO. Atomic sphere radii of 1.7 were used for Mg, Ca, and O. The
Brillouin zone was sampled with a 5x5x5 k-mesh, a RKmax value of 8 was used. The lattice
parameters of the mixed oxides were optimized, with the starting lattice parameter chosen
according to Vegard’s Law, and the atomic positions were relaxed until residual forces were
smaller than 1 mRy/bohr. The formation energy AfH was derived according to:

AfH = Etotal — (1-X) Emgo — X Ecao

where X is the content of CaO in the mixed oxide, Emgo/cao are the energies of bulk MgO and
bulk CaO respectively and Etoal is the energy of the mixed oxide. The calculation of the Gibbs

free energy based on a regular solution model was done as described by Van de Walle et al.[*!

91



110
100

time{min)

Figure S1. Time-dependent P-XRD pattern during the rehydration of Mgo9Cao10. The
arrows mark the Mgo9Cao.1(OH)>-peaks.
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Figure S2. The detail of the diffractograms represents the Mg(OH)> {001}-peak at 20 = 18.85
and, for all samples with more than 10 % Ca-content forming the secondary Ca(OH)>-phase,
the Ca(OH); {001}-peak at 20 = 18.29 (marked with *) are shown.
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Figure S3. Graphical representation of the Rietveld refinement of the P-XRD measurement
for 0% Ca. The dotted red lines represent the measured data whereas the solid blue line is the
result of the profile fit using a Pearson VII function to describe the intensities based on the

crystallographic structural model for the silicon and Mg(OH), (Brucite) and the instrumental
parameters.
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Figure S5. Thermogravimetric analysis of the mixed Mg-Ca hydroxides, commercial
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40 %.
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Figure S7. Experimental setup for rehydration in the P-XRD.
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Table S1. Phase composition and corrected rehydration reactivity for Mg xCaxO samples

Sample Ca-content Ca-content Ca(OH), content [%]  Rehydration Corrected
(theoretical) [%)] (AAS) [%] Conversion [%]? Conversion [%]°
Reference 0 0+04 0 42.8 42.8
1 0 0+0.3 0 51.8 51.8
2 1 1.18+0.2 0 47.3 47.3
3 25 2.89+0.3 0 63.4 63.4
4 5 5.36 £0.2 0 67.7 67.7
5 6.25 6.41+0.9 0 80.8 80.8
6 7.5 7.54+0.6 0 79.5 79.5
7 10 10.13+0.4 0 100 100
8 12.5 12.40£0.9 5.5 824 77.9
9 15 14.89+1.0 7.8 78.5 72.4
10 17.5 17.98 £ 0.6 10.6 84.6 75.7
11 20 19.55+ 3.2 12.9 86.4 75.2
12 30 2853+ 1.5 19.4 83.0 66.9
13 40 43.68+2.7 35.5 77.2 49.8

9 First cycle rehydration conversion ® Conversion adjusted for inactive Ca(OH),

[1] T. Degen, M. Sadki, E. Bron, U. Konig, G. Nénert, Powder Diffraction 2014, 29, S13.
[2] http://www.icdd.com.

[3] K. S. Peter Blaha, Georg Madsen, Dieter Kvasnicka, Joachim Luitz, ISBN 3-9501031-
1-2 2016, TU Wien.

[4] J. P. Perdew, K. Burke, M. Ernzerhof, Physical review letters 1996, 77, 3865.

[5] H. J. Monkhorst, J. D. Pack, Physical Review B 1976, 13, 5188.

[6] X. L. Hu, J. Carrasco, J. Klimes, A. Michaelides, Physical Chemistry Chemical
Physics 2011, 13, 12447.

[7] K. Okhotnikov, T. Charpentier, S. Cadars, Journal of Cheminformatics 2016, 8.

[8] H. Peelaers, D. Steiauf, J. B. Varley, A. Janotti, C. G. Van de Walle, Physical Review
B 2015, 92.
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Highlights:

- Key parameters affecting the rehydration reactivity of MgO (calcination temperature,
specific surface, water vapour concentration and rehydration setup) are identified and
compared

- Rehydration reactivity of MgO was determined using an in-situ X-ray diffraction setup,
correlating calcination conditions, water vapour concentration and reaction rates

- Mg(OH); yield on rehydration varies depending on calcination and rehydration
conditions between 65.5 % (furnace-calcination and P-XRD rehydration), 89.5 %
(furnace calcination and fluidized-bed rehydration) and 98.5 % (direct calcination and
rehydration in the P-XRD)

Keywords: low-temperature calcination, magnesium oxide, rehydration reactivity, in-situ X-
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Graphical Abstract

Abstract

Highly active MgO was investigated as a thermochemical energy storage (TCES) material.
Special focus was given to the effects of thermal dehydration of Mg(OH)> to MgO: High
calcination temperatures and long dwell times notably affect the reactivity of MgO towards
rehydration due to sintering processes. A detailed comparative study of the factors governing
the rehydration reactivity, including calcination temperature and duration, resulting particle
size, morphology and specific surface area and rehydration conditions, is presented. To obtain
a correlation between calcination temperature, time and reactivity, sample rehydration was
combined with an in-situ powder X-ray diffraction (P-XRD) setup. The best results and
conversion rates were obtained by calcination of Mg(OH); for 4 hours at 375 °C and subsequent
rehydration in the P-XRD using 1 g min™' steam. In-situ calcined and rehydrated samples in the
P-XRD setup showed remarkably higher rehydration reactivity, revealing ageing effects on
prolonged storage of the calcined material. Experiments applying the optimized calcination and
rehydration conditions in a laboratory-scale fluidized bed reactor were promising for a targeted
TCES-cycle: After an initial peak-temperature of 71.5 °C, for more than 50 minutes a reaction
temperature between 50-60 °C was achieved.

1. Introduction

Thermochemical energy storage (TCES) is a promising technology for the utilization of waste
heat and reduction of heat loss by heat storage. Although storage of heat is possible by several
different approaches, the concept of TCES, transforming and storing energy by means of a
chemical reaction, offers distinctive advantages like high storage density, long-term loss-less
storage ability and cost efficiency.!”* TCES systems are based on a reversible chemical reaction,
during which heat is stored by an endothermic decomposition reaction. On recombination of
the products an exothermic reaction occurs, releasing the previously stored heat. The direction
of the reaction is temperature dependent as given by the definition of Gibbs’ free energy:

AG = AH — T AS (1)
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AGr,, = 0 2)

Considering the decomposition of Mg(OH), into MgO and H>O, in the case that T > Teq, the
reaction will occur spontaneously because AG becomes negative (charging reaction of the
storage material). In contrast, for T < Teq the back-reaction, in this case the hydration of MgO
to Mg(OH)zis favoured (discharging of the storage material with concomitant release of heat).

Complementary approaches to the concept of thermochemical energy storage focus on the
concepts for thermal energy storage by the application of phase change materials (PCM),*> as
well as latent or sensible heat storage materials.®® In comparison to TCES systems, these
systems feature disadvantages affecting the cost-value ratio.”! For example, sufficient
insulation of the reservoir is needed to decrease heat losses, as the storage material is warmed
during the loading process. Due to the inherent lower storage capacity, larger volumes of the
storage material are needed. Finally, the operational temperature window is smaller in
comparison to TCES-based systems.

The calcination and subsequent rehydration of magnesium oxide (with a storage density of 1.39
MJ kg!) has been the subject of several experimental studies.”!'!"!* The main reason for the
scientific interest in the Mg(OH)2 / MgO reaction couple is the industrial-scale availability of
both materials, allowing for very reasonable material investment costs.'* Nonetheless, most
studies of the Mg(OH), / MgO reaction couple reported so far, focus on kinetic issues,
mechanism and process of the thermal decomposition, forming MgO from Mg(OH), under
various conditions.'>!® Due to the principally industrial interest in the calcination reaction, only
relatively few efforts have focused on the rehydration process, which is technologically relevant
to development of a chemical heat pump, for example.!>!”'® The major obstacle to the
technological use of the Mg(OH), / MgO couple for TCES purposes is the slow and limited
reactivity during rehydration. Recently, modifications of the Mg(OH), with LiCI*® or LiBr*!-*?
were reported as effective method to enhance the reactivity and energy release during
rehydration. To improve the limited thermal conductivity of Mg(OH),, different composite
materials with expanded graphite have been investigated. 6232

A fundamental investigation regarding the physicochemical background of sluggish
rehydration reactivity and correlating the calcination process with the resulting reactivity is still
lacking. Nevertheless, from industrial processes it is known that three forms of MgO can be
distinguished regarding the rehydration reactivity: Dead-burned MgO, a very unreactive form
used as refractory (formed at temperatures between 1500-2000 °C),?” hard-burned MgO, a
material of limited reactivity (formed at temperatures between 1000-1500 °C) and finally light-
burned MgO, a more reactive species (formed at temperatures between 700-1000 °C).® On this
basis, the kinetics of the MgO rehydration have been shown to be highly dependent on the
porous structure and thus surface-area, developed during thermal dehydration.?® A high surface
area facilitates diffusion of water to the reactive sites, resulting in high conversion and reaction
rates. An extended thermal treatment of the already dehydrated material or calcination at higher
temperatures results in sintering of the material. Thereby, loss of porosity and decrease of
reactive surface area results in decreased reactivity of the material.

Herein, we report the first systematic investigation on the rehydration reactivity of MgO,
obtained by thermal dehydration at temperatures between 300 °C and 600 °C. Samples obtained
under different calcination conditions (time and temperature) were investigated regarding their
specific surface area, morphology and rehydration behavior, followed by in-situ rehydration in
a powder X-ray diffraction setup. The results presented allow for scalable identification of the
optimum calcination and rehydration conditions, leading to a highly active material suitable for
thermochemical energy storage.
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2. Experimental Methodology

2.1 Material

The material, unless otherwise stated, used for all experiments is commercially available
Mg(OH)> powder with a particle size of < 5 um, supplied by RHI-AG. The material used
originates from serpentinite, which is industrially treated with dilute hydrochloric acid,
followed by a thermal degradation of the resulting magnesium chloride. The obtained MgO is
then hydrated, yielding Mg(OH), with a purity of 99 %. Additionally, nano-crystalline MgO
was purchased from US-Nano.

2.2 Thermal analysis

Thermal dehydration data were obtained using a Netzsch STA 449 F1 Jupiter® system
equipped with an automatic sample changer and heating rates of 2, 5 and 10 °C min™' under N»
atmosphere between 50 °C and 450 °C.

2.3 X-Ray Powder Diffraction

The powder X-ray diffraction measurements were carried out on a PANalytical X'Pert Pro
diffractometer in Bragg-Brentano geometry using Cu K1 radiation and an X’Celerator linear
detector with a Ni-filter. For in-situ monitoring of experiments an Anton Paar XRK 900 reaction
chamber was used. The sample was mounted on a hollow ceramic powder sample holder,
allowing for complete perfusion of the sample with the reactive gas. The sample temperature is
controlled directly via a NiCr-NiAl thermocouple and direct environmental heating. The
reactive gas flow was set to 0.2 L min™!, unless otherwise stated. The diffractograms were
evaluated using the PANalytical program suite HighScorePlus v3.0d. A background correction
and a K strip were performed. Phase assignment is based on the ICDD-PDF4+ database, the
exact phase composition was obtained via Rietveld-refinement in the program suite
HighScorePlus v3.0d. All quantifications based on P-XRD are accurate within of £5 %.

2.4 In-situ rehydration setup for the P-XRD

To follow the rehydration reaction in-situ, an Anton Paar XRK 900 sample chamber was
equipped with a moisturiser, allowing for X-ray diffraction under an atmosphere with controlled
humidity. A 4 mm thick layer of MgO-powder, having a diameter of 10 mm flushed with 0.2 L
min'a flow of helium, moistened before contacting the sample in a 20 cm high water tank (see
figure S1). At the entry of the reaction chamber the gas had a dew-point temperature of 23.2
°C. Considering the gas temperature of 25 °C, this corresponds to a water vapour loading of
0.25 g h'!. For higher water concentrations 1 ml min™! water (provided by a HPLC-pump) was
passed through an evaporation coil kept at 300 °C (see figure S2a). The resulting 1 g min’!
steam was mixed with 0.2 L min™! helium as carrier gas (H>O partial pressure equals 0.87 bar)
and passed from the top through the sample (see figure S2b). The carrier gas is necessary to
avoid condensation of water. During rehydration the sample warmed to around 65 °C. As the
sample is completely penetrated by the X-rays, the obtained diffractograms are an average
through the complete sample.

2.5 Scanning electron microscopy (SEM)

A JEOL JSM-5410 analogue scanning electron microscope equipped with a Bruker AXS
digitalizing signal processing unit was used to obtain 2D images of the particles of the powder
samples. The samples were mounted on carbon pellets on top of the sample holder and plasma
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vacuum deposition was used to coat the samples with a thin layer of gold to ensure conductivity.
The gold coating was performed using a Baltec Med020 sputtering system. The sample was
evacuated for 10 minutes at 7-10™* mbar, followed by adjustment of an argon pressure of 2-107
mbar. For the evaporation of the gold target a current of 150 mA for 150 seconds was used.

2.6 BET-specific surface area analyzer

The specific surface of the samples was determined by nitrogen sorption measurements, which
were performed on an ASAP 2020 (Micromeritics) instrument. The samples (amounts between
100-200 mg) were degassed under vacuum at 80 °C overnight prior to measurement. The
surface area was calculated according to Brunauer, Emmett and Teller (BET).*

2.7 Thermal dehydration in the furnace

For systematic evaluation of the impact of temperature and calcination time on the rehydration
reactivity of MgO, Mg(OH), samples were calcined under air and static atmosphere from 2 to
12 hours at 300 °C, 350 °C, 375 °C, 400 °C, 450 °C and 600 °C in an electric muffle furnace.
The samples were transferred immediately to a desiccator for cooling after calcination and were
afterwards stored in sealed containers.

2.8 Fluidized bed reactor

45 g of MgO calcined for 4 hours at 375 °C were fluidized in a 105 cm high reactor with an
inner diameter of 3.6 cm in a flow of 20 L min™! nitrogen (see figure S3). The reactant was
introduced in form of steam, evaporating 1 g min! water at 300 °C and mixed below the glass-
sinter bottom with the fluidizing gas stream. The temperature in the reactor was monitored by
three K-type thermocouples 10, 20 and 30 cm above the glass-sinter bottom. The heating caused
by the steam was determined to result in a temperature increase of 10 °C, which was
subsequently corrected in all experiments.

3. Results and Discussion
3.1 Formation of MgO by calcination of Mg(OH)2

To better understand the rehydration reactivity of MgO its formation by calcination of Mg(OH):
was studied in detail and the properties (particle size, texture and specific surface area) of
materials formed under various conditions were investigated. Information about reaction
parameters including temperature (onset of dehydration), rate and degree of conversion
(efficiency) were obtained by TG, DSC (thermal analysis) and in situ P-XRD. The dependence
of MgO texture on calcination conditions was gleaned from P-XRD data and more detailed
information was acquired by BET-surface analysis and SEM.

The thermoanalytical measurements were made to determine the minimum temperature
necessary for the thermal decomposition (dehydration) of Mg(OH)2 to MgO and the efficiency
of this process. These experiments (DSC, figure 1 and TG figure S4; parameters summarized
in table 1) show that dehydration begins at temperatures between 341 and 374 °C, depending
on the heating rate applied.
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Figure 1. Heat flow during the dehydration of Mg(OH); at different sample heating rates.

A final mass-loss of 27.77+0.19 % is reached between 354 °C and 390 °C depending on the
applied heating rate. The theoretical mass-loss should be 30.91 % and, assuming that the
observed mass-loss corresponds to the formal removal of one water molecule per magnesium
center, ~90 % of the theoretical amount of MgO is formed. The residual undecomposed material
may be attributed to a mixed Mg,O(OH), oxyhydroxide phase that is stable up to 600 °C.?° The
presence of crystalline impurities was excluded by P-XRD analysis (see below).

Table 1. DSC and TG data from Figure 1 and Figure S4

2 °C min’! 5°C min’! 10 °C min™

DSC onset [°C] 341.1 358.9 374.8
DSC peakmax [°C] 376.2 400.3 422.6
heat flow [J g!] 1072 1065 1053
TG onset [°C] 354.1 370.8 390.6
mass loss [%] 27.59 27.76 27.96

Thermal dehydration of Mg(OH), was monitored by P-XRD primarily to establish the kinetics
of the calcination reaction. An Mg(OH), sample was heated in the XRD chamber from 25 °C
to 400 °C, collecting diffraction data once per minute. The data collected agree well with those
obtained previously by DSC/TG. Above 330 °C, the formation of MgO and consumption of
Mg(OH) is observed (figure 2, MgO peaks marked by asterisks). Above 360 °C a single
crystalline MgO phase without any secondary phase is observed. The conversion rate data (see

figure S5) have an intrinsic uncertainty of less than 1 %, limited only by the accuracy of the P-
XRD method.
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Figure 2. Variable temperature powder XRD patterns showing the thermal dehydration of
Mg(OH): to MgO (MgO peaks marked by asterisks).

In addition to dehydration reactivity information (reaction kinetics), P-XRD also provides
insight into the texture and morphology of the particles formed by the reaction. To exploit this
information and better understand the effects of calcination temperature and duration on the
resulting MgO, samples were calcined isothermally at different temperatures between 330-600
°C for up to 10 h while monitoring by P-XRD. Comparing the (111) and (200) reflections for
MgO samples calcined for 10 hours, both reflections are slightly narrower for samples treated
at higher temperatures (see figure S6). This indicates the formation of larger primary crystallites
at these temperatures. This effect becomes especially prominent for the MgO (200) reflection
of the sample treated at 330 °C (red) as compared to that treated at 600 °C (magenta). The mean
diffractive crystallite diameters were calculated by Rietveld-analysis for the different
calcination temperatures. Diameters of 65.8, 71.8, 82.5 and 111.1 A were found for samples
treated at 330, 350, 400 and 600 °C, respectively after 10 hours calcination time. The primary
crystallite sizes of the material during calcination at different temperatures as determined by P-
XRD are plotted in figure 3. Quantitatively, during calcination at 330 °C, the primary crystallite
size increases by about 5.9 % over the 10 hours dwell time, whereas at 600 °C an increase in
crystallite size of 17.3 % is observed over 10 hours.
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Figure 3. Temperature dependent primary crystallite size increase during calcination, shown
for the (200) reflection of the material (initially Mg(OH)., then MgO)

Since calcination conditions have a clear effect on the size of the MgO particles produced and
it is well-known that the first step in the rehydration of MgO to Mg(OH)> is the adsorption of
water on the particle surface,”! the rehydration of MgO should be strongly affected by particle
size and porosity (specific surface area). Therefore, the Brunauer, Emmett and Teller method
was used to investigate the specific surface area of MgO formed by Mg(OH): calcined under
various conditions. In figure 4, the specific surface areas found for material calcined at different
temperatures for various lengths of time are plotted (numerical values are tabulated in table S1).
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Figure 4. Specific surface area of MgO samples calcined under different conditions. The
specific surface area of untreated Mg(OH), was determined to be 4.21 m?g’!, in agreement with
the literature value.?’

As expected, increased sintering on prolonged calcination at higher temperatures is observed as
a decrease in the specific surface area. For temperatures above 375 °C and dwell times longer
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than 4 hours, the specific surface declines steadily. In contrast, the specific surface area of the
sample treated at 350 °C — the lower temperature limit for thermal dehydration of Mg(OH); as
determined by DSC/TG and P-XRD measurements — was still growing after 12 hours. For the
sample treated at 300 °C only a slight increase in the specific surface is observed and for that
treated at 600 °C only a small surface area is obtained after only 2 hours. Therefore, the BET
surface measurements suggest that the optimal calcination is achieved after 4 hours furnace
dwell time at 375 °C, yielding MgO with a specific surface area of 294.51 m?g’..

Given the influence of calcination temperature and furnace dwell time on the texture of the
resulting MgO and to complement the BET-surface analyses, the particle morphology of MgO
formed under various calcination conditions was examined by SEM. In figure 5 and figure S7
representative images of Mg(OH), calcined for 2 and 12 hours at different temperatures are
compared. The hexagonal morphology of the MgO platelets, originating from the parent
Mg(OH); structure, is preserved in all cases due to the low calcination temperatures applied.
For the images obtained from the samples at temperatures below 400 °C, hardly any difference
between samples treated for 2 hours or 12 hours is observed. For the samples treated at 600 °C
the particle edges become rounded and a concomitant decrease in particle size is observed. The
macroscopic particle size modification and decrease with concomitant growth of the primary
crystallites corresponds to the thermal sintering process resulting in the loss of hexagonal
morphology and formation of the thermodynamically favorable cubic form of MgO.*

N

600°°C, 12h

MAG: 10000 x__ HV: 20,0 KV WD: 20,0 mm

Figure 5. SEM-images of the time- and temperature-dependent calcination experiments, 10,000
fold magnification.

These images show the macroscopic aspects of the MgO formed by calcination. The inner
structure (including particle porosity) — which is not resolved in figure 5 — is affected by thermal
treatment to a far greater extent than MgO particle morphology. Long before a visual change is
observed, the nm-sized crystallites of MgO formed during the calcination process that are
responsible for the high specific surface area grow and sinter thermally (figure 3). A recent
study details the behavior of the inner surface of MgO particles on heating.?
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3.2 Rehydration of MgO monitored by in situ P-XRD

Since the calcination process (temperature and duration) affects both the specific surface area
and particle morphology of the resulting MgO, the rehydration of MgO produced under
different conditions was carefully studied by in situ P-XRD. In figure 6, a time-dependent series
of diffractograms obtained during rehydration of MgO with 0.25 g h™' H,O (Mg(OH): calcined
at 375 °C for 4h, specific rehydration conditions are described in the experimental) is shown.

6400+ 104 ®—MgO,375°C,4h i

- MgO nano powder
R !

Intensity
(counts)

3600+

conversion Mg(OH), [%]

1600

400- Wbt AWA
30 min e T

60 min

120 min
20 30 40 50 60 70

80
2Theta (%)

Figure 6. Time-dependent rehydration of MgO with 0.25 g ' H,O (25 °C and a flow of 0.2 L
min"! He), shown for a sample generated by calcination of Mg(OH), at 375 °C for 4 hours.
Insert: Conversion rate, calculated from the powder patterns.

Comparing the diffractograms of the initial MgO sample and that obtained after 120 minutes
rehydration time, it becomes evident, that nearly no reaction occurs. The insert shows minimal
conversion (0.8% over 120 minutes), calculated by Rietveld-analysis of the MgO and
Mg(OH)2-phase. The low conversion rate leads to the conclusion that a higher water vapour
loading is likely necessary to increase reaction rate. For comparison, the experiment was
repeated with a sample of commercially available MgO nano-powder known to be highly active
toward rehydration. In the insert, conversion of the nano-powder is shown in red and nearly
identical results to those for the sample calcined at 375 °C for 4 hours can be observed.

To enhance the reaction rate, a steam generator was used to introduce 1 g min™' of water vapour
mixed with 0.2 L min™' He as carrier gas to the reaction chamber. The results of time-dependent
diffraction measurements for rehydration with a greater atmospheric moisture content are
shown in figure 7. Clearly, the presence of a large excess of water increases the reaction rate,
leading to 65.5 % conversion within the first 2 hours for a sample of MgO generated by
calcination of Mg(OH), for 4 hours at 375 °C. The commercial nano powder was once again
analyzed for comparison and shows similar rehydration behavior aside from an initial induction
period of approximately 30 minutes, followed by steady conversion at a similar rate to the
calcination derived sample.
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Figure 7 a) Decreasing intensity of the MgO (200) reflection with concomitant increase in
Mg(OH)2 (101) reflection intensity during rehydration of a sample calcined at 375 °C for 4h.
b) Conversion of MgO in a helium-water vapour atmosphere versus time.

The observed acceleration of rehydration by increasing water concentration is in keeping with
the known kinetic hindrance of H>O-dissociation on the MgO surface. Increasing sample
temperature has no impact on the reaction rate, but an excess of reagent (H2O) pushes the
reaction equilibrium towards the product side. This observation also agrees with previously
published theoretical calculations.*?

To correlate the results from the BET specific surface area analysis of MgO formed by
calcination with the in-situ P-XRD studies of MgO rehydration, the rehydration of a selection
of MgO samples formed by calcination of Mg(OH). under different conditions, were analyzed
by P-XRD (figure 8).

As expected for particles with smaller specific surface areas, the MgO samples produced by
calcination at higher temperatures feature notably lower rehydration reactivity and incomplete
reconversion to Mg(OH): over the two hour reaction time (Figure 8). For samples generated at
higher calcination temperatures (and for increased furnace dwell times) an induction period for
the rehydration reaction is observed. The sample calcined at 450 °C shows nearly no
rehydration within the first 15 minutes, whereas for a calcination temperature of 600 °C this
period extends to nearly 90 minutes. A slight trend toward this reduced initial reactivity is also
observed for the sample calcined 4 hours at 375 °C, which, nevertheless, shows the greatest
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conversion after 120 minutes. The rehydration reaction progress for different samples after 120
minutes is summarized in Table 2.

—*— 375 °C,4 h, (2945m*g")
|—=—400°C, 2 h, (268.1 m*g") )
60 —Aa— 450 °C, 2 h, (149.0m*g") */*
600°C,2h, (03rfg) | «—* .
/11/ i [} ——
g‘ X ,‘;LT:_,,_,/,_,,..,,
I_(:‘ o | | :—;:)
T o )
O 40 o y N
5 P N
s
E x I //X 5 /./A/
s | ’, R
: i s
qé “7 «“f‘ "'/ /
10 4 f o
’/’ b4 /
J"i//
04 ‘,——f.f.A ‘
T T T - , ' | | | | | | '
0 20 40 60 80 o -
time [min]

Figure 8. Comparison of rehydration rates determined for MgO-samples calcined at different
conditions by in-situ P-XRD. (Rehydration conditions: 1 g min™' H,O-vapour, 0.2 L min™! He)
The diffractograms for the final conversion are shown in figure S8.

As outlined above, higher temperatures and longer calcination times promote particle sintering
and the accompanying partial loss of the interior pore structure. This process begins at the
particle surface, clogging the pores and thus preventing water molecules from entering the pore
structure. Once the sintered outer layers of MgO are rehydrated, platelet growth of Mg(OH)2
reopens access to the residual interior pore structure.> This observation may explain the
induction period on rehydration reaction for sintered samples.

Table 2. Rehydration of different MgO samples to Mg(OH): after 120 minutes

Sample / calcination 88.7 % moisture 1 gmin'! H2O) /0.2 L min! He

temperature
MgO US-nano 0.8 % 45.9 %
MgO, 375 °C, 4h 0.8 % 65.5 %
MgO, 400 °C, 2h --- 58.5 %
MgO, 450 °C, 2h --- 42.2 %
MgO, 600 °C, 2h --- 222 %

Given these effects of specific surface area and particle morphology on the rehydration
reactivity of MgO, the influence of particle size was also studied. To investigate the impact of
particle size on reactivity, coarse Mg(OH), was calcined for 4 hours at 375 °C and then
fractionated using a vibrating sieve into <100 pm, 100-250 pm, 250-350 pm and 350-500 pm
particles. Similarly to the SEM-images shown in figure 5, the sieved material consists of small
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platelets of <5 um size, some of which form larger aggregates along the basal plane of the
hexagonal platelets (figure S8). In the bulk material, aggregates and platelets form more or less
stable agglomerates. After a few seconds in the vibrating sieve, fractionation was already
achieved, the larger agglomerates removed and all four fractions collected and investigated
regarding their specific surface and rehydration reactivity. Prolonged sieving should be
avoided, as this results in milling of the coarse material and a skew toward the smallest particle
sizes. All four fractions have a very similar appearance in the SEM (see figure S10). Only for
the 350-500 um fraction are a slightly increased number of larger particles found. Aside from
this, no significant difference is observed in the SEM-images. To investigate the influence of
agglomerate size on the reactivity, BET-surface (figure S11) and in-situ rehydration rates were
determined (figure 10).
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Figure 10. Conversion rate of sieved MgO fractions during in-situ rehydration in the P-XRD
(calcined at 375 °C for 4 hours, Rehydration conditions: 1 g min™! HO-vapour, 0.2 L min™' He)
The diffractograms for the final conversion are shown in figure S12.

The BET specific surface area analyses, as well as the rehydration rates and final conversions
are comparable for all four sieved fractions (figure S9). This result fits with the prior findings,
especially the SEM-measurements. The MgO samples used for all experiments consist of the
finest primary particles in the range of 0-5 um, forming larger aggregates along their basal
planes. But for the rehydration reaction, the formation of these aggregates and agglomerates is
not limiting, as the reaction occurs at the surface of the primary particles.

Regarding BET-surface and final conversion a notable discrepancy is observed between the
sieved samples and those discussed above. Whereas for the MgO formed by calcination for 4 h
at 375 °C without prior sizing a specific surface of 294.5 m?g™! and a final Mg(OH), conversion
of 65.5 % was observed, in the case of the sieved MgO fractions only a surface area around 220
m?g! and final conversions of 30 % were evidenced. All applied analytical methods revealed
no significant difference between these two groups of samples. Therefore, the only reason for
the observed discrepancy in specific surface and reactivity is found in the mechanical treatment
of the agglomerates / particles during the sieve analysis. It seems, that the mechanical abrasion
during the separation notably affects the reactivity of the material. Further detailed
investigations on the impact of mechanical stress on the properties of the Mg(OH). / MgO
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particles currently ongoing in our group may provide an in depth explanation for this
observation.

3.3 MgO-Mg(OH)> TCES optimization by in-situ P-XRD

To establish the viability of a TCES cycle based on MgO hydration and Mg(OH), dehydration
and the nature of any ageing effects occurring either during calcination, another set of
experiments was performed in the P-XRD reaction chamber. First, a sample of Mg(OH), was
dehydrated under an inert-gas atmosphere while monitored by in-situ P-XRD. After complete
dehydration was established from the diffraction pattern, the sample was immediately cooled
in a nitrogen atmosphere and subsequently rehydrated using the steam generator with He carrier
gas. In figure 9 the conversion curves obtained by P-XRD monitoring of rehydration reaction

progress are shown.

1001 K S *

90 < 2

5. : e e —0 ¢
— 80 A
R ¥
O 604 i o e *— 375 °C, in-situ
2 s0- / o —#—375°C, 4h
c / —&— 600 °C, in-situ
B 407 | : 600 °C, 2h
S E I

/¢

@ 304 [
= [ /
S 1 1%
O 204 ,

10

o «Z— T . B
T T T T T —T T T T T - r
0 20 40 60 80 100 120
time [min]

Figure 9. Rehydration rates of MgO-samples decomposed in-situ (filled symbols) and samples
decomposed in the furnace prior to rehydration (unfilled symbols). The initial inhibition in the
case of the in-situ dehydrated samples may be explained by the dead-volume of the P-XRD
setup, as, unlike to prior experiments, the steam generator was connected from the beginning
of the rehydration experiment. Threefold repetition of the in-situ experiments resulted in highly
comparable final conversions. (Rehydration conditions: 1 g min"' H,O-vapour, 0.2 L min™' He)
The diffractograms for the final conversion are shown in figure S9.

The final conversion to Mg(OH): of the samples represented in figure 9 after 120 minutes is
summarized in table 3.

Table 3. Rehydration of different MgO samples to Mg(OH), after 120 minutes

Sample / calcination I gmin" HxOg /0.2 L min" He
temperature
MgO, 375 °C, 4h 65.5 %
MgO, 375 °C in-situ calcined 98.5 %
MgO, 600 °C, 2h 222 %
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MgO, 600 °C in-situ calcined 85.7%

Upon initial inspection, the results shown in figure 9 were quite unexpected. Samples
dehydrated at the same temperature should have nearly identical rehydration reactivity. Samples
calcined at 600 °C should also be rehydrated to a much lesser degree due to sintering processes
occurring during dehydration. However, the notable differences in the rehydration rate can be
explained by the calcination time. For the samples treated in the furnace the dwell time was set
a priori, whereas for samples treated in the P-XRD chamber the thermal treatment was aborted
as soon as complete dehydration was observed. Therefore, although a calcination temperature
of 600 °C was applied, the sample experienced only 2 minutes at this temperature. The slightly
lower final rehydration conversion achieved in the furnace as compared to the P-XRD cell at
375 °C demonstrates, that Mg(OH)> decomposition and sintering occur simultaneously.

For both in-situ calcined samples a very high initial reactivity is found, leading to 71.5 % (375
°C) and 78.5 % (600 °C) conversion within 30 minutes. The subsequent flattening of the
conversion curve may be attributed to the growth of Mg(OH)2-platelets at the particle surface,
decelerating the transport of water to the unreacted inner surfaces.* Once the rate of rehydration
has plateaued, the majority of the MgO has already been rehydrated along a reaction front
progressing from the surface of the particles to the inner areas. Diffusion contributes notably to
the water transport to the unreacted areas, thus limiting the reaction rate. After 75 minutes the
reaction is ceases with conversions of 98.5 % (375 °C) and 85.7 % (600 °C).

3.4 Rehydration in a laboratory-scale fluidized bed reactor

Experiments to this point have utilized only the very small quantities of material which can be
analyzed by in-situ P-XRD (~ 0.5 g MgO) due to the geometry of the sample holder. In this
configuration, steam was passed through the sample from the top forming a linearly progressing
reaction zone. To enable a greater contact between reactants, experiments using a lab-scale
fluidized bed reactor (45 g MgO) were performed (figure S3).
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Figure 11. Temperature increase during rehydration in the fluidized bed reactor measured by
thermocouples T1 — T3. The diffractogram for the final conversion is shown in figure S13.
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During the rehydration of 45 g MgO (calcined for 4 hours at 375 °C), a peak-temperature of
71.5 °C (corresponding to a corrected temperature increase of 36 °C was observed (figure 11).
The maximum temperature was reached after only 37 seconds, followed by a continuous
decrease. In figure 11 three different temperature profiles are plotted, corresponding to the three
thermocouples in the fluidized bed reactor. Whereas T1 was in direct contact with the fluidized
bed 10 cm above the sintered glass base, T2 and T3 mounted at heights of 20 and 30 cm only
had contact to those particles swirling in the reactor and the warmed fluidizing gas stream. The
temperature plot demonstrates that under these rehydration conditions the material first yields
a rapid temperature increase to the maximal peak temperature, which is followed by a slow
decrease to temperatures between 50 °C and 60 °C within the next 40 minutes. The two sudden
temperature drops marked in the graph at 7.8 and 34.5 minutes were caused by a short
interruption in the steam supply to check the reaction progress. After a reaction time of 53
minutes a conversion of 89.5 % was determined by P-XRD measurement of a sample of
material. Compared to the in-situ P-XRD rehydration, rehydration in the fluidized bed for 60
minutes led to a higher overall conversion of MgO to Mg(OH),. This is attributed to the higher
contact surface between MgO and steam, avoiding the top-down reaction front. Additionally, a
certain amount by abrasion and mechanical stress on the particles in the fluidized bed facilities
removal of Mg(OH), growths formed on the particles during rehydration, restoring the reactive
MgO surface. A quantification of abrasion and mechanical stress during MgO rehydration in
the fluidized bed reactor is ongoing.

Further experiments optimizing this setup, as well as determining the necessary thermodynamic
data for the material (thermal conductivity, specific heat capacity, etc.) are currently in progress.
Even higher conversions may be obtained using longer rehydration times or an optimized
fluidized bed. The current particle size of <5 um is not optimal for a fluidized bed reactor and
therefore, further experiments regarding agglomeration for fluidization are ongoing.

4. Conclusion

Highly reactive samples of MgO were obtained by calcination at temperatures below 450 °C.
The reported systematic approach towards an optimized calcination process of Mg(OH)», offers
a simple and cost-effective alternative to the addition of hygroscopic and expensive lithium
salts to increase the rehydration reactivity of MgO. The specific surface area (and thus
rehydration reactivity) of the samples treated at various temperatures and furnace dwell-times
reached a maximum for the sample calcined at 375 °C for 4 hours. Lower temperatures led to
lower specific surface areas due to incomplete calcination of the Mg(OH), and longer
calcination times or higher temperatures also result in smaller specific surfaces due to sintering
of the samples and decrease of their interior porosity as observed in the SEM images. However,
particle / agglomerate size does not affect the reactivity of the MgO produced under the
conditions of this study. The hydration reactivity of the MgO samples was also found to be
dependent on the water concentration as well as the calcination process used to produce them,
with higher moisture contents favoring more rapid and complete conversion. Finally,
preliminary experiments in a laboratory-scale fluidized bed reactor demonstrate that intimate
contact between the reactants leads to higher conversion of furnace-calcined MgO to Mg(OH)s.
The high degree of conversion (89.5 % within 53 minutes) was attributed not only to the
enhanced contact surface, but also to a certain amount to abrasion and mechanical stress on the
particles, and thereby restoring a reactive surface during the rehydration process. Further
investigations focusing on cycle stability of the material, correlation of particle morphology
and reactivity, as well as studies on fluidization and abrasion for a larger-scale fluidized bed
setup are ongoing.
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Figure S2a. Evaporation coil and steam-supply for the reaction chamber
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Figure S2b. Sample holder in the reaction chamber. The carrier gas passes the water vapour
from the top through the sample.

Figure S3. Fluidized bed reactor in laboratory scale.
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Figure S4. Thermogravimetric dehydration of Mg(OH): at different sample heating rates.
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Figure S5. Thermal dehydration of Mg(OH), monitored in-situ by P-XRD.
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Figure S6. (111) and (200) P-XRD reflections of MgO samples calcined at temperatures
between 330 - 600 °C after 10 hours of thermal treatment.
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Figure S7. SEM-images of the time- and temperature dependent calcination experiments,
10.000 fold magnification.
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Figure S8. Diffractograms showing the final conversion of the different samples described in
figure 8. Asterisks mark the isolated MgO-peaks.
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Figure S9. Diffractograms showing the final conversion of the different samples described in
figure 9. Asterisks mark the isolated MgO-peaks.
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Figure S10. SEM-images of sieve-fractions. MgO calcinated for 4 hours at 375 °C, 10.000
fold magnification.
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in figure 10.
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Figure S13. Diffractogram showing the final conversion of the fluidized bed experiment.
Asterisks mark the isolated MgO-peaks.

Table S1. Specific surface areas for the MgO samples. obtained for various calcination times
and temperatures. Surface of untreated Mg(OH)2: 4.21 m?g’!

Calcination  300°C  350°C  375°C  400°C  450°C 600 °C
time [h] m*g']  [m’g'] [m’g'] [m’g'] [m’g'] [m’g']

2 13.4 168.4 178.0 268.1 149.0 60.3
4 215.6 294.5 275.7
6 241.3 278.0 262.0
8 243.8 255.9 202.8
10 257.5 247.3 218.3
12 48.8 267.2 237.0 216.0 138.4 35.2

124



Influence of the Particle Morphology on Cycle Stability and
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Highlights:

- Aerobic calcination of Mg(OH),, MgCO3 and MgC,04-2H>0O results in MgO of
different particle morphology.

- A correlation between rehydration reactivity of MgO and its particle morphology was
established.

- A regeneration process for spent MgO, restoring the initial reactivity, was developed.

Keywords: particle morphology, magnesium, cycle stability, hydration reactivity,
thermochemistry
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Graphical Abstract

Abstract

Magnesium oxide (MgO) is a promising material for thermochemical energy storage of medium
temperature waste heat. The modest calcination temperature of Mg(OH) (350 °C — 450 °C)
complements a broad variety of waste heat sources in various industrial production processes
perfectly. So far, the main obstacle to application of the material in energy storage systems is
its limited cycle stability. To overcome this issue, Mg(OH)2, MgCO3 and MgC204-2H>0 were
compared as precursor materials for MgO-production. Depending on the precursor, the particle
morphology of the resulting MgO changes, resulting in different hydration behavior and cycle
stability. A regeneration step developed during the study, leading to decomposition of
agglomerates after repeated calcination / hydration cycles, restores the initial reactivity of the
material. The herein presented variation of particle morphology and regeneration of spent
material overcome the major obstacles of the Mg(OH), / MgO energy storage process.

1. Introduction

Energy management is a major challenge for our society, requiring equal measures of political
and scientific involvement.[1] Energy supply, sustainable, environmentally benign energy
production and efficient utilization are key issues in managing global energy use.[2]

Energy management may, in many cases, be better expressed as ‘heat management,” as heat is
the most ubiquitous form of energy. In nearly all types of electrical power plants, as well as in
most industrial processes, heat is used as the driving force and operating medium. Within this
context, the utilization of waste heat, accounting for 2/3 of overall global energy production, is
an extensively investigated field.[3] The use of waste heat flows includes several aspects, one
of them being temporal decoupling of waste heat availability and demand, as the two are not
necessarily correlated. The necessary storage may be realized using materials for sensible, latent
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or thermochemical storage of energy (heat).[4-9] All three energy storage concepts offer
advantages in specific areas of application.[6, 9, 10]

Thermochemical energy storage (TCES) features long-term storage, a wide range of compatible
temperatures, applicability as a heat pump system and finally, high energy storage densities.[10-
13] Based on these aspects, medium-temperature waste heat (up to 450 °C and extensively
available from industrial processes) is perfectly suitable for TCES-systems.

An attractive TCES-material for medium-temperature applications is the system Mg(OH)> /
MgO with a storage temperature around 350 °C.[14] Both Mg(OH), and MgO are industrial
base materials and are therefore available in large quantities at low prices.

Mg(OH), / MgO as TCES-material is well known for this purpose, with many aspects related
to its application in energy storage already investigated in literature. Kinetic investigations of
dehydration and rehydration,[15, 16] mechanistic aspects,[17, 18] modification of the material
by additions of lithium salts[16, 19, 20] or as composite material,[21, 22] as well as applicability
in form of a chemical heat pump[23] were reported. Nonetheless, two key-issues preventing
industrial application remain unaddressed: First, rehydration reactivity (completeness) and
second, the cycle stability. Whereas for the limited cyclability observed thus far no satisfying
solution has been found, the rehydration reactivity is addressed by the addition of lithium
salts,[16, 19, 20] which are, however, quite expensive.

Although, on an industrial scale, MgO is produced by calcination of Mg(OH), or MgCOs3,[24]°
aerobic calcination of any other suitable Mg-compound may result in formation of MgO by
stepwise decomposition. In scheme 1 this is demonstrated at the example of three inorganic
magnesium salts:
350 °C
1 S0 C
) Mg(OH), o MgO
2)  MgCOs, %» MgO

- 2

1 o o o
3)  MgC,0, 2H,0 % MgC0, 22°C. mgco, 22°C, mgo
= 2 - - 2

Scheme 1. Thermal decomposition of various MgO-precursors: 1) Mg(OH), 2) MgCOs 3)
MgC,042H20

So far, investigations of the rehydration of MgO for thermochemical energy storage have
largely neglected material history. As Mg(OH)>, MgCO3, MgC>04-2H>0 and MgO crystallize
in different crystal systems (table 1) and feature notably different particle morphologies, MgO
samples originating from different precursors should not necessarily show the same rehydration
behavior and cycle stability. This assumption is supported by previous studies, showing that the
lower rehydration reactivity of MgO[26] compared to e.g. CaO[27] is mainly caused by the

* Both precursors are found in natural deposits, but whereas MgCO3 is won industrially by mining, in the case of
Mg(OH); the industrial production occurs via the serpentinite- or seawater process.[25] Shand MA. The
Chemistry and Technology of Magnesia. John Wiley & Sons Inc, Hoboken, New Jersey. 2006.
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kinetic barrier of the water dissociation on the surface.[28] The disfavored H,O-dissociation as
first step in formation of Mg(OH)> occurs mainly at surface defects, edges, step edges, or corner
sites, exhibiting a lower dissociation energy barrier.[29] Therefore, a variation of the particle
morphology and history of the material is expected to affect the rehydration behavior. Although,
all precursors result in compositionally indistinguishable MgO samples, the particle
morphology, crystallographic orientation and thus orientation of the reactive surface of the
material are not necessarily the same.

Table 1. Crystallographic comparison of selected MgO-precursors and MgO

Mg(OH)z0p MgCOs;31; MgC042H20[32] MgO[33]

(sj;:titril Hexagonal Rhombohedral Orthorhombic Cubic
Zf;j; P3ml (164)  R3c (167) Fddd (70) F(gir;“
a[A]  3.1486(1) 4.637(1) 5.3940(11) 42113(5)
b[A] 3.1486(1 4.637(1) 12.691(3) 4.2113(5)
c[A]  4.7713(1) 15.023(3) 15.399(3) 4.2113(5)
a[°] 90 90 90 90
v [°] 120 120 90 90
V [A%] 40.96 279.74 1054.14 74.69

To verify the hypothesis of the from materials’ chemical history influenced reactivity of the
material and thereby identify novel attractive and more economic approaches to an enhanced
cyclability and rehydration rate, MgO from different chemical precursors including Mg(OH)z,
MgCO; and MgC>04-2H>0 has been studied.

2. Experimental Methodology

2.1 Material

Mg(OH), powder (particle size <5 pm) and MgCOs (particle size <200 pm) were supplied by
RHI-AG. MgC>04-2H,0 was purchased from abcr and the particle fraction <200 um was used

as supplied. The materials were calcined in an electric furnace under air and a static atmosphere
for 4h at variable temperatures (Mg(OH): 375 °C; MgCOs: 550 °C, 600 °C, 650 °C;
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MgC>04:2H>0: 650 °C). For regeneration, the in-situ calcined material from the P-XRD
measurement was kept for 24 h in liquid water under ambient conditions.

2.2 BET-surface

The specific surface of the samples was determined by nitrogen sorption measurements, which
were performed on an ASAP 2020 (Micromeritics) instrument. The samples (amounts between
100-200 mg) were degassed under vacuum at 80 °C overnight prior to measurement. The
surface area was calculated according to Brunauer, Emmett and Teller (BET) and t-plot
methods.

2.3 Powder X-Ray diffraction with in-situ hydration

Hydration of calcined samples was performed in an Anton Paar XRK 900 sample chamber,
connected to an evaporation coil kept at 300 °C. Using an HPLC-pump, 3 ml min™! water was
evaporated and the resulting 3.72 L min"' steam were passed through the sample (4 mm
thickness) with 0.2 L min™! nitrogen as carrier gas. As the sample is completely penetrated by
the X-rays, the obtained diffractograms are an average through the complete sample. The
diffractograms were evaluated using the PANalytical program suite HighScorePlus v3.0d. A
background correction and a Kq strip were performed. Phase assignment is based on the ICDD-
PDF4+ database, the exact phase composition, shown in the conversion plots, was obtained via
Rietveld-refinement in the program suite HighScorePlus v3.0d. All quantifications based on P-
XRD are accurate within of £5 %.

2.4 Scanning electron microscopy

SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from
FEI under low-vacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.

2.5 Small-angle X-Ray Scattering

The samples were prepared either as powder between two pieces of tape or in a sealed capillary.
Patterns were recorded using a microsource with X-rays from a copper target (Incoatec High
Brilliance, wavelength 0.1542 nm, CuKq), a point focus (Nanostar from Bruker AXS) and a 2D
detector (VANTEC 2000). The X-ray patterns were radially averaged and background corrected
to obtain scattering intensities in dependence on the scattering vector g=(4m/A) sin6, with 20
being the scattering angle.

The fit function from Beaucage/34] to describe scattering intensities of complex systems with
a broad size distribution consists of a power law and Guinier’s exponential form,

I(g) < Gexp[_ q3Rg ] +B {(erf(ng 1oy }
q

(1)

129



where G and B are the numerical prefactors, dr is the fractal dimension, R, is the radius of
gyration and erf(x) is the error function. To describe the particle interference and thus the

tendency of particles to agglomerate, additionally a structure factor from a hard sphere model
was used,[35, 36]

I(q)oc[GeXp[—qu} B[(erf(ng/\/g)) 1 J s

q
with S(q)=1/(1+247 G,,(24R,5)/(24Ry5)) )

and Rys being the hard sphere radius describing a typical distance of objects, 77 the hard sphere
volume factor for characterizing the amount of agglomeration, and G, a function derived in
Kinning ef al.[35]

3. Results and Discussion

The different crystallography of the three investigated materials described in table 1 is also
observed in the SEM-images of its untreated and calcined samples. In figure 1 a comparison of
SEM-pictures of the various MgO-precursors and the resulting MgO-samples, obtained after
thermal decomposition, is shown. Whereas Mg(OH), particles feature a characteristic
hexagonal shape and are comparably flat, both MgCO3 and MgC>04-2H>0 consist of irregularly
shaped particles. In the case of MgC>04-2H>0, a layered structure within the spherical particles
is observed.

Figure 1. SEM-pictures of a) Mg(OH),, b) MgCOs3, ¢) MgC>04:2H>0 before calcination (first
row) and after calcination (second row)

130



The particle morphology of the materials changes during calcination (figure 1, second row),
leading to three differently textured MgO-samples. Whereas for Mg(OH), (figure 1la)
calcination results in an unchanged particle shape, both for MgCO;3 (figure 1b) and
MgC>04-2H20 (figure 1c) surface fragmentation attributed to the release of gas and the
structural transformation takes place. Nevertheless, larger particles resulting from the initial
texture of the starting material are still present.

On the nanoscale, small-angle X-ray scattering (SAXS) reveals transition of the material from
a dense solid to a highly porous material on calcination (see figure S1). We modelled the
nanostructured MgO by a unified Guinier/power law[34] resulting in a radius of gyration for
the size of the particles and an agglomeration with a structure factor from a hard sphere model
describing the agglomeration of particles with a typical distance 2Rys and the packing density
with a hard sphere volume ratio n.[35, 36] The detailed fit parameters are found in the
supporting information (table S1). In general, the gyration radius of MgO particles calcined
from MgCO; and MgC204-2H>0 is about 6.6 and 5.1 nm, respectively, in comparison to about
2 nm if calcined from Mg(OH).. In contrast, the values of 7=0.18 and a fractal dimension of
d=2.8 indicate that MgO from Mg(OH); consists of small, agglomerated particles with a wide
size distribution, whereas MgO from other precursors is built up of larger, denser nanoparticles
(7 close to zero, d=4)

To correlate particle morphology with rehydration reactivity and cycle stability for the different
MgO samples, rehydration experiments were monitored by in-situ powder X-ray diffraction (P-
XRD) to quantify the reaction progress. As in previous experiments, the rehydration reactivity
of the MgO produced from Mg(OH). was found quite limited.[26] In a first step, the amount of
water vapour introduced into the reaction chamber was varied. Increasing the vapour flow from
1 g min to 3 g min"! enhanced the rehydration conversion of MgO to 67 % from 44 % (figure
2a). To assess the cycle stability for the increased vapour flow, five consecutive rehydration -
calcination cycles were performed (figure 2b). Similarly, to previous experiments with lower
vapour flows, the rehydration yield decreased over 5 cycles, to a final Mg(OH)2 conversion of
only 14 %. Even after the first cycle the rehydration conversion was depleted to 43 %.
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Figure 2. a) Rehydration of Mg(OH).-originating MgO with various vapour flow rates. b)
Cycle stability of Mg(OH)z-originating MgO

For MgO produced by calcination of Mg(OH), a strong correlation between reactivity,
accessible surface area and calcination temperature has been established.[26] Higher
calcination temperatures promote sintering of the particles, leading to a decreased porosity,
increased MgO crystal size and decreased rehydration yield.

To assess the possibility of a similar effect for MgO originating from MgCOs3, initial studies of
the correlation between calcination temperature, BET-surface and rehydration reactivity were
made. For this purpose, samples of MgCOs3; were calcined at 550 °C, 600 °C and 650 °C for 3,
6, 9 and 12 hours. The MgO formed from MgCOs calcined for 6 h at 600 °C had the highest
surface area (figure S2). Nevertheless, attempted rehydration of all samples by water vapor in
the P-XRD failed, showing no Mg(OH), formation within 120 minutes. This finding was quite
unexpected, but supported the hypothesis that materials of different origin will show different
rehydration behavior.

It should be emphasized, that on prolonged exposure to water vapour, very slow conversion to
Mg(OH); is observed for the samples obtained by direct calcination of MgCOs. To ascertain
whether rehydration of this material could be driven by longer exposure to a vast excess of
reactant, the samples were stored in liquid water. After 24 h reaction time in water at room-
temperature, according to P-XRD measurements the material had been completely transformed
to Mg(OH).. After calcination, the BET-surface of those samples was found to be slightly
higher than for the MgO originating directly from MgCO; (figure S3). The rehydration
experiments in the P-XRD were repeated successfully for all materials (for detailed rehydration
rates see figure S4). Ranked according to their final conversion to Mg(OH),, the most reactive
material within this series was obtained by calcination of MgCOs; at 600 °C for 6 h (figure 3)
and subsequent rehydration in liquid water. A final conversion to 84 % Mg(OH)> was not only
by far the highest yield for the MgCOs-originating series, but also notably more than for MgO
originating from Mg(OH)2 (67 % final conversion).
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Figure 3. Final conversion for rehydration of the various MgCOs-originating MgO samples in
the P-XRD.
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SEM images demonstrate, that the particle morphology of MgCOs3 (figure 4a) is retained after
calcination, although the formerly distinct edges and surfaces are now covered by smaller scales
(figure 4b). During the hydration of the calcined material in liquid water the large particles
disintegrate into smaller platelets (figure 4c) that do not feature the characteristic hexagonal
morphology observed for Mg(OH), (see figure 1). A subsequent calcination of material
rehydrated in liquid water retains the aforementioned platelet morphology (figure 4d).

Figure 4. SEM images of a) MgCOs3 b) calcined MgCO;3 ¢) calcined MgCOs3, rehydrated for
24 h in liquid water d) material from image c after calcination

The inactive MgO obtained after calcination of MgCO3 undergoes a notable transformation in
particle shape, as can been seen in the SEM images, which may be attributed to the volume
work on Mg(OH), formation. Liquid water seems necessary to assist the rehydration-related
rearrangement of the material. SAXS intensities (figure S5) show that on each rehydration of
the MgO-intermediates the particle morphology is unchanged to a large extent. From the larger
scattering intensity, a highly porous nanostructure, retained during rehydration, may be
extrapolated. At the same time, a general decrease in particle size was also observed in the SEM
images (figure 4).
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Figure 5. Cycle stability of MgCOs-originating MgO (after rehydration in liquid water and
subsequent calcination)

The carbonate-derived MgO (originating from MgCOs3, subsequently activated by 24 h
rehydration in liquid water, followed by calcination) was also investigated in terms of cycle
stability (figure 5). For the carbonate-derived MgO a decrease in rehydration reactivity was also
detected, although to a lesser extent than was observed for material originating from Mg(OH)s.
Over five cycles the rehydration conversion drops to 57 % (84 % in the 1%, 75 % in the 2™
cycle).

As a third precursor for preparation of reactive MgO, MgC>042H>0 was investigated. Since
MgC,04-2H20 decomposes in a stepwise fashion via MgCOs3 (see scheme 1), only samples
calcined in the furnace at 600 °C for 6 h were investigated. A comparison of the SEM-images
in figure 6, presenting the morphology of the different intermediates (initial oxalate material
[figure 6a], calcined material [figure 6b], MgO after rehydration in liquid water [figure 6¢],
freshly calcined material [figure 6d]) reveals similar behavior as for MgCOs. Calcination of the
initial material resulted in partial fragmentation, whereas subsequent treatment with liquid
water and re-calcination forced the material to adopt a lamellar structure. In contrast to the MgO
originating from MgCOs3, thinner platelets were formed, the structure of which is preserved
after calcination. The typical hexagonal shape of MgO derived from Mg(OH)> was not
observed.

Figure 6. SEM images of a) Mg(C>04-2H,0 b) calcined MgC>04-2H>0 c) calcined
Mg(C>04:2H0, rehydrated for 24 h in liquid water d) material from image c after calcination

Not only SEM, but also interpretation of the SAXS data results yields a similar understanding
as for MgCOs. Rehydration of MgO originating from MgC>04:2H>0 in liquid water results in
conservation of the original particle morphology to a wide extent (figure S6). The porous
nanostructure formed is preserved during rehydration. Accordingly, the increased SAXS-
intensities observed for the rehydrated material seem to arise from the formation of smaller
particles (SEM images, Fig. 6).
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To determine the reactivity of the MgC>04-2H,0-based MgO, both the material obtained by
direct calcination of MgC;042H>O and that resulting from the rehydration / calcination
sequence was subject to rehydration in the P-XRD. Unlike the case of MgCOs3, the directly
calcined material was found to be reactive to rehydration, resulting in a final conversion of 68 %
(figure 7a).
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Figure 7. a) Direct rehydration and cycle stability of MgC,Os-originating MgO. b) Rehydration
and cycle stability of MgC>O4-originating MgO after rehydration in liquid water and subsequent
calcination

The sample previously rehydrated in liquid H20 and subsequently calcined could be fully
rehydrated in the 1% cycle, but in the 2™ cycle the rehydration conversion decreased to 64 %
(figure 7b). After five cycles both samples gave a comparable final conversion of slightly less
than 50 % Mg(OH).. Although, initial treatment with liquid water led to full rehydration of the
MgO during the first cycle, due to a large decrease in conversion rate, modest overall-
performance and a higher price compared to the other materials studied, MgC204-2H20 is
probably not suitable as a competitive MgO precursor. A summarizing overview of the

calcination and rehydration conditions for various MgO-precursor materials is given in scheme
S1.

Based on the conversion-enhancing effect of rehydrating calcined material in liquid water, both
a sample of spent MgO originating from Mg(OH), and one from MgCO; after the 5
rehydration cycle was calcined one more time and then rehydrated for 24 h in liquid water. At
that point, P-XRD analysis showed complete transformation to Mg(OH). for both samples
originating from different. Both Mg(OH);-samples were now subjected further 5 subsequent
rehydration / calcination cycles in the P-XRD, followed by a further regeneration in liquid water
and another 5 subsequent rehydration / calcination cycles in the P-XRD. Applying this
sequence, for both a MgO-sample originating from Mg(OH). and MgCOs the performance and
conversion rates for 15 consecutive cycles, including two regeneration steps after 5 cycles each
was determined (figure 8).
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Figure 8. Selected conversion rates from a series of 15 consecutive calcination / hydration
cycles, including two regeneration steps in liquid water after the 5™ and the 10" cycle. a)
Mg(OH);-originating MgO after regeneration b) MgCOs-originating MgO after regeneration

In figure 8a the rehydration reactivity for the 15 subsequent cycles for MgO originating from
Mg(OH); is shown. Surprisingly, after the first regeneration (cycle 6) the rehydration reactivity
was slightly enhanced compared to the very 1% cycle, after the second regeneration (cycle 10)
the reactivity increased further. Nevertheless, the depletion evidenced in the second cycle was
retained even after the second cycles after regeneration, as observed for cycles 6 and 12.

In the case of MgO derived from MgCOs3, a different but even more promising effect was
observed: The spent material could be completely regenerated to reproduce the reactivity
observed for the first cycle. Even the second cycle after each regeneration process (cycle 7 and
12) was comparable to the ‘first’ second cycle.

136



Figure 9. SEM-images of various intermediates during calcination / rehydration / regeneration
for Mg(OH)»- (left) and MgCOs-originating MgO (right)

a) Mg(OH);-originating MgO b) Mg(OH);-originating MgO after 5 rehydration / calcination
cycles ¢) material of image b after regeneration for 24 h in liquid H2O d) MgCOs-originating
MgO e) MgCOs-originating MgO after 5 rehydration / calcination cycles f) material of image
e after regeneration for 24 h in liquid H>O

To better understand the physical processes during regeneration, SEM-images of material
during several stages of regeneration and cycling were compared. Despite differences in initial
particle morphology (figure 9a and 9d), MgO originating from Mg(OH)> or MgCO3 shows
similar evolution of reactivity during repeated calcination / rehydration cycles. After five
consecutive cycles, resulting in aged material of depleted rehydration reactivity (see figure 2
and figure 5), the particle morphology of Mg(OH);-derived MgO (figure 9b) seems nearly
unaffected. In contrast, for material originating from MgCOs3, formation of larger spherical
aggregates is observed (figure 9¢). After regeneration for 24 h in liquid water both materials
reveal a lamellar, platelet morphology devoid of the characteristic hexagonal brucite particle
shape (figure 9¢ and 9f).

To directly monitor the rehydration / regeneration process, both a sample of MgO originating
from Mg(OH), and from MgCO3 were observed during rehydration in liquid water by in-situ
SAXS (figure S7, S8). Initial SAXS curves (black) and final SAXS curves (red) are highlighted
to better visualize the data and clearly show the change in the inner structure of the particles.
The main difference is the time required for structural recovery, which is about three-fold
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shorter for Mg(OH)>-derived material compared to that from MgCOs3 (figure S8), most likely
due to the considerably larger particle sizes favored by the latter.

Within various repeated experiments the regeneration process described for spent MgO was
found to be reproducible — on the one hand for the material of the same origin, on the other for
materials of different origins. During the regeneration process, due to the comparably long
reaction time and the vast excess of water, a complete conversion to Mg(OH), as well as a
regeneration of the particle morphology seems to occur. Both effects complement each other,
restoring the original reactivity of the material.

The possibility of a regeneration of spent material is of utmost importance for assessing the
economic feasibility of a TCES-material and energy storage process, as by prolonging the life-
time the materials investment costs are minimized. Additionally, by implementation of a
continuous regeneration step into the process, regenerating after each discharging / charging
cycle a defined amount of material, permanent high activity of the TCES-material
circumventing efficiency losses by ageing would be ensured.

4. Conclusion

MgO obtained by calcination of Mg(OH)2, MgCO3 and MgC>04:2H>0 was compared regarding
its rehydration reactivity and cycle stability to assess its applicability in thermochemical energy
storage. The three different MgO-precursors led to three MgO samples featuring different
particle morphologies with identical chemical compositions. Whereas Mg(OH).- and
MgC>04-2H20 resulted in reactive MgO that could be rehydrated by water vapour to Mg(OH):
directly following calcination, material originating from MgCO3 resulted in no conversion on
contact with water vapour. Only after rehydration in liquid water and subsequent calcination of
the thus formed Mg(OH)>, 84 % of the resulting material could be rehydrated by water vapour.
All materials investigated showed decreased rehydration reactivity during consecutive
calcination / rehydration cycles, with MgCO3 derived MgO showing the smallest decline in
reactivity. A regeneration step, consisting of rehydration of the spent material in liquid water
over 24 h, restored the initial reactivity allowing for recycling of the material. In the case of
Mg(OH), derived material, the initial reactivity could even be improved by repeated
regeneration of the material in liquid water.

The results reported herein confirm, that the reactivity of MgO towards rehydration is strongly
correlated to origin and physicochemical history of the material. A detailed knowledge of
ongoing processes and key parameters of material performance are crucial for its application in
a thermochemical storage process.
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Figure S1. SAXS intensities of starting materials and materials after calcination. The
considerably higher scattering intensity after calcination shows the development into a porous
material consisting of particles in the nanometer size.
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Figure S2. BET-surfaces of the MgCOs-originating MgO-samples
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Figure S4. Rehydration rates of MgCOs-originating MgO-samples in the P-XRD after
rehydration for 24 h in liquid water and subsequent calcination
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Figure S5. SAXS intensities of materials from MgCOs3 precursor. The original structure is
recovered to a wide extent after rehydration. The porosity is, however, is much higher after
calcination and rehydration, visible by the higher scattering intensity.
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Figure S6. SAXS intensities of materials from Mg>C,04-:2H>O precursor. The original structure
is recovered to a wide extent after rehydration. The porosity, however, is much higher after
calcination and rehydration, visible by the higher scattering intensity.
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Figure S7. In-situ SAXS intensities during regeneration in liquid water for 24 h. SAXS curve
at the beginning in black, then grey lines for measurements taken each half an hour and final
measurement (red line). The MgCOs lines vertically shifted for better visibility. A considerable
difference is the much faster kinetics for the Mg(OH), derived material.
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Figure S8. Kinetics of conversion to hydroxide during regeneration in liquid water, evaluated
from the decrease of the intensity difference between starting (calcined) and finally transformed
hydroxide material from in-situ SAXS intensity data in Fig S1d, normalized to the initial
difference. Regeneration kinetics is about three times slower for MgCO3 than for Mg(OH)2
originating material.
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MgCO;
calcined from 5.1 4.0 7.0 0.04
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Highlights:

- Three industrially available magnesites were used as MgO-precursor, aiming for a
Mg(OH), / MgO thermochemical storage cycle

- Various amounts of Ca** and Fe?" as major impurities did not notably affect the
reactivity / cycle stability within the series

- MgO-samples containing foreign ions reveal a notably decreased performance
compared to analytically pure material
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Graphical Abstract

Natural magnesite-derived samples of MgO are investigated for their reactivity in a Mg(OH)2
/ MgO thermochemical energy storage cycle.

Abstract

Thermochemical energy storage based on the Mg(OH), / MgO cycle is considered as attractive
process for recycling of industrial waste heat between 350-400 °C. Based on a recent study,
revealing MgCOs-derived MgO as highly attractive starting material for such a storage cycle,
three different natural magnesites were investigated to analyze the process-performance using
industrially available raw-materials. Whereas, the varying amounts of Ca** and Fe** as major
impurities did not notably affect the reactivity / cycle stability within the series, compared to
the analytically pure reference material a notable decrease of performance was evidenced.

1. Introduction

A variety of inorganic materials is reversibly decomposed above their equilibrium temperature
forming a solid residue and a gaseous by-product. As the reaction is reversible, an exothermic
back reaction occurs below the decomposition temperature in the presence of the formerly
released gas. Due to the inherent consumption of energy / heat on decomposition, and its release
during recombination, such reversible chemical reactions attracted scientific interest for their
application in thermal energy storage. [1, 2]

Although, latent [3] or sensible [4] heat storage is already a commercialized technology for
thermal energy storage, a thermochemical energy storage (TCES) approach using reversible
chemical reactions to store excess / waste heat, could be attractive for complementary purposes,
where latent or sensible heat storage are less efficient, or even unsuitable. [5] The major
advantage of TCES-materials compared to the so far established thermal energy storage systems
is on the one hand a notably higher storage density and a loss-less storage (in the absence of the
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reactive gas no backreaction, thus discharging occurs), but even more the large operable
temperature window. [6]

Depending on the selected material, categorized according to the involved reactive gas as e.g.
H>O, NH3, H> CO2, Oz, waste heat levels between approximately 50 — 1200 °C may be
addressed. The lower limits are realized by salt hydrates, suitable for energy-efficient smart
housing concepts, [7, 8] whereas on the other end carbonates and oxides allow for e.g.
combination with concentrating solar power plants (CSP) to bridge non-operational times. [9,
10] In the medium-temperature level between 250-500 °C a variety of industrial waste heat
sources is compatible with e.g. hydroxide / oxide equilibria. [11, 12] One major criterion for
application of a TCES-process on an industrial scale is the availability of the involved raw-
material in massive quantities to an attractive price. In this context, especially Mg(OH), / MgO
used on industrial scales as raw-material for refractories or cement [13] would be an attractive
candidate. The operational temperature of the Mg(OH), / MgO couple with 350-400 °C would
also perfectly fit the industrial demands. [12, 14]

Considering these boundary conditions, several studies focused on various aspects of the
rehydration reaction of MgO, as e.g. fundamental reactivity [15] and kinetics, [16, 17] a suitable
reactor setup, [ 18] application as a heat pump, [19-22] and las but not least an enhancement of
the materials’ reactivity. Especially the aim for a higher reactivity of the material is crucial for
its application in TCES, as compared to the homologous Ca(OH), / CaO system [11] the
performance in regard of reaction rate and completeness is worse.” Composite materials for a
better thermal conductivity, [23, 24] the addition of lithium salts [25-27] or even a dotation of
MgO with Ca*" [28] were reported to enhance the performance. Scientifically valid and highly
interesting, nevertheless all these modifications must be considered as pure academic approach,
as the correlated costs outweigh the advantage of Mg(OH), / MgO as cost-efficient TCES-
material and thereby impede an application of those modified materials on an industrial scale.

Recently it was demonstrated, [29] that the reactivity of the MgO is notably affected by the
chemical history / particle morphology of the precursor material, thus a Mg(OH).- based MgO
reacts differently than a MgO derived from MgC>04-2H,0 or MgCOs. Especially MgCOs3-
based MgO has a higher reactivity and much better cycle stability than the Mg(OH),-based
MgO. As magnesite (MgCO:s3) is also industrially used as raw-material for the preparation of
MgO, this could direct to an industrial feasibility of the process.

To prevent any interfering effects of impurities or naturally present secondary phases and thus
simplify the characterization, so far most studies used analytically pure materials. On an
industrial scale only naturally occurring material, in this case naturally abundant magnesite,
could be used as raw-material in a TCES-process. Therefore, herein three different naturally
occurring magnesite samples, used in industrial processes for cement or refractory production,
were investigated regarding their performance in a thermochemical energy storage process and
compared to the previously obtained results for analytically pure MgCOs.

* The application of Ca(OH), / CaO instead of Mg(OH), / MgO is hampered for may purposes due to the notably
higher decomposition temperature of Ca(OH) around 600 °C.
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2. Experimental Methodology
2.1 Material

Three natural magnesite samples Al, B1 and C1, having a particle size below 65um, were
provided by the RHI-AG, being typical raw-materials used for the industrial production of
refractories and, therefore available in massive quantities at low costs.

Most common foreign ions are Ca** and Fe?, so the three samples were selected to cover both
a variable range of Ca**- and Fe?" content:

- Magnesite Al: crypto crystalline, 2.05 % CaO, 0.31 % Fe20s
- Magnesite B1: coarse crystalline, 1.95 % CaO, 6.57 % Fe2O3
- Magnesite C1: coarse crystalline, 11.06 % CaO, 5.95 % Fe;0O3

A complete quantification of the elemental composition of the samples A1, B1 and C1 by X-
Ray fluorescence analysis is given in the electronic supplement in table S1.

2.3 X-Ray Powder Diffraction

The powder X-ray diffraction measurements were carried out on a PANalytical X'Pert Pro
diffractometer in Bragg-Brentano geometry using Cu K12 radiation and an X’Celerator linear
detector with a Ni-filter. For in-situ monitoring of experiments an Anton Paar XRK 900 reaction
chamber was used. The sample was mounted on a hollow ceramic powder sample holder,
allowing for complete perfusion of the sample with the reactive gas. The sample temperature is
controlled directly via a NiCr-NiAl thermocouple and direct environmental heating. The
reactive gas flow was set to 0.2 L min!, unless otherwise stated. For the in-situ observation of
the rehydration reactivity 3 ml min™ water (provided by a HPLC-pump) was passed through an
evaporation coil kept at 300 °C. The resulting 3 g min! steam were mixed with 0.2 L min™!
helium as carrier gas (H2O partial pressure equals 0.96 bar) and passed from the top through
the sample. The carrier gas is necessary to force the steam transfer through the system. During
rehydration the sample warmed to around 65 °C. Between the consecutive rehydration cycles
the in-situ formed Mg(OH), was calcined at 375 °C for 15 minutes directly in the reaction
chamber of the P-XRD. As the sample is completely penetrated by the X-rays, the obtained
diffractograms are an average through the complete sample. The diffractograms were evaluated
using the PANalytical program suite HighScorePlus v3.0d. A background correction and a Kq>
strip were performed. Phase assignment is based on the ICDD-PDF4+ database, the exact phase
composition was obtained via Rietveld-refinement in the program suite HighScorePlus v3.0d.
All quantifications based on P-XRD are accurate within of +5 %.

2.4 Scanning electron microscopy (SEM)

SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from
FEI under low-vacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.

2.5 BET-specific surface area analyzer
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The specific surface of the samples was determined by nitrogen sorption measurements, which
were performed on an ASAP 2020 (Micromeritics) instrument. The samples (amounts between
100-200 mg) were degassed under vacuum at 80 °C overnight prior to measurement. The
surface area was calculated according to Brunauer, Emmett and Teller (BET). [30]

2.5 X-Ray fluorescence analysis

X-Ray fluorescence analysis was performed on a Bruker S8 TIGER instrument. The sample
was heated together with LiBF4 to 1050 °C, yielding the beads for the analysis.

3. Results and Discussion

Based on former experience with calcination of MgCOs3 the natural samples (scheme 1, A1-C1)
were calcined at 600 °C under a static atmosphere of air for 4 h, resulting the corresponding
samples of MgO (scheme 1, A2-C2). The increased Fe?*-content in magnesite B and C is also
evidenced from the slight orange shade of the samples B2 and C2 after calcination (see figure
S1).

A, 600 °C steam
MgCO; ——— > MgO Mg(OH), Mg(OH),
1 2 3 6
24 h H,0 375°C team |
L= Mg(OH), =5 MgO ——

4 5

Scheme 1. Calcination / rehydration flow-chart applied for the characterization of the natural
magnesite samples.

From previous work on MgCO3-derived MgO it was already known, [29] that directly calcined
MgO (MgO 2 in scheme 1) would exhibit no, or only a very limited reactivity towards steam
during attempted rehydration to Mg(OH).. Therefore, MgO 2 was rehydrated in liquid water
for 24 h and afterwards calcined for 4 h at 375 °C. [15]

The BET-surfaces of the magnesite-precursors (A1-C1) and of the different MgO samples A2-
C2 and AS5-CS5 were compared to anticipate the rehydration reactivity. [31]
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Figure 1. Specific surfaces of the different MgO-species derived from magnesite samples A, B
and C. Numerical values are given in table S2.

The surface area for highly reactive MgO species obtained by calcination of Mg(OH), varies
between 250 — 300 m* g, [31] whereas, using analytically pure MgCOj3 for the resulting MgO
values up to 160 m? g'! were reported. [29] Using the natural magnesites, for the directly
calcined MgO notably lower values — indicating a poor reactivity — were obtained (red symbols
in figure 1). In contrast, after hydration in liquid water and subsequent calcination (blue
symbols) the found specific surfaces were found even higher than for identically treated MgO
originating from analytically pure MgCOs. [29]

To correlate the specific surface of the various samples to the rehydration reactivity, MgO was
reacted in the P-XRD, allowing for in-situ observation of the Mg(OH), formation. In figure 2
the rehydration behavior for the MgO samples A2-C2 is compared.
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Figure 2. Conversion plots derived from the in-situ powder X-Ray diffraction during hydration
of samples A2 (left), B2 (middle) and C2 (right). The typical conversion for an equivalent
sample, derived from analytically pure MgCOs is given as reference. (Rehydration conditions:
3 g min’! steam, 0.2 L min™' He)

The rehydration reactivity of samples B2 and C2 was quite unexpected, as from the BET-data
and the previous experience with MgCOs-derived MgO for all three samples no conversion to
the hydroxide was expected at this stage. So far, all MgCOs-derived MgO samples needed a
prior rehydration step in liquid water, before the anew calcined material would be reactive
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towards steam, forming the hydroxide. In the actual case this assumption was only partially
confirmed by displaying a higher reactivity towards steam in the second rehydration cycle. As
most reactive material was identified B2, resulting a conversion of 52.1 % for the second cycle.

From a chemical point of view the presence of 6.57 % Fe?" in sample B2 does not really explain
this unexpected reactivity. Therefore, for a possible explanation the morphology of the three
materials was compared in the SEM.

Figure 3. SEM-images of the MgO samples A2 (left), B2 (middle) and C2 (right).

The SEM-images for the three freshly calcined magnesite samples revealed, that the original
particle morphology of the magnesites A1, B1 and C1 (figure S2) had been mostly retained
during calcination. Calcination had caused a further decrease of the particle size for sample Al
— the crypto crystalline magnesite —, whereas, for B1 and C1 (with an increased fraction of
smaller particles) still the coarse crystalline structure was retained. Based on the SEM-images,
the reason for the unexpected reactivity of B1 most likely was attributed to the structured
particle morphology, whereas for A1 completely, and for C1 to a major extent a fragmentation
of the particles had occurred.

A notably different picture was obtained when analyzing the SEM-images of the samples after
24 h rehydration in water (A3-C3).

Figure 4. SEM-images of the magnesite samples A3 (left), B3 (middle) and C3 (right).

The liquid water treatment over 24 h resulted in a notable reorganization of the particle
morphology for all three samples, inverting the prior observation: Whereas especially in A3,
but also in C3 well-shaped crystallites had formed, B3 had converted to tiny agglomerates of
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smallest particles. Particularly interesting and unprecedented may be considered the particle
shape of the materials: Mg(OH), adopts a very characteristic morphology, consisting of
hexagonal brucite platelets aggregating along their basal plane. The morphology observed in
figure 4 is notably different for all three samples, consisting of spherical particles with clearly
shaped edges. Thermal treatment during calcination of the material at 375 °C for 4 h, leading
to the MgO-samples A4-C4, even promoted the initiated process, as derived from the SEM-
images shown in figure 5.

Figure 5. SEM-images of the magnesite samples A5 (left), BS (middle) and CS (right).

Although, according to the SEM-images in figure 5 the MgO-samples A5-C5 feature a notably
different particle morphology, the BET-surfaces (figure 1, table S2) between 165 m* g'! (C5)
and 215 m? g'! (AS5) direct for all three samples towards a promising rehydration reactivity in
the presence of steam. To investigate also the cycle stability of the materials, the MgO-samples
A5-C5 where subjected 5 consecutive rehydration / calcination cycles with in-situ
determination of the phase-composition in the P-XRD setup. The intermediate calcination steps
were realized directly in the reaction chamber of the P-XRD, heating the sample for 15 minutes
to 375 °C in a stream of 0.2 L min™! helium without introduction of moisture.

A comparison of rehydration reactivity and cycle stability of the three MgO samples A5-CS5 is
shown in figure 6.
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Figure 6. Conversion plots derived from the in-situ powder X-Ray diffraction during hydration
of samples A5 (left), BS (middle) and C5 (right) for 5 consecutive cycles. The typical
conversion for an equivalent sample, derived from analytically pure MgCOs3 is given as
reference. (Rehydration conditions: 3 g min™!' steam, 0.2 L min! He)
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Comparing the results shown in figure 6, a quite comparable and very similar rehydration
reactivity and cycle stability is evidenced for the samples A5-C5. All of them feature a notable
decrease of overall-conversion from the 1% to the 5™ cycle, C5 having an anomalous strong
decrease of reactivity between the 4™ and 5™ cycle. For all three samples after rehydration (A6-
C6) in the SEM a platelet type morphology — still lacking the characteristic hexagonal brucite
shape — is observed (figure S6).

Compared to the reference, resulting 84 % formed Mg(OH), within the first cycle, the
maximum conversion for the natural magnesite derived MgO samples is lower, BS and C5
yielding both 71.5 %, AS only 65.5 % Mg(OH),. The decrease during the 5 cycles to around
30 % is for the natural samples by far more pronounced than in the case of the reference material
(62.7 %). In figure 7 each 1% and 5™ cycle for the samples A5-C5, including the reference
material is given for a better visualization.
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Figure 7. Conversion plots derived from the in-situ powder X-Ray diffraction for the 1% and
5% cycles of the three magnesite-derived MgO samples A5-C5 and the corresponding reference
material from analytically pure MgCOs3

The outcome of the conversion and especially cycle-stability tests of the natural magnesite-
derived MgO material summarized in figure 7 reveals sobering regarding the performance of
the materials suitable for a TCES-process based on Mg(OH)> / MgO on a technological scale.
Whereas, the initial reactivity of the materials was slightly worse than for an analytically pure
MgCOs-based MgO sample, the poor cycle stability over 5 consecutive rehydration /
calcination cycles is a major issue. A process with a lower overall-conversion may be feasible
under properly selected boundary conditions, but not in combination to a material degradation
within 5 cycles to 50 % of the initial activity. MgCO3 was selected as precursor for the MgO
used in the Mg(OH)> / MgO TCES-cycle as previous studies revealed, that the thereby obtained
MgO displayed a much higher reactivity than a Mg(OH).-derived material. In the case of the
natural magnesites this effect could not be confirmed based on the present experimental data.

An interesting finding of this comparative study is the observation, that the reactivity /
conversion of the various samples is only minorly affected by the increased amounts of
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unreactive CaCOj; and Fe?*-impurities within the series.” Nevertheless, as based on the specific
surface of the samples’ and their among each other comparable morphology no real explanation
for the inferior performance in rehydration reactivity compared to a MgO-sample derived from
analytically pure MgCOj3 is found, the source of the different performance may be located in
the secondary phases of the magnesite-derived samples. As the series with CaCOs-contents
between 1.95 — 11.06 % and Fe?*-contents between 0.31 — 6.57 % provides similar performance,
even low amounts of foreign ions seem to deteriorate the reactivity of the material.

4. Conclusion

Natural crypto-crystalline and coarse-crystalline magnesite samples, containing as major
impurities Ca?* (1.95 — 11.06 %) and Fe?* (0.31 — 6.57 %), were thermally decomposed to MgO,
which was investigated for its performance in a Mg(OH), / MgO thermochemical energy
storage (TCES) cycle. The reaction conditions during calcination / rehydration of the samples
were the same as for a recent study using analytically pure MgCO3 as MgO-precursor, revealing
a notable improvement rehydration reactivity of the material compared to a Mg(OH),-derived
MgO.

Comparison of the rehydration reactivity, cycle stability and particle morphology of the
magnesite-derived MgO resulted in following key-findings:

- The reactivity of the magnesite-derived MgO samples is comparable within the series
(between 65-75 % Mg(OH),-formation), but lower than for the reference sample from
analytically pure MgCOs with 84 % conversion.

- Also the cycle stability is comparable within the series, again inferior than for the
reference sample (conversion depletes within the series to about 30 %, for the reference
to 63 %).

- The natural magnesite-derived MgO-samples form during rehydration in liquid water
after the initial calcination a Mg(OH)-phase with well-shaped crystallites, lacking the
typical brucite-type hexagonal platelet morphology. The shape is retained during anew
calcination.

- As from the specific surface, chemical behavior and particle morphology no sound
explanation for the inferior reactivity towards an analytically pure reference material is
found, the reason is found in the present impurities. It appears, as even impurities below
2 % Ca*" and 0.3 % Fe?" notably hamper the rehydration reactivity and cycle stability
of magnesite-derived MgO.

The aim of the herein reported work was a feasibility study on the application of natural
magnesites, used in industrial processes, for thermochemical energy storage purposes based on
the Mg(OH). / MgO cycle. Based on the obtained results it may be concluded, that only pure
materials are feasible for a successful application in TCES, which derogates attractiveness and
financial rentability of such a process on industrial scales.

* The conversion curves displayed within this study are so far uncorrected for the amount of inactive material, so
by its consideration the final yields of Mg(OH), would be slightly higher.
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Table S1. Elemental composition of magnesite-samples A, B and C according to X-Ray
fluorescence analysis

Magnesite A Magnesite B Magnesite C
MgO 96.01 86.71 79.44
CaO 2.05 1.95 11.06
Fex0O3 0.31 6.57 5.95
Na;O 0.02 0.34 0.26
ALO; 0.09 1.73 1.30
SiO2 1.47 1.82 1.21
P,0s 0.00 0.02 0.02
SO3 0.00 0.00 0.00
K>O 0.00 0.02 0.04
TiO2 0.01 0.13 0.03
Cn0; 0.00 0.02 0.08
MnO 0.01 0.69 0.63
ZrO; 0.03 0.01 0.00

Table S2. Specific surfaces of the different MgO-species derived from magnesite samples A,
Band C

Magnesite A Magnesite B Magnesite C
MgCO; (1) 6.61 2.27 3.08
MgO via MgCO;3 (2) 47.23 60.76 43.55
MgO after hydration (5) 215.61 202.83 165.98

Figure S1. Natural magnesite samples A-C a) before calcination b) after calcination
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Figure S2. SEM-images of the magnesite samples A1 (left), B1 (middle) and C1 (right).

Figure S2. SEM-images of the magnesite samples A6 (left), B6 (middle) and C6 (right) after
5 consecutive rehydration / calcination cycles in the P-XRD.
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Abstract

Metal oxides providing various, reversibly accessible oxidation states are in the focus as auspicious materials for
high-temperature thermochemical energy storage (TCES) materials. Among all principally suitable metal oxides
due to equilibrium temperature and, in particular, reaction rate and reversibility, only the couple Co304/ CoO and
to a smaller extend Mn,O3 / Mn30y4 are considered as suitable candidates. Based on recent studies on isothermal
TCES-cycles, the impact of temperature and increased O,-pressure on the reaction rate was investigated by
varying the O,-partial pressure in the low-temperature oxidation of the reduced oxide. Whereas Mn3O4 was found
to react too slow for a process at lower temperatures, CoO was found suitable. For an increase of the O, pressure
to 6 bar between 500 — 550 °C an attractive oxidation behavior was observed. At 900 °C Co304 / CoO could be
cycled within 4.5 minutes between both oxidation states by changing the atmosphere from N to O, and vice versa.

Keywords: cobalt oxide, manganese oxide, non-ambient pressure, in-situ powder X-Ray diffraction,
thermochemical energy storage

1. Introduction

The different technologies suitable for thermal energy storage are defined according to the storage process as
sensible (Dinker et al., 2015), latent (Zalba et al., 2003) and thermochemical heat storage (Abedin, 2011; Cot-
Gores et al., 2012). The latter provides the highest storage densities and has the potential for loss-less storage,
once the material was charged. The necessary smaller amounts of material — related to the higher storage densities
compared to other techniques, — as well as the enormous applicational flexibility due to the large temperature
range being tolerated, are additional advantages of this technique. (Yan, 2015)

The loss-less storage ability of thermochemical energy storage materials (TCES-materials) is an intrinsic feature,
as no discharging of the storage occurs in the absence of the reactive gas. The broad operational temperature
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profile of TCES-materials is given by the equilibrium temperatures of the applied substance classes. By ranking
the materials following to the involved reactive gases such as H,O, NH3, H,, CO» or O, the field of application
for TCES-materials ranges from low-temperature storage with temperatures below 100 °C (van Essen et al., 2009;
Knoll et al., 2017) (mostly hydrated salts for e.g. civil engineering applications as in an energy self-sufficient
building) to medium-temperature storage using ammoniates or hydrides and to temperatures between 800-1200
°C (T. Yan, 2015), using carbonates or oxides in combination with e.g. concentrating solar power plants. (Pardo
etal., 2014)

Oxides suitable for TCES require several stable oxidation states of the metal, reversibly accessible via redox-
reactions. During the charging of the storage material the metal is reduced, while discharging in the presence of
O, leads to a restorage of the (initial) higher oxidation state (see equation 1).

MOy + AH  M,O, + g 0, (1)

Although, metal oxides are investigated with respect to their thermochemical properties since the 80’s, only a few
suitable oxides are known due to the necessary reversibility of the redox-process. Candidate materials promising
for application are the couple Co304 / CoO, as well as Mn,O3; / Mn3;O4 considering reversibility, toxicity issues,
temperature range and reaction time. A variety of studies was reported in particular for the cobalt system, covering
cycle stability tests (Agrafiotis et al., 2014), composite materials, (Agrafiotis et al., 2016a), (Agrafiotis et al.,
2015a; 2015b; Karagiannakis et al., 2016) materials optimization via spinel-phases (Babiniec et al., 2015; Block
etal., 2014; LiuPrewitt, 1990), mechanical stress (Karagiannakis et al., 2016), etc. Although, Mn,Oj3 is also widely
known for TCES purposes, (Carrillo, A. J. et al., 2014) due to the slower reaction kinetics, (Alonso et al., 2013;
Chen et al., 2013) as well as the minor performance compared to the cobalt-system. Most efforts focussed on the
dotation of Mn,O3 with iron (Carrillo, A. J. et al., 2015;Wokon et al., 2017), forming perovskites, or the
combination with Co304 for a combined system. (Agrafiotis et al., 2016b)

Theoretically suitable metal oxides such as ZnO, (Palumbo, 2001) Fe>O3 or V,Os feature equilibrium temperatures
well above 1500 °C (Pardo et al., 2014), hampering both their routine investigation for storage processes, and
their combination with conventional concentrating solar power plants. In order to expand the portfolio of redox-
TCES materials, experimental approaches combining TCES with syngas production (Muthusamy et al., 2014), or
the application of peroxide / oxide reactions (Carrillo, A. J. et al., 2016) were reported for energy storage in
literature.

Apart from their potential of bridging non-operational times in concentrating power plants, the interest in oxidic
TCES-materials relates mainly to their high storage density. Recently we could demonstrate (Miiller et al., 2017),
that between 830 - 930 °C a regime of coexistence between CoO and Co304, depending on the O,-concentration,
allows for isothermal TCES-cycles. Moreover, both CoO and Mn3Oy start oxidation under O»-atmosphere already
below 500 °C. Materials of high storage densities would be highly appreciated for applications around these
temperatures. To enhance the reaction rate and obtain a material, which would combine fast reaction rates with
high energy densities and a broad perspective of applicability, in the present study the impact of temperature on
the isothermal redox-cycle, and the effect of an increased oxygen partial pressure on the oxidation rate was
investigated by an in-situ powder diffraction (P-XRD) study.

2. Results and Discussion

2.1 Isothermal oxidation of CoO triggered by variation of the reactive gas

Based on the previously identified window of coexistence between CoO and Co0304, selected temperatures
between 880 °C and 920 °C were chosen to determine the reaction rate by isothermal thermogravimetry /
differential scanning calorimetry (TG / DSC). The isothermal reduction of Co304 under N, with subsequent
oxidation by changing the atmosphere to O," was investigated at five temperature levels for each two cycles

* The redox-reaction of Co3;O4 under gas-change conditions was confirmed to be highly comparable for 20
consecutive cycles (figure S1).
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(figure 1).
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Fig. 1: TG / DSC of isothermal redox-cycles of Co3;0, triggered by variation of the atmosphere at 880, 890, 900, 910 and 920 °C

The averaged reaction times for reduction and oxidation, obtained from figure 1, are given in table 1.

Tab. 1: Average reaction times for isothermal reduction and oxidation of Co;0,/ CoO, calculated from the differential scanning
calorimetry data

880 °C 890 °C 900 °C 910 °C 920 °C
Oxidation [min] 3.92+0.40 3.35+0.03 4.54+0.11 4.95+0.03 6.91+0.28
Reduction [min] 7.07+0.15 5.58+0.05 4.62 +0.08 3.96 +£0.08 341+0.19

Except the spike for the oxidation time at 890 °C, an apparent linear correlation between reaction time and
temperature is obtained. The oxidation time doubles with increased isothermal temperature almost nearly over the
whole investigated temperature range, whereas the reduction time is exactly halved. Based on the herein obtained
results the most suitable temperature for such an isothermal TCES-process is identified with 900 °C, where
oxidation and reduction of the material are taking equal times.

The presented isothermal redox-cycling between 880 - 920 °C with the optimum at 900 °C represents a notable
improvement regarding the earlier investigations, where oxidation was accomplished within 10.4 minutes at 848
°C and the complete reduction accounted for 23 minutes. (Miiller et al., 2017)

2.2 Isothermal oxidation of CoO

The second objective of the current study on isothermal redox-reactions for thermochemical energy storage was
the combination of low-temperature oxidation of CoO at around 500 °C under increased O-pressure. The
isothermal oxidation under varied oxygen contents at ambient pressure was selected as a starting point. In order
to compare the reactivity towards O in the desired temperature regime, samples of CoO were oxidized at 500,
520 and 550 °C using an atmosphere with 21 % O, (synthetic air) and 100 % O,.
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Fig. 2: Oxidation rate of CoO at several temperatures and O,-concentrations for a) a CoO-sample obtained from thermal
decomposition of Co;0, under N, b) a commercial CoO sample

A concentrating plot of the different oxidation rates for CoO — obtained from Co304 by thermal reduction of the
material under N, at 890 °C for 5 minutes — is shown in figure 2a. Especially for the series at 500 °C a notable
difference in oxidation rate between the measurement under air and O, is found. The impact of the O,
concentration with increasing temperature is superimposed by the thermal contribution, leading to a nearly
identical oxidation rate observed in the experiments at 520 °C under O and 550 °C under air.

In principle both a Co30y4 initially reduced to CoO and a CoO prepared on an industrial scale should be feasible
for a Co-based TCES process. For comparison, the same series of oxidation experiments was repeated using a
commercial sample of CoO (figure 2b). Interestingly, a completely different picture is observed in this case. The
chemically identical sample provides much faster oxidation rates with conversions above 80 % under all applied
conditions within the first 15 minutes. The reason for this behavior was found in the SEM-images of both
precursors, showing for the Co304 (figure 3a) large sintered agglomerates, whereas the CoO (figure 3b) consisted
of small, isolated particles. The different O,-concentrations, as well as the various temperatures, have no impact
on the initial particle morphology (see figure S2).

Fig. 3: SEM-images of a) commercial Co3;O4 b) commercial CoO. Image size 9 x 9 pm
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2.3 Isothermal oxidation of CoO under elevated O, pressure

In order to facilitate investigations on the impact of an increased oxygen pressure, which is higher than the
atmospheric one, Co304 that has been in-situ reduced under N> was used for the experimental approach. Although,
the commercial CoO sample would provide faster reaction rates, no reliable results would have been obtained
even with a high-end laboratory P-XRD setup.

The oxidation rates for the experiments under ambient pressure, 3 bar and 6 bar O>* are shown in figure 4, which
reveals a rate-enhancing effect of the increased O, pressure for all three temperature levels. Obviously, the largest
influence on the oxidation is observed for 500 °C (figure 4a). By applying 3 bar O, the conversion within the first
15 minutes is enhanced about 20 %. 6 bar O, result in a quantitative Co3O4 formation after 30 minutes, the reaction
rate being only slightly faster than for 3 bar.

In case of the series at 520 °C, O, oxidation under ambient pressure and 3 bar O, reveal only slight differences in
the reaction rate. At 6 bar O, an increased oxidation within the first 6 minutes leads to quantitative Co3O4
formation after 15 minutes. Finally, at 550 °C the temperature increase predominates over the increased pressure,
as both 3 bar and 6 bar O yield a complete oxidation - 3 bar after 12 minutes, 6 bar after 8 minutes.
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Fig. 4: Oxidation rate of CoO at different pressures and temperatures at a) 500 °C b) 520 °C c¢) 550 °C

Based on these results a lower oxidation temperature for CoO in a TCES-process seems feasible, increasing the
reaction rate by moderately enhanced pressure. For technological processes elevated pressure is always correlated
with much higher expenditures regarding the process design. Using only 6 bar O, — for all three temperatures
yielding a notable enhancement of the conversion rate — may be still worth the efforts aiming for an oxide-based

T This limitation — also slightly affecting the accuracy of the phase-determination for the high Co;O4-contents — is
attributed to the overlap of significant peaks in the diffractograms of the two Co-phases, as well as the high
fluorescence of the Co-containing samples in combination with the available Cu Kq-radiation (see figure S3). To
ensure the data quality, a minimum measurement time of 2 minutes per diffractogram was necessary.

t Although, the used Anton Paar XRK 900 would tolerate pressures up to 12 bar, applying a higher pressure than
6 bar O, extends due to radiation absorption and the fluorescence background the measurement time notably, so
within one diffractogram the transformation from CoO to Co030j is completed. For similar measurements under
higher pressures a different X-Ray source or a synchrotron would be needed.
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medium-temperature TCES-process.

The only drawback of the increased pressure is the promoted sintering of the material, which is already evidenced
in the SEM-images of the Co304 samples, oxidized at 550 °C and various pressures (see figure 5). Nevertheless,
this changed particle morphology so far was not found to decrease the reactivity of the material on repeated

cycling.

Fig. 5: Particle morphology of Co;0; after oxidation at 550 °C and varied O, pressures a) Co3;0y starting material b) ambient
pressure ¢) 3 bar O, d) 6 bar O,. Image size 9 x 9 pm

2.4 Isothermal oxidation of MnszO.

Similar to the study on the isothermal oxidation of CoO, a series was carried out also on Mn3;O4 which was
oxidized at different temperatures (470 °C, 500 °C, 520 °C, 550 °C) and ambient pressure under synthetic air and
pure oxygen (figure 6).
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Fig. 6: Oxidation rate of Mn3;0, at various temperatures and O,-concentrations for a) a Mn;O,-sample obtained from thermal
decomposition of MnO, under N, b) a commercial Mn;O, sample

Similar to the Co-system also for Mn3O4 a notable difference between the in-sifu reduced sample under N, (figure
6a) and the commercially obtained Mn3O4 (figure 6b) was found. For the freshly reduced Mn304 at 500 °C under
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air within 330 minutes only 62 % of Mn,Os3 are formed, whereas O, enables complete conversion to Mn,Os. Still
a notable difference is observed at 550 °C, where both air and O» result in complete re-oxidation.

In the case of the commercial Mn3Oj4 a clear trend towards faster oxidation rates, both with increased temperature
and O,-content is found. Similar to CoO also for Mn3;O4 temperature increases the oxidation rate more efficiently
than a higher O, concentration. Comparable oxidation rates in this case are found at 550 °C under air and 520 °C
under O».

3. Conclusion

In the present study the redox-couple Co3;04 / CoO was investigated with respect to an isothermal redox-cycle,
triggered by changing the atmosphere from N to O, between 880 — 920 °C. A reasonably linear correlation was
found between the reduction / oxidation times and the applied temperature. Within the investigated temperature
range the best conditions for an isothermal redox-cycle were found at 900 °C, as both reduction and oxidation
take place quantitatively within 4.5 minutes. This represents an improvement of the so far reported results on
isothermal cycling.

Based on former results an isothermal low-temperature oxidation of CoO between 500-550 °C under increased
O,-pressure was attempted, allowing for the application (only discharging) of a TCES-material featuring a high
energy density at medium-temperatures. Increasing the O,-pressure during oxidation from ambient conditions to
6 bar resulted in an attractive increase of reaction rate, discharging the CoO (oxidation to Co3;04) quantitatively at
500 °C within 24 minutes, at 550 °C within 8 minutes.

Mn304 was found to be too slow in its oxidation under all investigated conditions to be competitive in comparison
to CoO.

4. Experimental

4.1 Material

Cobalt(ILIII) oxide (99.995%), cobalt(Il) oxide (99.99%), manganese(IV) oxide (99.99%) and manganese(I1, I1I)
oxide (97%) were obtained from Sigma-Aldrich and used as supplied.

4.2 X-Ray Powder Diffraction

The powder X-ray diffraction measurements were carried out on a PANalytical X'Pert Pro diffractometer in
Bragg-Brentano geometry using Cu K » radiation and an X’Celerator linear detector with a Ni-filter. For in-situ
experiments at elevated pressures an Anton Paar XRK 900 reaction chamber, operable between ambient pressure
and 12 bar was used. The sample was mounted on a hollow ceramic powder sample holder, allowing for complete
perfusion of the sample with the reactive gas. The sample temperature is controlled directly via a NiCr-NiAl
thermocouple and direct environmental heating. For the in-situ experiments at ambient pressure an Anton Paar
HTK 1200N sample chamber was used. The sample temperature is controlled via a Pt 10 % RhPt thermocouple
and direct environmental heating. The diffractograms were evaluated using the PANalytical program suite
HighScorePlus v4.6a. (Degen et al., 2014) A background correction and a Ky, strip were performed. Phase
assignment is based on the ICDD-PDF4+ database ((http://www.icdd.com), the exact phase composition, shown
in the conversion plots, was obtained via Rietveld-refinement incorporated in the program suite HighScorePlus
v4.6a. (Degen et al., 2014) All quantifications based on P-XRD are accurate within of +£5 %.

4.3 Thermal Analysis

For thermal analysis of the redox-reactions a Netzsch TGA/DSC 449 C Jupiter ® equipped with a water vapour
furnace including an air-cooled double jacket was used. The oven operates between 25 °C and 1250 °C, regulated
by an S-type thermocouple. Oxygen and nitrogen gases were 99.999 % and obtained from Messer. For all
measurements under air a mixture of 21 % O, and 79 % N, was applied. The gas flow was set to 25 ml min™!,
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controlled and mixed with Vogtlin Instruments “red-y”” mass flow controllers. A sample mass of 20 mg in an open
Al,Oj5 crucible was used for all experiments with heating and cooling rates of 10 °C min!. The DSC was calibrated
according to the procedure suggested by Netzsch, using the In, Sn, Bi, Zn, Al and Ag standards provided by the
manufacturer.

4.4 Scanning Electron Microscopy

SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from FEI under low-
vacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.
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Fig. S1: 20 consecutive redox-cycles of Co;04 under
alternating atmosphere (N vs. O,)

Fig. S2: SEM images of different Co3;O4 samples after the
oxidation in the P-XRD a) CoO after oxidation under air at
500 °C b) CoO after oxidation under air at 550 °C ¢) CoO
after oxidation under O, at 500 °C d) CoO after oxidation
under O, at 550 °C. Image size 9 x 9 pm
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Fig. S3: P-XRD of a mixed CoO / Co30, sample, showing the
moderate signal-to-noise ratio for the weaker peaks due to the
X-Ray fluorescence of Co
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to overcome non-operational times.

In literature the state of the art for thermal storage systems in
Introduction combination with solar thermal systems is extensively reviewed
revealing, that despite the generally acknowledged potential of

On the road to a more sustainable and renewable energy supply
thermochemical energy storage (TCES) concepts so far, only

chain a major challenge for integration of renewable energy
into existing structures is the compensation of peaks in energy
production and energy demand.! Especially in combination with
fluctuating energy sources as the sun, non-operational times at
night or harsh weather conditions, and the temporal mismatch
between production and consumption need coverage to ensure
the required energy supply.2 3 For shifting collected solar excess
heat to low-production times, efficient thermal storage is
necessary.* The same issue is also highly relevant for heat
recovery systems, recovering so far unused (industrial) waste
heat.> 2 In other words, the success of matching demand and
supply is strongly related to the availability and development of
efficient heat storage technologies.

Several concepts are known for the storage of heat,3 5 the most
important being sensible,> latent® and thermochemical’. 8
(sorption and reaction) heat storage are known. Whereas, the
storage capacity of the technologies increases from left to right
in scheme 1, their technology readiness level is inverted. A very
illustrative example of necessary expenditures for a storage
capacity of 10 GJ using the various available storage
technologies was given by Luo et al., demonstrating, that 1 m3
of thermochemical storage material can replace 34 m3 of
sensible heat storage medium.®

sensible, and to a much smaller extent latent storage systems
are used.1-6.9-17

The experimental concept of thermochemical storage includes
charging of the material by its chemical decomposition (A + heat
<« B + (), storage of the material and, finally, re-formation of
the initial material with concomitant release of the stored
energy during the discharging step.” 8 This concept allows for
highest storage capacities, loss-less (long-term) storage without
necessity of insulation and a broad range of operational
temperatures according to the selected storage reaction.'® The
drawbacks so far preventing an application are the issues of
cycle stability, reaction rate and of course the materials
investment costs. Many per se suitable materials reveal slow
decomposition during cycling or very slow reaction rates for the
discharging step, therefore, disqualifying them for a
thermochemical application. The material costs — obviously in
any case being higher than for e.g. water as sensible storage

Sensible Latent Sorption Reaction

storage capacity, materials costs
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material — may be relativized putting them into perspective with
the storage capacity, faster reaction times during charging and
discharging and to reduced overall investment costs due to
notably smaller storage systems. Summing up, the ideal
thermochemical storage material would provide a preferably
high energy storage density at moderate materials costs,
perfect cycle stability without any degradation effects and a fast
reaction rate for charging and discharging.

A class of TCES-materials which so far found only minor
attention in literature are (transition) metal salt ammoniates,
using NHs3 as reactive gas. Based on theoretically calculated
values, ammoniates should provide exceptionally high energy
storage capacities. Nevertheless, only a few studies with NH3 as
reactive gas in combination with metal salts where published
since their first mentioning in the 80’s.1°-22 Many more efforts
were put on the thermal dissociation and recombination of
ammonia in solar power plants.?3-27

To derive, whether salt ammoniates could reveal as ideal
thermochemical energy storage material according to the
above-mentioned criteria, in the herein presented study a
systematic survey on the reaction of (transition) metal chlorides
and sulphates with NHs; was performed, putting special
emphasis on the experimental determination of energy storage
capacity and reversibility / cycle stability.

Experimental
Material

All transition metal salts were commercially obtained and used
as supplied. Ammonia (99.98 %) was obtained from Messer.

Thermal analysis

For thermal analysis a Netzsch TGA/DSC 449 C Jupiter®
equipped with a water vapour furnace including an air-cooled
double jacket was used. The oven operates between 25 °C and
1250 °C, regulated by an S-type thermocouple. For
determination of the energy contents at room-temperature the
gas flow was set to 100 ml mint, controlled by Vogtlin
Instruments “red-y” mass flow controllers. For decomposition
and cycle experiments, a sample mass of approximately 10 mg
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in an open alumina crucible was used, applying heating and
cooling rates of 10 °C min-l. The DSC was calibrated according
to the procedure suggested by Netzsch, using the In, Sn, Bi, Zn,
Al and Ag standards provided by the manufacturer. Prior to all
measurements a correction was performed.

Results and discussion

The first report of a thermochemical energy storage system
utilizing NH3 was limited to CaCl; and ZnCl,,1° although the NH3
coordination chemistry of a variety of other transition metal
ions including Cu?*, Co?* and Ni?* is well-known.?® Apart from
the ammine-complexes of transition metal chlorides featuring
textbook examples of complex ion isomerism,2¢ the ammine
complexes of transition metal sulphates are also known. Based
on a systematic analysis of thermochemical database entries,
metal salts (e.g. Pd?*, PtZ*, CdZ*, Sc3*, Ce3*) theoretically
attractive for TCES with NH3 as reactive gas?® and a variety of
transition metal candidates derived from ‘text-book knowledge’
(e.g. Min2*, Fe2*/3+, Co2*, Ni2*, Cu?*, Zn2*), a variety of (transition)
metal chlorides and sulphates were investigated.

Differential scanning calorimetry (DSC) under an NHs
atmosphere at 25 °C was used to determine the heat of
formation of the ammine-complexes. In figure 1a the energy
contents for all investigated anhydrous salts are given. The
materials are ranked according to their gravimetric energy
contents (kJ/kg; blue) with molar energy content (kJ/mol;
green) reported for completeness and convenience. As several
of the investigated salts are available both in their anhydrous
and variously hydrated forms, the most common hydrate
species were also investigated with respect to their reactivity
toward NHs (figure 1b). Of the anhydrous materials
investigated, the highest energy content was measured for
NiCl,, liberating 2464 kJ kg* during amination. This accounts to
a storage capacity of 2.43 MWh per m3 of the material. Of the
sulphates investigated, CuSO, (position 5, 1772 kJ kg? [1.72
MWh per m3]) was found to have the largest heat of formation
for its tetraamine-complex. In figure S1 the entries from figure
1 are ranked according to the molar energy contents, favouring
salts with a higher molecular weight, especially in the case of
the hydrates. The exact values for both energy content in
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Figure 1 Energy content of selected (transition) metal salts for reaction with NH3 at 25 °C. a) Anhydrous form of the salts b) Most common hydrate species
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Cuyy + Clyg Cui) + Clyg + 2 H,0p

M= 2201k
Mg =-270.7 kI

CuClyy + 6 NHyy

CuCl* 2H,0p + 6NHsy

AH:=-515.9 k AH¢=-295.8 kJ

AH¢=-245.7 kJ AH¢=-516.4 kI

[Cu(NH;)6]Cly)

[Cu(NH;)6]Cly) + 2 H,0p

Figure 3 Schematic comparison of the heats of formation for anhydrous
CuCl, and CuCl,-2H,0 and the further reaction with NHsto the [Cu(NH3)6]Cl,-
complex. AHf CuCl, / CuCl,2H,0: The NBS tables
thermodynamic properties3%; AH{[Cu(NHs)c]Cl,: This work.

of chemical

k) kg and kJ moll, as well as the energy density in MJ m3,
allowing for the technologically important assessment of the
volumetric efficiency of a storage material, are given in table S1.
Although, according to theoretical data?® also Pd?*, Pt2*, Cd?*,
Sc3+, Ce3* should react highly exothermic with NHs3 to form
ammine-complexes, based on the results from figure 1
investigations were limited to the first-row transition metal
salts.

The significantly different energy contents determined for
sulphates and chlorides of the same cation — the sulphates
displaying values between 20 to 100 kI mol* lower than the
chlorides — are attributed to the lower Lewis-acidity of the
sulphates, as well as to the impact of the anion. The bivalent
sulphate anions promote in the case of e.g. [Cu(NH3)4]SO4-H,0
a square-planar geometry of the NHs-ligands around the CuZ*-
ion,3% whereas in the case of the smaller monovalent chloride
anions the Cu?*-ion is coordinated octahedrally by six NHs-
ligands.3t

In addition to the anion, the initial salt hydration state affects
the heat of reaction for the formation of ammine-complexes. In
figure 2 a schematic representation of the heats of reaction for
[Cu(NH3)e]Cl, is given, on the left via anhydrous CuCl, as
intermediate, on the right via the dihydrate CuCl,-:2H,0. All
involved reaction steps from copper to the final [Cu(NH3)e]Cl2-
complex are exothermic. For the initial formation of CuCl, the
coordination of two water molecules results a higher enthalpy
of formation. Consequently, for the ligand-exchange reaction
during reaction of CuCl,-2H,0 with NH3; a lower enthalpy of
reaction is observed than for CuCl,. For both pathways,
combining the literature values for the AH¢ CuCl, / CuCl,-2H,032
with the formation enthalpy for [Cu(NH3)¢]Cl; determined in the
present work, a perfect agreement for the calculated AHf=-516
kJ mol-* was found.

The exothermic reaction between the metal salt and NH3
corresponds to the discharging reaction of a TCES-material.
Charging the storage material through thermal decomposition
of the ammine-complex formed results in the anhydrous
material, regardless of the used salt precursor. Therefore, on
repeated operation of the TCES-process, the lower energy

This journal is © The Royal Society of Chemistry 2017
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Figure 2 Cycling experiment with CuSO,4-5H,0. During the first complete charging /
discharging the former hydrate water is removed from the system, resulting a stable and

reproducible performance from the second cycle on. For comparison, after the
intersection the 10™ cycle is represented.

capacity of the hydrated salts is observed for only the first cycle,
from the second cycle on reproducibly the capacity of the
anhydrous material is observed. Once the hydrate water is fully
removed after the first charging / discharging cycle, from the
second cycle on the performance is fully reversible and unvaried
during continuous operation. In figure 3 this behaviour is shown
for the case of CuSO4-5H,0, for which, after initial formation of
the ammine-complex at 25 °C starting from CuSQO4-5H,0, the
hydrate water is removed from the system within the first
complete charging / discharging cycle, then leading to a stable
energy storage performance of the material.

The key requirement for a TCES-material is not only a high
energy storage potential, but more critically, full reversibility,
allowing for long-term application of the system. Therefore,
NiCl, as transition metal salt with the most attractive energy
storage potential was investigated for cycle stability by TG / DSC
from 25 to 400 °C. Even after the first cycle 5.4 % of the initial
NiCl,-mass were lost. This mass-loss continues during cycling
and worsens throughout the seven test cycles to 25.2 %.

The reason for this continuous mass-loss of NiCl; is thought to
be a combination of transport phenomenon and decomposition
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Figure 4 Mass-loss of NiCl, during cycle-stability tests. Within 7 consecutive cycles %
of the initial NiCl, is lost.
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of NiCl, heated under an atmosphere of NHs. After the 7t cycle,
the formerly yellow material had darkened and traces of NH4ClI
could be identified. In addition, on the sample holder of the TG
/ DSC system, a dark layer had deposited around the crucible.
The slow decomposition observed in the case of NiCl, was also
observed during cycling experiments with CoCl, and CuCl,
shown in figure S2 and S3, although to a notably lesser degree
(CoCl; 2.1 %, CuCl; 3.2 %). For all chlorides, prior to loss of the
last NHs-ligand, gradual, but continuous decomposition is
observed from the TG-curve. In contrast, in the case of the
sulphates all steps of NHs-release proceed separated clearly by
a plateau-phase. Therefore, even ideal temperature control
cannot fully prevent slight decomposition in the case of the
chlorides. A comparison of the thermal decomposition of
[Cu(NH3)6]Cl2 and [Cu(NH3)4]SOuis given in figure S4.

Both charging and discharging reaction (thus thermal
decomposition and re-formation of the ammine-complex) were
investigated under an atmosphere of NHs. Purging the system
with N; to remove the liberated NH3; during thermal
decomposition could most likely prevent the slow degradation
of the material. The reason for performing the cycling
experiments under a permanent NHs-atmosphere is related to
applicability, as due to the inherent toxicity of NH; the TCES-
process on a technological scale will be necessarily performed
in a closed system, avoiding release of NHs into the ambient.
Under such conditions NH3 will always be the main-component
of the gas-phase.

In contrast to the chlorides, in the case of the transition metal
sulphates no decomposition during cycling was observed, as

shown in figure S5 for 10 charging / discharging cycles with

Table 1 Decomposition / formation temperatures and associated energies for the investigated transition metal ammoniates.
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[Ni(NH3)s]Cl2 [Co(NH3)4]Cl2 [Cu(NH3)s]Cl2
charging discharging charging discharging charging discharging
TPCl/E[Kkg'] | T[C]/E[Kkg!] | T[C]/E[Kkg'] | T[°C]/E [K]kg"] TCl/E[Kkg!] | T[*C]/E [K kg']
1st step 176.3 / 802.4 274.0 /-133 140.0 / 743 56.4 /-807 99.8 /320
2nd step 309.9 /374.1 139.6 /-1289 - --- 133.5 / 366
3rd step 296.6 /1199
[Mn(NH3)2]Cl2 [Cu(NH3)4]SO4 [Ni(NH3)4]SO4
charging discharging charging discharging charging discharging
T[°C]/E[Kkg"] | T[*C]/E[kJkg'] | T[C]/E[Kkg"] | T[*C]/E [k]kg"] T[°C]/E[Kkg'] | T[*C]/E [k]kg"]
1st step 87.5 / 846 60.8 /-2005 79 /180 66 /-153 119.3 /598 127.1/-378
2nd step 249.3 /581 --- 168 / 444 138 /-479 ---
3rd step 307 / 443 248 / -247
[Co(NH3)4]S04 [Cd(NH3)4]Cl2 [Fe(NH3)2]S04
charging discharging charging discharging charging discharging
T[°C]/E[Kkg"] | T[*C]/E[kJkg'] | T[C]/E[Kkg"] | T[*C]/E [k]kg"] T[°C]/E[Kkg'] | T[*C]/E [k kg"]
1st step 101.7 / 268 80.2 /-1026 58.5 /372 --- 79.5 / 441
2nd step 132.1 /332 --- 2379 /236 --- 231.2 /198
3rd step 260.3 /307.4 --- --- --- ---
4th step 293.2 /258 --- --- --- ---
[Cd(NH3)2]SO4 [Zn(NH3)4]S04 [Zn(NH3)4]Cl2
charging discharging charging discharging charging discharging
TPC]/E[Kkg'] | T[C]/E[kJkeg!] | T[C]/E[Kkg!] | T[°C]/E [k kg’] T[PC]/E[Kkg'] | T[°C]/E [k keg']
1st step 85.6 / 314 163.5 / -226 79.0 / 27 105 / -761 94.8 /27 235.0 /-71
2nd step 200.4 / 585 65.1 / -490 108.0 / 202 247.0 /58
3rd step 174.0 / 243
4th step 215.0 / 343
[Cu(NH3)6]Cl2 via CuClz 2H20 [Fe(NHs)3]Cl: via FeClz 4Hz0 [Cu(NH3)4]S04 via CuSO4 5H20
charging discharging charging discharging charging discharging
TPC]/E[Kkg'] | T[C]/E[KJkg!] | T[C]/E[Kkg!] | T[*C]/E [k kg’] T[C]/E[Kkg'] | T[°C]/E [k keg']
1st step 103.0 / 265 134.1 /-74 117.3 /776 127.4 /-1350 98.4 /200 248.0 /-161
2nd step 137.3 /299 104.8 /-310 283.1 /178 --- 173.2 / 456 136.0 / -629
3rd step 291.8 /369 --- - --- 308.4 / 246 66.5 /-175
[Fe(NHs3)2]S04 via Fez(S04)3 9H20 [Mn(NH3)z]Clz via MnClz 2H20 [Cd(NH3)2]S04 via CdSO4+ 4H20
charging discharging charging discharging charging discharging
T[°C]/E[K kg | T[C]/E[kJkg'] | T[°C]/E[kkg"] | T[*C]/E [k]kg"] T[°C]/E[K kg | T[*C]/E [k]kg"]
1st step 137.6 / 88 91.2 /414 61.3 /-949 83.7 /399 160 / -296
2nd step 206.7 / 258 64.3 /-490
3rd step 258.4 /197
[Co(NH3)4]SO4 via CoSO4 7H20
charging discharging
T[°C]/E[K kg | T[°C]/E [k]kg"]
1st step 111.6 /678 93.7 /1048
2nd step 244.1 / 366
3rd step




CuSO4. Although, the chlorides could provide higher energy
contents, based on the results of the cycle stability tests and the
above-mentioned necessity of full reversibility and long-term
cycle stability, transition metal chlorides are, under the
conditions investigated so far, unsuitable for application as
thermochemical energy storage materials. In order to
investigate the cycling behaviour of all other materials, two
consecutive charging / discharging cycles under an atmosphere
of NH; were performed in the TG / DSC. The results are detailed
in the supporting information figures S6-S15. The
decomposition and formation temperatures of the ammine-
complexes, as well as the associated energies are reported in
table 1.

After excluding the chlorides, the 19 prospective materials
shown in figure 1a could be reduced to three final candidates:
CuSO4, CoSO4 and ZnSO4. Whereas, CoSOs was completely
stable over the two cycles, ZnSO, revealed a slight decrease in
mass attributed to a slight loss of hydrate water, as the material
used was found to be slightly contaminated with ZnSO4-H,0.
Excluding the chlorides and all non-cycle stable materials, CuSOa4
showed the best performance in the present study, both in
terms of reversibility and energy content. Regarding the
chlorides investigated, CoCl, seems the most promising
material, as only a slight decomposition was evidenced. Should
a storage cycle avoiding an atmosphere of NHsz during the
thermal decomposition be developed, CoCl, or CuCl; could also
become attractive materials for a TCES system.

Conclusions

The present study reports the investigation of transition metal
ammoniates, a so far widely neglected class of auspicious
thermochemical energy storage (TCES) materials. A selection of
19 anhydrous and 14 hydrated metal chlorides and sulphates
was reacted with NHjs, using differential scanning calorimetry to
determine the specific energy content. Regarding the energy
density and compared to other TCES- materials operated in the
temperature window between 25 — 400 °C, transition metal
ammoniates are amongst the most attractive energy storage
materials reported so far: For the chlorides a maximum of 2.43
MWh m-3 (NiCl,), and for the sulphates of 1.72 MWh m-3 (CuSO,)
was observed. Cycle stability investigations demonstrated, that
chlorides undergo already within 10 cycles slight decomposition
/ transport reactions when heated during the charging step in
the presence of NHs. Assuming, that a technological process will
involve a closed cycle having present NHs during the
decomposition reaction only sulphates would be suitable.
Among the investigated sulphates CuSO,4 was identified as most
promising material revealing perfect cycle stability. Based on
the herein reported results transition metal ammoniates — and
especially the reaction couple CuSO4/ [Cu(NH3)4]SO4 — are of
notable interest for the development of TCES-processes
combining small scales and high storage densities for
combination with e.g. solar heating. Continuative studies on
ammoniates as TCES-materials will demonstrate, how their
potential may be used most efficiently in combination with
efficient heat storage technologies.

This journal is © The Royal Society of Chemistry 2017
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* The use of NHs may be restricted due to its inherent toxicity.
Operation in closed systems as for e.g. industrial cooling is a
state of the art technology, therefore, also for energy storage
purposes using a closed system NHs should cause no further
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Figure S1 Energy content of selected (transition) metal salts for reaction with NH; at 25 °C, ranked according to the molar energy content. a) Anhydrous form of
the salts b) Most common hydrate species

Table 1 Energy contents of the investigated anhydrous salts in kJ kg%, k) mol 't and energy density in MJ m3

Entry Salt kl kg kJ mol™* MJ m3
1 NiCl, 2464 319 694
2 CoCl, 2278 296 678
3 CuCl; 2200 296 649
4 MnCl, 2040 257 685
5 CuS0O,4 1772 283 492
6 NiSO4 1432 222 357
7 CoSO4 1276 198 344
8 CdcCl, 947 174 234
9 FeSOa 809 123 222
10 PdCl, 763 135 191
11 CdSO, 599 125 128
12 ZnS04 568 92 160
13 Fe,(S04)3 561 224 181
14 FeCls 534 87 184
15 FeCl, 492 62 156
16 ScCl; 386 58 162
17 ZnCl, 291 40 100
18 PtCl, 284 76 47
19 CeCls 59 15 15
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Table 2 Energy contents of the investigated salt hydrates in kJ kg, k) mol* and energy density in MJ m-3

Entry Salt k) kg? kJ mol*? MJ m3
1 CuCly:2H,0 1441 246 567
2 FeCl-4H,0 1176 234 609
3 NiCl,-6H,0 901 214 469
4 ZnS04-6H,0 802 231 387
5 FeCls:6H,0 792 214 435
6 CuS0O4:5H,0 715 179 312
7 Fe»(S04)3:9H,0 552 310 291
8 CoCly-6H,0 532 126 277
9 FeS04-7H,0 485 135 255
10 MnCly-2H,0 202 40 100
11 CdCl,:2H,0 128 28 38
12 NiSO4-7H,0 35 9 18
13 CdS0O4-4H,0 27 8 9
14 C0S04-7H;0 23 6 12
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Figure S2 Cycle stability experiment of the reaction couple [Co(NH3),]Cl, 2 CoCl, under NH3 atmosphere. Mass-loss

during 10 consecutive cycles: 2.1 %
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Figure S3 Cycle stability experiment of the reaction couple [Cu(NH;)e]Cl, = CuCl, under NH3 atmosphere. Mass-loss

during 10 consecutive cycles: 3.2 %
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Figure S4 a) Decomposition of [Cu(NH3)s]Cl, under NH3 atmosphere, continuous gradual mass-loss before and after removal of the last NHs-ligand. b)
Decomposition of [Cu(NH3)4]SO, under NH3 atmosphere, plateau-phase during removal of the last NHs-ligand.
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Figure S5 Cycle stability experiment of the reaction couple [Cu(NH3)4]SO, & CuSO, under NH; atmosphere
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Figure S6 Two consecutive charging / discharging cycles under NH3 atmosphere of the reaction couple [Mn(NH;),]Cl,
= MnCl,
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Figure S7 Two consecutive charging / discharging cycles under NH3 atmosphere of the reaction couple [Ni(NH3)4]SO4
= NiSO,
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Figure S8 Two consecutive charging / discharging cycles under NHz atmosphere of the reaction couple [Co(NHs)4]SO,
= CoSO,
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Figure S9 Two consecutive charging / discharging cycles under NHz atmosphere of the reaction couple [Cd(NHs)4]Cl,
= CdCl,
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Figure S10 Two consecutive charging / discharging cycles under NH; atmosphere of the reaction couple [Fe(NHs);]SO4
= FeSO,
1 ~ 3 — 350
106
104 4 i
102 s
100 2 I
08 ] - 250
96 - [
94 ; 200
i 1 L =
92 E; =
90 Bi 3 ~ 150
4 o
88 - i
] - 100
86 ] 0
84 3
82 - 50
80 4 3
% +—--—--- - 7—+-1 L 0
0 50 100 150 200 250 300 350
t [min]
Figure S11 Two consecutive charging / discharging cycles under NH3 atmosphere of the reaction couple [Cd(NH3),]SO,
= CdSO,
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Figure S12 Two consecutive charging / discharging cycles under NH; atmosphere of the reaction couple [Zn(NH3);]SO,
=7nS0,
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Figure S13 Two consecutive charging / discharging cycles under NH3 atmosphere of the reaction couple [Fe(NHs)3]Cls
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Figure $14 Two consecutive charging / discharging cycles under NH; atmosphere of the reaction couple [Fe(NHs)s]Cl,
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Figure S15 Two consecutive charging / discharging cycles under NH; atmosphere of the reaction couple [Zn(NH3),4]Cl,
= 7ZnCl,
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Abstract

High energy densities are one key-feature of thermochemical energy storage materials. Among the substance
classes featuring the highest energy densities are oxides and carbonates, having both operational temperature
profiles between 800 °C - 1200 °C. Comparable high energy contents are provided by the reaction between
ammonia and (transition) metal salts, operable in a medium-temperature range between 150 °C - 450 °C. Due to
the toxicity of ammonia a closed cycle preventing the release of ammonia to the surrounding environment would
be necessary.

Herein, CuSO4 and CuCl; are investigated in a laboratory scale reactor for their application in thermochemical
energy storage with ammonia as reactive gas. In the current setup after 80 seconds peak temperatures of 312 °C
and 238 °C respectively were measured. To circumvent the notable volume expansion during the reaction with
ammonia, both copper salts were loaded on zeolite 13X, yielding matrix-supported composite materials. Operation
of those materials in the laboratory scale reactor under ammonia revealed, that the rapid temperature increase and
the high peak temperatures could be retained, simultaneously simplifying the handling of the materials.

Keywords: copper salts, copper ammoniates, laboratory scale reactor, thermochemical energy storage

1. Introduction

Increased awareness of a necessary reduction of greenhouse gasses in relation to energy production stimulated an
ongoing reorientation of the energy market. (IEA, 2014, Paris agreement, 2015) Environmentally benign energy
production with increasing percentages of renewable energy, a sustainable energy management and a responsible
use of the produced energy led to a multiplicity of innovative approaches, complying the climate targets. (Keith
Shine, 2005) Related to this development are also the increase of energy efficiency, especially in context of
electricity production, as according to the IEA about 2/3 of the therefore used energy are lost in form of waste
heat. (IEA, 2011)

Optimizing the waste heat management encouraged research to develop recycling methods for so far lost waste
heat. (Bauer et al., 2012; Hasnain, 1998) One auspicious approach due to its broad application profile is the thermal
storage of waste heat by sensible, (Zhang et al., 2016) latent (Zalba et al., 2003) or thermochemical energy storage
materials. (Abedin; A.H. 2011; Cot-Gores et al.; 2012, T. Yan, 2015) Thermochemical energy storage (TCES)
takes a very prominent position amongst these approaches, as highest storage densities, loss-less storage, a broad
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operational temperature profile and fast reaction times allow for a flexible application in domestic and industrial
environments, compatible with waste heat temperatures between 30 °C and above 1200 °C.(T. Yan, 2015)

Depending on the available waste heat source, the suitable materials may be selected from an ample catalogue of
principally suitable reactions, ranked according to their storage density and application temperature.(Deutsch et
al., 2016) On the lower end of the temperature spectrum are located salt hydrates for e.g. application in energy
efficient housing projects,(van Essen et al., 2009) whereas the high temperature end around 800 °C - 1200 °C is
covered by carbonates and oxides, complementing e.g. concentrating solar power plants (CSP) during non-
operational times. (Pardo et al., 2014) For the medium temperature region between 150 °C - 450 °C so far mainly
hydroxide / oxide reactions (Criado et al., 2014) or metal hydrides were considered. (T. Yan, 2015)

A so far widely neglected class of TCES-materials operating in this temperature range are (transition) metal salt
ammoniates, featuring notably high storage densities, comparable to redox-active metal oxides. Although, first
reports on reactions of NH3 with salts for energy storage purposes date back to the 80’s, (Dunlap, 1982) until
today only a handful of publications dealing with the reaction between CoCl,, (AidounTernan, 2001; Trudel et
al., 1999) MnCl, (Jiang et al., 2016) or ZnCl, and NH3 (Dunlap, 1982) is known. Concepts for NH3 in energy
storage technology relate mainly on the NH3 formation / splitting in combination with solar power. (Dunn et al.,
2012; Lavine et al., 2016; Lepinasse-Spinner, 1994; Lovegrove et al., 1999; 2004)

One major obstacle of NHj is its inherent toxicity. Therefore, to enable thermochemical energy storage based on
NHs-metal salt reactions, a closed reactor design, avoiding any release of NH3, would be necessary. For this
purpose, in the present work a feasibility study of a NHs-based storage reaction, using CuSQ4 / CuCl, loaded on
zeolite 13X in a hermetically closed laboratory scale reactor, is presented.

2. Results and Discussion
2.1 Reaction between NH3 and CuSQO4/ CuCl»

The reaction between NH3 and CuSOj4 / CuCl, — although, mainly in aqueous solutions — is a well-known, colorful
reaction for demonstration of simple coordination chemistry in undergraduate-laboratories. Even in the case of
mixing the aqueous solutions of NH3; and CuSOj an increase of the reaction temperature is observed.

For the gas-solid reaction between NH; and CuSO4 / CuCl, energy-densities of 1.77 MJ kg! and 2.20 MJ kg'!
were obtained by differential scanning calorimetry. These values are highly comparable to the benchmark of
metal-oxide redox-reactions, featuring the highest energy densities among the various TCES-materials. Even more
important for a potential TCES-material, thermogravimetry evidenced a full reversibility of the NH;- coordination,
thus by heating the formed ammine-complexes to 350 °C the initial copper salts are restored (see figure S1). Based
on the decomposition of the copper-ammine complexes their composition was determined as [Cu(NH3)4]SO4 and
[Cu(NH3)6]Cla, thus CuSOg4 reacting with 4 equivalents of NH3, CuCl, with 6.

The experimental setup selected for the gas-solid reaction between NH3 and the anhydrous copper salts on a
laboratory scale is shown in figure 1.
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Fig. 1: Laboratory scale reactor for the gas-solid reaction between NH; and copper salts in a closed system

Based on the necessity of a closed system preventing the release of NH3, a reactor with two chambers, separated
by a tap, was selected. The copper salt is situated in the reaction chamber (upper part). After evacuation of the
complete system the tap between the two chambers is closed and NHj3 is condensed into the precooled NH3-
chamber. Once the NH;-tap is closed, the NH3-chamber is warmed to room-temperature and the reaction is started
by opening the tap between the two chambers. The temperature gradient during the reaction was monitored by the
3 thermocouples T1-T3, T1 and T2 placed inside, in the middle of the reactor, T3 on the outside to follow the heat
conductance. Due to the NHs-excess used, through all experiments a constant pressure around 6 bar was obtained.

In figure 2 the temperature plots for the formation of [Cu(NH3)4]SO4 (figure 2a) and [Cu(NH3)s]Cl, (figure 2b)
are given.
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Fig. 2: Temperature plots for the formation of a) [Cu(NH;)4]SO4 and b) [Cu(NH3)6]Cl; in the reactor

For both experiments starting with the opening of the tap between the two chambers an extremely fast increase of
the internal temperature is observed. For CuSOy4 the peak temperature of 312 °C* is reached after 80 seconds, after

10 seconds T1 exceeds already 160 °C. In the case of CuCl, a peak temperature of 238 °C was reached after 90
seconds.

Both experiments are highly encouraging, as such extremely fast reactions with concomitant high temperature

* The difference between T1 and T2 is attributed to the linear progression of the reaction zone and sintering of the
material, notably affecting permeability of the packed bed.
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differences are notably rare for thermochemical energy storage materials. Nevertheless, the packed bed using the
pure metal salts in the reaction chamber cannot be considered ideal, as due to the extreme volume work during
the reaction a compacting / sintering process of the material occurs, deteriorating permeability of the packed bed
and thus hampering the completeness of the reaction. In the case of CuSOj after the reaction the former loose
powder had turned into a solid brick, which had to be removed mechanically from the reaction chamber.
Additionally, from the bottom to the top of the packed bed the completeness of reaction was notably affected:
Whereas, in the bottom the dark blue [Cu(NH3)4]SO4 was formed, on the top only a slight blue color of the former
white material was observed. The kinks and sudden increases in the temperature profile are attributed to the
volume work of the material, varying permeability of the continuously expanding packed bed.

In the case of CuCl,, although with the observed peak temperature of 238 °C the melting point of [Cu(NH3)s]Cl»
was not exceeded, due to partial overheating near to the bottom of the reaction chamber a dark black-bluish molten
residue in the reactor was formed immediately. As the thermocouple T1 was above this molten mass, the observed
peak temperature was lower than in the case of CuSOj4 (see figure S2). Additional, nearly 2/3 of the reactors’
content did not react, as the NH; could not pass the molten salt / ammoniate mass. Therefore, also thermocouple
T2 featured only very low temperatures and the temperature in the reactor had dropped within 25 minutes
significantly.

The slow decrease of the temperature profile, retaining for some extended period temperatures above 100 °C,
followed by a sudden decrease of the temperature is caused by the stepwise reaction of the copper salts with NH3.
As seen from the thermogravimetric decomposition in figure S1, for the consecutive addition or removal of each
of the NH;-ligands different equilibrium / decomposition temperatures are found. Therefore, with the initial
temperature rise the reaction temperature is too high to allow for complete reaction. Coming to lower
temperatures, the further coordination of NHj is enabled, still releasing notable heat and thus keeping the
temperature almost constant unless the reactant is consumed.

In figure 3 a time-dependent series of infrared-images, visualizing the temperature increase and slow decrease
during the reaction of NH3; with CuSOy at the outside of the reactor is shown.

305°C 535°C 63.1°C $FLIR
t=0.0° t= 0.5’ t=1.00

706 °C 58.8°C $FLIR
t= 10

51.7 °C 48.2 °C 389°C $FLIR
t= 20’ t= 40’ t= 60’

Fig. 3: Infrared-images of the reactor during the reaction of NH; with CuSOj at different time steps as indicated

Already after 30 seconds the temperature of the reactor walls had increased about 23 °C, reaching its maximum
of 70.6 °C after 120 seconds. For the next 50 minutes a nearly constant temperature of 50 °C was observed. The
temperature distribution in the IR-image after 40 minutes clearly shows, that the reaction was still ongoing.

The extreme volume work occurring on coordination of NH3 to both copper salts becomes evident comparing the
crystallographic parameters for the four different materials in table 1 (although, for [Cu(NH3)4]SO4 only the
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monohydrate is found in the ICSD-database).

Tab. 1: Crystallographic parameters for CuSO4, CuCl, and the corresponding NH;-complexes

CuSO4 CuCl [Cu(NH3)4]SO4-H20 [Cu(NH3)6]CL2

orthorhombic monoclinic orthorhombic tetragonal

Space group Pnma Cl2/m1l Pbnm F4/mmm
Nr° 62 12 62 139

4 4 2 4 4

a[A] 8.3976(1) 6.9038(9) 12.12 10.375(7)

b [A] 6.70382(9) 3.2995(4) 10.66 10.375(7)

c[A] 4.82443(8) 6.824(1) 7.07 9.481(11)
a[°] 90 90 90 90
BI°] 90 122.197(8) 90 90
v [°] 90 90 90 90

vV [A%] 271.6 131.54 913.44 1020.54

Based on the unit-cell volumes given in table 1, for CuSOy4 a 3.4-fold, for CuCl, a 3.9-fold volume expansion
during the reaction with NH3 is obtained.

To circumvent, or at least decrease the expansion of the material, causing considerable issues on larger (or
applicational) scale, allow for a better permeability of the packed bed and control the temperature release during
the reaction, the impregnation of zeolite 13X with CuSO4 and CuCl, was chosen.

2.2 Reaction between NH3; and matrix-supported CuSO.4/ CuCl

The CuSOs4 / CuCl; loaded zeolite samples (13X-SO4 and 13X-Cl) were obtained as described in the experimental
section, having a greenish-brown color after drying in the furnace (see figure S3). The copper-loading was
determined gravimetrically and by X-Ray fluorescence spectroscopy with 0.16 g CuSQOs, and 0.09 g CuCl, per
gram of zeolite.

Of course, the better handling and limited volume expansion goes to the expense of a much lower copper content
compared to the pure salts, relating to a lower energy content and thus decreased reaction temperature. Due to the
matrix-support also the heat transfer is affected. Therefore, externally copper-coated samples were prepared by
reducing the external layer of copper-salts on the zeolite by hydrazine hydrate (see experimental), which should
improve the thermal conductivity of the material.

To compare the performance of the various matrix-supported copper salts in the reactor, the same approach as
described for the pure copper salts was chosen. In figure 3 the temperature plots of the experiments using 13X-
SOs4 (figure 4a) and 13X-Cl (figure 4b), and their partially reduced equivalents 13X-SO4_Cu (figure 4c) and 13X-
Cl_Cu (figure 4d) are shown.
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Fig. 4: Temperature plots for the reaction of NH; with a) 13X-SO4 b) 13X-Cl ¢) 13X-SO;_Cu d) 13X-Cl_Cu in the reactor

The prior observed temperature rise after opening the tap between the two chambers was also found in the present
experiments, in all cases reaching the maximal temperature within 90 seconds. This finding is very promising,
stating, that although the copper salts was heavily ‘diluted’ by loading on the matrix, its performance is still
outstanding for a TCES-material. In these experiments also the temperature difference between T1 and T2 was
reduced, as a notably better permeability of the packed bed was achieved. It should be emphasized, that due to the
particle shape of the zeolite the contact between thermocouple and material was less efficient as in the previous
experiments. In this respect, the partial reduction of the copper salts on the zeolite matrix, yielding a better thermal
conductivity was found quite efficient, as in the experiments with 13X-SO4_Cu (figure 4c) and 13X-Cl_Cu
(figure 4d) notably higher peak temperatures were observed. Especially, in the case of 13X-SO4_Cu (figure 4c)
the impact of the external Cu-coating increased the measured temperature about 60 °C. The discontinuities in the
temperature plots of 13X-Cl and 13X-Cl_Cu are attributed to slight movements of the packed bed, affecting the
contact between thermocouple and zeolite particles.

A control experiment with a mixed packed bed loading of 13X-Cl and 10 % copper turnings (figure S4) showed
a decreased temperature output (figure S5) even compared to the experiment using unmodified 13X-CI. It seems,
that in the case of the matrix-loaded copper salts even a further 10 % dilution has a negative impact on the highest
achievable reaction temperature.

The use of matrix-supported copper salts in the reactor experiments turned out to be quite promising, as still the
fast temperature increase and notably high peak temperature was retained, at the same time avoiding the volume
expansion of the material during the reaction.

3. Conclusion

The reaction between NH3 and CuSO,4 / CuCl, was investigated for their feasibility as thermochemical energy
storage process. Initial requirement was the operation in a closed system to prevent release of NHj3 to the
surrounding environment due to its toxicity. For this purpose, a two-chamber reactor setup with the reaction
chamber and the NH3z-chamber — loaded by condensation of NH3 at -50 °C — was chosen.

For the pure copper salts 80 seconds after beginning of the reaction the peak temperatures of 312 °C (CuSO4) and
238 °C (CuCly) were obtained. Such an abrupt and remarkable temperature increase is quite outstanding and very
promising for a high-end technological applicability of thermochemical storage materials. The reaction
temperature is kept for about 40 minutes around 100 °C, as the stepwise coordination of NH3-ligands to the copper
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salts continuously releases heat until the reaction is complete. The only and major drawback of such an operation
is the extreme volume work during the reaction accounting up to a 3.9-fold volume expansion in the case of CuCl,.
This causes a sintering and condensing of the packed bed, affecting completeness of the reaction due to very
limited permeability of the bed and complicates the handling, as the reacted material needs mechanical force to
be removed from the reactor. In the case of CuCl due to initial high reaction temperatures, exceeding locally the
melting point of the [Cu(NH3)s]Cl, the reaction product is obtained as massive solid.

To allow for a better handling, but retain the promising reactivity, both CuSO4 and CuCl, were loaded on zeolite
13X, resulting in matrix-supported copper salts. In this case the volume expansion during the reaction is nearly
eliminated, concomitantly retaining high initial peak temperatures and fast energy release on reaction with NHa.
To ensure a better heat conductivity, partial reduction of the copper on the outside of the zeolite particles was
accomplished by treatment of the composite materials with hydrazine hydrate. The thereby obtained externally
copper coated, copper salt loaded materials revealed a much better thermal conductivity, leading to the observation
of higher peak temperatures.

As the main objective of the present work was a feasibility study on the reaction of NHs with copper salts,
respectively matrix-supported copper salts, the main subject of continuative studies will be the optimization of
the heat output / heat transfer. Design and operation of the reactor / process will need some improvement to
efficiently use and transfer the released heat.
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4. Experimental

4.1 Material

CuSO4 was obtained by drying CuSO4-5H,O for 3 h at 400 °C in an electric furnace. All other materials were
commercially obtained and used as supplied.

The copper-loaded zeolites 13X-SO4 and 13X-Cl were prepared by soaking zeolite 13X for 30 minutes in a
saturated solution of CuSO4-5H,0 or CuCly'2H»0. The zeolite was rinsed with water and dried for 2 h at 150 °C
under vacuum, before the soaking procedure was repeated. After rinsing with water, the loaded zeolite was dried
for 2 h at 400 °C and stored after cooling in a desiccator. The Cu-loading was determined gravimetrically and by
X-Ray fluorescence spectroscopy with 0.16 g CuSOs, and 0.09 g CuCl, per gram of zeolite.

For preparation of the partially reduced copper-loaded zeolites, dried samples of 13X-SO4 and 13X-Cl were
soaked for 15 minutes in a 10 % aqueous solution of NoH4H>O. Due to the exothermic reaction no additional
heating was necessary to keep the reaction constantly at 65 °C.

4.2 Thermal Analysis

For thermal analysis a Netzsch TGA/DSC 449 C Jupiter ® equipped with a water vapour furnace including an
air-cooled double jacket was used. The oven operates between 25 °C and 1250 °C, regulated by an S-type
thermocouple. NH; gas was 99.98 % and obtained from Messer. The gas flow was set to 100 ml min™!, controlled
and mixed with Vogtlin Instruments “red-y”” mass flow controllers. A sample mass of 10 mg in an open aluminum
crucible was used for all experiments with heating and cooling rates of 10 °C min™'. The DSC was calibrated
according to the procedure suggested by Netzsch, using the In, Sn, Bi, Zn, Al and Ag standards provided by the
manufacturer.

4.3 Reactor-setup

For the experiments in a closed system a reactor consisting of two separated chambers connected via a tap was
used. Both chambers had an inner diameter of 40 mm and a length of 200 mm. The reaction chamber was fitted
with a manometer to monitor the internal pressure, as well with two K-type thermocouples positioned in the
middle of the chamber (T1 and T2) and a further K-type thermocouple on the outside (T3). The reaction chamber
was loaded with the dried copper salt / copper-loaded zeolite and the whole system was evacuated for 10 minutes.
The tap between reaction chamber and NHz-chamber was closed, and NHj3 liquified in the NH3-chamber being
cooled down to — 50 °C. After 10 minutes the tap to the NH3 cylinder was closed and the NH3-chamber warmed
to room-temperature. Once the reactor had established a thermal equilibrium with the surrounding, the tap between
NH;-chamber and reaction chamber was opened to start the reaction (discharging of the storage material). Due to
the excess of NH3 during all experiments a pressure of 6 bar was obtained in the system.

For all experiments 250 ml of material were charged to the reactor.

4.4 Scanning Electron Microscopy

SEM images were recorded on gold coated samples with a Quanta 200 SEM instrument from FEI under low-
vacuum at a water vapor pressure of 80 Pa to prevent electrostatic charging.
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6. Appendix
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Fig. S1: Thermogravimetric decomposition of [Cu(NH3)4SO4

and [Cu(NH;)s|Cl,

Fig. S2: Molten residue of [Cu(NH3)¢]Cl, after the reaction a)
molten residue on the bottom b) unreacted CuCl, on the top
with thermocouple T2

Fig. S3: Images of copper-impregnated zeolite 13X a) 13X-SO,
b) 13X-Cl, ¢) 13-X-SOy after reaction with NHj, ¢) 13-X-Cl,
after reaction with NH;

193

Fig. S4: A mixed packed bed loading of 13X-Cl and Cu-
turnings
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"Novel materials for thermochemical energy storage - from hydroxides to ammoniates";
Talk: 27th International Conference on Organometallic Chemistry (ICOMC) 2016, Melbourne
(Australia); 2016-07-17 - 2016-07-22; in: "Book of abstracts", (2016), 45.

. C. Knoll, D. Miiller, M. Deutsch, C. Jordan, M. Harasek, A. Werner, P. Weinberger:

"Oxalate and carbonate based thermochemical energy storage materials - reaction kinetics and
material optimization";

Talk: 27th International Conference on Organometallic Chemistry (ICOMC) 2016, Melbourne
(Australia); 2016-07-17 - 2016-07-22; in: "Book of abstracts", (2016), 43.

. D. Miiller, C. Knoll, M. Seifried, G. Giester, M. Reissner, P. Weinberger:

"Porous spin crossover networks for multifunctional materials";
Poster: 42nd International Conference on Coordination Chemistry (ICCC), Brest (Frankreich);
2016-07-03 - 2016-07-08; in: "Programme Book", (2016).

. M. Seifried, D. Miiller, C. Knoll, G. Giester, M. Reissner, P. Weinberger:

"Propargyl-1H-tetrazole as promising ligand for post-functionalization of spin switchable iron(II)
complexes";

Talk: 42nd International Conference on Coordination Chemistry (ICCC), Brest (Frankreich);
2016-07-03 - 2016-07-08; in: "Programme Book", (2016).

. C. Knoll, D. Miller, M. Seifried, G. Giester, M. Reissner, P. Weinberger:

"Rigidity in iron (II) tetrazole spin crossover chains";
Talk: 42nd International Conference on Coordination Chemistry (ICCC), Brest (Frankreich);
2016-07-03 - 2016-07-08; in: "Programme Book", (2016).

. D. Miiller, C. Knoll, M. Seifried, G. Giester, M. Reissner, P. Weinberger:

"Zero- to three-dimensional iron(II) spin crossover coordination compounds - from ligand
design to tunable spin switching behaviour";

Talk: 42nd International Conference on Coordination Chemistry (ICCC), Brest (Frankreich);
2016-07-03 - 2016-07-08; in: "Programme Book", (2016).

C. Knoll, M. Seifried, D. Mller, P. Weinberger:

"Variable Temperature ATR-IR Spectroscopy as a Valuable Tool for the in situ Spin State
Detection of Iron(II) Spin Crossover Complexes";

Talk: ECOSTBIio: Fourth scientific workshop, Prague; 2016-04-13 - 2016-04-15; in: "Book of
abstracts", (2016), 29.

C. Knoll, D. Mlller, M. Seifried, P. Weinberger:

"Elucidating structural features of rigid spin crossover coordination polymers using HPC";
Talk: AHPC16, Grundisee; 2016-02-22 - 2016-02-24; in: "Austrian HPC Meeting 2016 -
AHPC16", VSC - Vienna Scientifc Cluster (ed.); (2016), 50.
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13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

D. Miiller, C. Knoll, M. Seifried, P. Weinberger, M. Reissner:

"Using Méssbauer studies and various other methods for the determination of the spin transition
properties of Iron(II) Spin-Crossover Compounds";

Poster: ICAME 2015 - The 33rd International Conference on the Application of the Mdssbauer
Effect, Hamburg; 2015-09-13 - 2015-09-18; in: "Conference Programme", Hamburg (2015),
108.

C. Knoll, D. Mller, P. Weinberger:

"The interpretation of experimental spectroscopic data in coordination chemistry using high
performance computing";

Poster: ICAVS 8, Wien; 2015-07-12 - 2015-07-17; in: "ICAVS8 Abstracts Poster", (2015),
ISBN: 978-3-200-04205-6; 632 - 633.

C. Knoll, M. Seifried, D. Miller, P. Weinberger:

"Variable Temperature ATR-IR Spectroscopy as a Valuable Tool for the In Situ Spin-State
Detection of Iron(1I) Spin Crossover Complexes";

Talk: ICAVS 8, Wien; 2015-07-12 - 2015-07-17; in: "ICAVS8 Abstracts Oral", (2015), ISBN:
978-3-200-04205-6; 164 - 165.

C. Knoll, D. Miller, G. Giester, P. Weinberger:

"CNC-Tetrazolylidene Complexes of Group 8 Metals";

Poster: The XXVI International Conference on Organometallic Chemistry ICOMC 2014, Sapporo
(Japan); 2014-07-13 - 2014-07-18; in: "Program", (2014), 29.

C. Knoll, D. Miller, G. Giester, P. Weinberger, G. Steinhauser:

"Supercritical CO> as Unusual Desiccant for 5,5 "-Azobistetrazolate Compounds of Dysprosium";
Poster: XLI International Conference on Coordination Chemistry ICCC 41, Singapur; 2014-07-24
- 2014-07-25; in: "Programme", Singapore National Institute of Chemistry, (2014), 138.

D. Miiller, C. Knoll, M. Reissner, P. Weinberger:

"Group 14 Metallated Tetrazoles and their Fe(1I) SCO Complexes";

Poster: XLI International Conference on Coordination Chemistry ICCC 41, Singapur; 2014-07-24
- 2014-07-25; in: "Programme", Singapore National Institute of Chemistry, (2014), 121.

D. Mdller, C. Knoll, M. Reissner, G. Giester, P. Weinberger:

"Switchable Coordination Polymers - Novel Hosts Meet Their Guests";

Talk: XLI International Conference on Coordination Chemistry ICCC 41, Singapur; 2014-07-24 -
2014-07-25; in: "Programme", Singapore National Institute of Chemistry, (2014), 38.

P. Weinberger, C. Knoll, D. Miiller, W. Artner, B. Stoger, M. Reissner:

"The influence of steric and electronic factors on the spin transition behaviour of Fe(II) spin-
crossover compounds";

Talk: XLI International Conference on Coordination Chemistry ICCC 41, Singapur; 2014-07-24 -
2014-07-25; in: "Programme", Singapore National Institute of Chemistry, (2014), 78.

D. Miiller, C. Holzhacker, C. Knoll, K. Kirchner, P. Weinberger:

"PN - Fe(II) Spin Crossover Complexes - Insights into Spin State and Coordination";

Poster: IRDG Spring Meeting Vienna, Wien; 2014-04-24 - 2014-04-25; in: "Program & Poster
Abstracts", (2014), 15.

C. Knoll, D. Miller, P. Weinberger:

"Temperature-dependent ATR-IR spectroscopy for in situ spin state detection of Iron(II) Spin
Crossover complexes";

Poster: IRDG Spring Meeting Vienna, Wien; 2014-04-24 - 2014-04-25; in: "Program & Poster
Abstracts", (2014), 12.

C. Knoll, D. Miller, G. Steinhauser, P. Weinberger:

"Fremdioneninduzierte Anomalien in der f-Element Koordinationschemie";

Talk: 8. Workshop Anorganische Chemie in Osterreich (WACO), Salzburg; 2014-04-14 -
2014-04-15; in: "Book of abstracts", (2014).

D. Miiller, C. Knoll, M. Reissner, P. Weinberger:
"Spin crossover beyond room-temperature - A matter of substitution";
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24,

25.

Talk: 8. Workshop Anorganische Chemie in Osterreich (WACO), Salzburg; 2014-04-14 -
2014-04-15; in: "Book of abstracts", (2014).

C. Knoll, D. Mller, P. Weinberger:

"HPC as valuable tool for the interpretation of experimental spectroscopic data in coordination
chemistry";

Poster: 3rd Vienna Scientific Cluster User Workshop, Neusiedl am See; 2014-02-24 -
2014-02-25; in: "book of abstracts", (2014), 12.

C. Knoll, P. Weinberger:

"Tetrazole - carboxylic acids as bifunctional ligands for Iron - Lanthanide complexes";

Poster: 14th Blue Danube Symposium on Heterocyclic Chemistry, Podbanské, SK; 2011-11-26 -
2011-11-29; in: "Book of Abstracts - 14th Blue Danube Symposium on Heterocyclic Chemistry",
Vydavatel'stvo STU - Publishing House of Slovak University of Technology, Bratislava, Slovakia
(2011), ISBN: 978-80-227-3529-2; 76.

Talks and Poster Presentations (without Proceedings-Entry)

1.

10.

T. Ruh, C. Knoll, D. Miller, P. Weinberger, P. Blaha:
"DFT Study of Water Adsorption on Alkaline-Earth-Oxide Surfaces";
Poster: Solids4Fun Summerschool 2017, Waidhofen a.d.Ybbs; 2017-07-03 - 2017-07-07.

. T. Ruh, C. Knoll, D. Miiller, P. Weinberger, P. Blaha:

"DFT Study of Water Adsorption on Ca-Doped (001)-MgO Surfaces";
Poster: Joint Annual Meeting of SPS and OPG, Geneva, Switzerland; 2017-08-21 - 2017-08-25.

. C. Knoll, D. Miiller, W. Artner, Jan Welch, A. Werner, M. Harasek, P. Weinberger:

"Oxalate-hydrates in thermochemical energy storage - a so far neglected class of salt hydrates";
Talk: The International Symposium on Energy 7, Manchester; 2017-08-13 - 2017-08-17.

. D. Miiller, C. Knoll, G. Gravogl, M. Deutsch, S. Flegkas, M. Harasek, F. Winter, D. Lager, R.

Miletich, P. Weinberger, A. Werner:

"Solid Heat - Materials for Thermochemical Energy Storage";

Talk: SHC ECES Task58/Annex33 Kick-Off Experts Meeting, Lyon (Frankreich); 2017-04-05 -
2017-04-07.

. T. Ruh, C. Knoll, D. Miiller, P. Weinberger, P. Blaha:

"DFT Study of Water Adsorption on Cation Doped (001)-MgO Surfaces";
Talk: DPG Frihjahrstagung 2017, Dresden, Germany; 2017-03-19 - 2017-03-24.

. T. Ruh, C. Knoll, D. Miiller, P. Weinberger, P. Blaha:

"Alkaline-Earth-Doped MgO-Surfaces";
Poster: AHCP17, Grundisee; 2017-03-01 - 2017-03-03.

. C. Knoll, D. Miller, M. Harasek, P. Weinberger:

"Transition Metal Oxide Redox Couples for High Temperature Thermochemical Energy Storage";
Poster: 32. Workshop Novel Materials and Superconductivity, Obertraun; 2017-02-12 -
2017-02-18.

. G. Gravogl, D. Miller, C. Knoll, P. Weinberger, R. Miletich, A. Werner:

"Pressure Dependence of Thermochemical Energy Storage Materials";
Poster: 32. Workshop Novel Materials and Superconductivity, Obertraun; 2017-02-12 -
2017-02-18.

. D. Miiller, C. Knoll, M. Seifried, M. Reissner, G. Giester, P. Weinberger:

"The Spin Crossover Phenomenon and its Possible Application - Challenges and Chances";
Keynote Lecture: 32. Workshop Novel Materials and Superconductivity, Obertraun (invited);
2017-02-12 - 2017-02-18.

T. Ruh, C. Knoll, D. Miiller, P. Weinberger, P. Blaha:
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

"DFT study of water adsorption on alkaline-earth-oxide surfaces";
Poster: 32. Workshop Novel Materials and Superconductivity, Obertraun; 2017-02-12 -
2017-02-18.

T. Ruh, C. Knoll, D. Miiller, P. Weinberger, P. Blaha:
"DFT study of water adsorption on mixed (Mg,Ca)-Oxide surfaces";
Poster: ICAMM2016, Rennes, France; 2016-09-05 - 2016-09-07.

C. Knoll, D. Mdlller, M. Harasek, P. Weinberger:

"Thermochemical energy storage materials - earth alkali oxalate hydration/dehydration as
promising process";

Poster: 31. Workshop on Novel Materials and Superconductivity, Obertraun; 2016-02-07 -
2016-02-13.

P. Weinberger, D. Miiller, C. Knoll, M. Seifried, G. Giester, M. Reissner:

"Zero- to three-dimensional iron(II) spin crossover coordination compounds: from ligand design
to tunable spin switching behavior";

Talk: 31. Workshop on Novel Materials and Superconductivity, Obertraun; 2016-02-07 -
2016-02-13.

M. Seifried, C. Knoll, G. Giester, M. Reissner, D. Miller, P. Weinberger:

"Insights in phase transitions of coordination compounds by A T MIR/FIR spectroscopy";
Poster: 30. Workshop on Novel Materials and Superconductivity, Obertraun, Austria;
2015-02-08 - 2015-02-14.

C. Knoll, D. Miller, G. Giester, P. Weinberger:

"Tetrazole-substituted polycyclic hydrocarbons for rigid Fe(II) spin crossover coordinated
polymers";

Poster: 30. Workshop on Novel Materials and Superconductivity, Obertraun, Austria;
2015-02-08 - 2015-02-14.

D. Miller, C. Knoll, M. Seifried, W. Artner, G. Giester, M. Reissner, P. Weinberger:

"Iron(II) spin crossover facing applicability";

Talk: 30. Workshop on Novel Materials and Superconductivity, Obertraun, Austria; 2015-02-08 -
2015-02-14.

D. Miller, C. Knoll, G. Giester, M. Reissner, P. Weinberger:
"Fe(II) SCO chains tuned by solvent and anion";
Poster: 2nd Scientific Workshop of ECOSTBio, Marseille; 2015-01-12 - 2015-01-13.

D. Miiller, C. Knoll, M. Reissner, G. Giester, P. Weinberger:

"Fe(II) spin crossover complexes: Using 1-substituted tetrazole ligands to tune the spin
transition properties";

Talk: 2nd Scientific Workshop of ECOSTBio, Marseille (invited); 2015-01-12 - 2015-01-13.

D. Mdller, C. Knoll, M. Reissner, P. Weinberger:

"Main group (IV) substituted tetrazoles in Fe(1I) spin-crossover";

Poster: 29. Workshop on Novel Materials and Superconductivity, Obertraun; 2014-02-09 -
2014-02-15.

C. Knoll, D. Miller, G. Giester, J. Ofner, P. Weinberger, G. Steinhauser:

"An unusual water-poor 5,5 “-azobistetrazolate of dysprosium";

Poster: 29. Workshop on Novel Materials and Superconductivity, Obertraun; 2014-02-09 -
2014-02-15.

. P. Weinberger, C. Knoll, D. Miller, W. Artner, M. Reissner:

"Impact of electronic and steric factors on iron(II) spin-crossover behaviour";
Talk: 29. Workshop on Novel Materials and Superconductivity, Obertraun; 2014-02-09 -
2014-02-15.

D. Miiller, C. Knoll, B. Stéger, W. Artner, M. Reissner, P. Weinberger:
"[Fe(3ditz)3](BF4)2: A rare example of a strongly cooperative spin transition behavior of a 1D -
chain-type coordination polymer using a per se flexible ligand";

198



Poster: 28. Workshop on "Novel materials and superconductivity", Planneralm, 8953
Donnersbach; 2013-02-09 - 2013-02-16.

23. C. Knoll, D. Miiller, G. Steinhauser, B. Stoéger, P. Weinberger:
"Am(III) doped Tb(III) complexes of 5,5 "-azobis[tetrazolide] as an example for overcoming the
Gd-break in lanthanide coordination chemistry";
Poster: 28. Workshop on "Novel materials and superconductivity", Planneralm, 8953
Donnersbach; 2013-02-09 - 2013-02-16.

24. C. Knoll, D. Mdller, P. Weinberger, B. Stéger:
"New tetrazole compounds as asymmetric ligands for mixed iron(II) lanthanide complexes";
Poster: 27. Workshop on Novel Materials and superconductors, Universitatssportheim
Planneralm; 2012-02-11 - 2012-02-18.

Patents

1. D. Miiller, C. Knoll, P. Weinberger, A. Werner, M. Harasek:
"Verfahren zur thermochemischen Energiespeicherung";
Patent: Osterreich, No. A345/2017; submitted: 2017-08-29.

2. D. Miiller, C. Knoll, P. Weinberger, A. Werner:
"Verfahren zur thermochemischen Energiespeicherung";
Patent: Europdisches Patentamt, No. PCT/EP2017/066753; submitted: 2017-07-05.

3. D. Mdller, C. Knoll, P. Weinberger, A. Werner:
"Verfahren zur thermochemischen Energiespeicherung";
Patent: Osterreich, No. A 327/2016; submitted: 2016-07-11.

Diploma and Master Theses (authored and supervised)

1. C. Knoll:
"Rigidity enhanced bridging tetrazoles for iron(II) spin crossover polymers";
Supervisor: P. Weinberger; Institut flir Angewandte Synthesechemie, 2015; final examination:
2015-09-10.
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