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Synthesis and Characterization of Metal Oxide Energy Storage Materials
Evaluation of Thermochemical Energy Storage Materials Suggested from a Hybrid
Data-Mining Approach

HAMPUS DAHLBERG

WALDEMAR HULT

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

In this study, procedures for the solid state and sol-gel synthesis of metal oxides
were developed for the purpose of thermochemical energy storage materials. The
metal oxides or (blends of them) were suggested by Joakim Brorsson et al., in at the
time of writing, unpublished research where he mines databases that fits the desired
thermodynamical properties for thermochemical energy storage. Magnesium chro-
mate, lithium aluminate, lithium chromate and calcium chromate where successfully
synthesised by either one or both methods of synthesis, confirmed by X-ray powder
diffraction. Barium Oxide had to be purchased from Sigma-Aldrich.

Utilising thermogravimetric analysis, a reference from was cuprous oxide was pro-
duced to compare observations on the metal oxide systems oxidation and reduction
reactions. This data was utilised to calculate the systems conversion yield. Rough
estimations of reaction kinetics of the systems where also utilised in comparison
to the cuprous oxide reference. Calcium chromate and barium oxide where found
to be good candidates for the application of thermochemical energy storage as the
chalcium chromates, made through solid state synthesis, weight changed by 8%, and
the barium oxides’ weight changed by 10%.

Keywords: thermochemical energy storage, solid state synthesis, sol-gel synthesis,
metal oxide oxygen carriers
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1

Introduction

1.1 The Need for Energy Storage in Concentrated
Solar Power

The demand for sustainable energy sources are ever increasing under the threat
of climate change. Concentrated solar power (CSP) is one possible part of the
solution, but has the downside of being reliant on weather conditions and time of
day to generate power. This intermittence causes gaps in the electricity available to
power homes and industries.

Therefore there is a need to store excess energy production that is unutilised. Bat-
teries offer one way to do this by storing and releasing generated electricity, but at a
high cost for large scale applications. Since a CSP facility already has the equipment
to convert thermal energy to electricity, a cheaper option is to store excess thermal
energy directly. That way electricity can be generated during periods of downtime
or when demand/costs are high or there are no other alternatives available.[1]

One of the main principles of power generation is that higher temperatures lead to
greater thermal efficiency in power cycles, such as the Rankine cycle. The biggest
advantage of CSP are the ranges of temperatures that are possible to operate on, de-
pending on the configuration. Solar furnaces can reach temperatures up to 3500°C[2]
while solar power towers can operate up to 1350°C.[3] Aside from CSP being inter-
mittent this leads to it’s second largest drawback: the medium in which the thermal
energy is stored sets its operating temperature.
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1.2 Thermal Energy Storage, Operating Temper-
atures, Desirable Characteristics And The Ba-
sis For This Study

There are three thermal energy storage categories that are applicable for CSP. Sen-
sible heat storage, latent heat storage and thermochemical energy storage which will
be briefly elaborated on.

Sensible Heat Storage is based on the principle of utilising a material’s heat
capacity (kJ/kg*K). The material can be heated up and then later cooled as needed
to store or utilise the harvested energy, without a phase change.

Water with its liquid heat capacity 4,19 kJ kg 'K or concrete gravel with 0,9 -
1,3 kJ kg K-'[4] are safe and low cost examples of materials that can be used with
CSP to store and utilise the generated heat but has low operating temperatures not
exceeding 100°C and these facilities require large volumes on an industrial scale.[5]
A more compact alternative is molten salt energy storage which is the current most
widely used thermal storage method in CSP. It works by melting salts based on
nitrates, chlorides, fluorides and carbonates and pumping them to a superheated
steam turbine facility to generate electricity. They are limited by both their energy
density, decomposition temperature and corrosive properties This comes with safety
concerns and limits the operating temperature to around 565°C, lowering their effi-
ciency. [6]

Latent Heat Storage is based on the energy required for a phase transition to
occur under close to isothermal conditions. The transitions can be summed up in
liquid to gas, liquid to solid or solid to gas or vice versa. The energy density of latent
heat storage is much higher. For examples it takes 334 kJ to freeze one liter of water.
The same amount of energy used to heat it would take it to 79.9°C. The conversion
from liquid to solid is especially favourable for thermal storage applications since
the change in volume is small. Latent heat storage materials are collectivised under
the name phase change materials and has been proposed in CSP but suffer major
drawbacks with risks of leaking, poor heat conversion and low thermal conductivity,
making them inefficient. [7]

Thermochemical energy storage (TCES) is a method to store thermal energy
through reversible chemical reactions, rather than as sensible and latent heat.[8] The
typically large energy used or released in chemical reactions can allow for a high den-
sity of stored energy. The energy can easily be stored for a long time, unlike heat,
as long as the conditions for the energy releasing reaction are not met.

A type of reaction suited well for TCES, and the one that will be the scope of this
study is the partial reduction of a metal oxide (oxygen carrier (OC)) at high tem-
perature in a low oxygen atmosphere and the exothermic oxidation in air back to
the original species. This is due to the conditions for an OC to oxidise or reduce is
mainly dependent on the partial pressure of oxygen or a high enough temperature.
This allows for the thermal energy to be stored chemically in the reduced oxygen
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carrier, that can later be oxidised to release it once again as heat. [9] [10]

For this to work the excess oxygen has to be released as O, without need for a
separate substance to be reduced. This condition is also necessary for a more re-
searched process called chemical looping with oxygen uncoupling (CLOU), a variant
of chemical looping combustion (CLC) in which the oxygen carrier is used to sep-
arate pure oxygen from the atmosphere for an oxy-fuel combustion. Furthermore
an oxygen carrier both in TCES and CLOU need to withstand cycling. Depending
on configuration of the reactor (fixed bed, fluidised bed etc.) this means that OC
particles should not conglomerate, nor disintegrate. [9] [10]

For the application to be practical, the oxygen carrier needs to couple and uncouple
oxygen fast enough. This means that the reaction kinetics must be sufficiently fast
and that the oxygen carrier either needs good oxygen diffusivity or a large surface
area. The materials also need to be able to withstand the high operating tempera-
tures of the processes they are to be applied for. The desired characteristics of the
storage is a good energy density (kWh/m?), efficiency and economical viability and
when it comes to CSP, a high melting point to avoid agglomeration and attrition.
11

One of the biggest challenges with research in general is the resource cost of it. A soft
division of relevant costs can be summarised in time, labour, reactants, equipment
and opportunity. The guess work involved rely most often on current topic trends
and the researchers’ intuition to pick a subject/potential material and then do the
work required. It comes with great risks and rewards depending on the results and
conclusions.

To mitigate these risks, there is a need for tools that reduce insecurity in addi-
tion of adding guidance and validation to the researchers proposal. An additional
bonus would be that these tools sometimes could suggest materials that would go
unnoticed due to ignorance or bias. One such tool are computer simulations and
calculations.

In an article published in the journal of physical chemistry a group of researchers
used the energetic data retrieved from the Open Quantum Materials Database to
find potential candidate OCs for the application of CLOUJ[12]. In an (at the time of
writing) unpublished follow up article currently named "Discovery of thermochemi-
cal energy storage materials via a hybrid datamining approach" Joakim Brorsson et
al. has applied the same principle in an attempt to find candidate materials with
characteristics fit for TCES research. [13]

The main points that this study will focus on to select candidates from the provided
list are the equilibrium temperature and reaction enthalpy of a system to pick can-
didates. The current list that was provided can be seen in Table 1.1 and will most
likely change before publication.|13]

As a result the main objective of this study is to synthesise some of these candidates,
determine the ease of synthesizability of the systems and observe their oxygen uncou-
pling capabilities to evaluate Brorsson’s methods. Systems contain sodium where
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excluded due to its tendency for agglomeration and low melting point. Caesium and
rubidium were excluded due to their high costs.
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Table 1.1: The top 30 filtered transitions with the highest reaction enthalpy from
a draft of [13]

Equilibrium Reaction

Place Transition temperature) enthalpy
(°C (kJ/kg)

1t 2Ca0 + 2CaCry04 + Oy == 3CaCrOy 1382.9  474.87
204 2K,0 + 0y == 4KO 1353.1  348.98
34 2NayO + Oy == 4NaO 756.1  345.50
4™ 2Ca0 + 2CrMgOy, + Oy == 2MgO + 3CaCrOy 1363.9  327.80
5t 2 Cuy0 + Oy == 4Cu0 1375.6  298.19
6th 2CaCr204 + lCazMnO4 + 0y = %CaCrO;; + %CazMngog 1346.9 270.91
7" 2BaO + Oy = 2BaO, 628.0  264.37
8t CaCry0y4 + Oy == CrO, + CaCrOy 11175  261.12
9 2MgO + 2Cr,MgOy 4 O == 3CrMgO, 5122 260.62
10" 2MgNagOy4 + Oy == 2MgO + 4 NaO 740.9 252,57
11" Cuy0 4+ 2VO0, 4+ 0Oy == Cuy V5,07 14712 231.73
12" 2CaCry04 + 5CaMnO, + Oy == 2CaCrO, + ;CaMn,0y4 1356.3  225.58
13™ 2CryMgOy4 + =MggMnOg + Op == 3CrMgO4 + £ MgMnO; 483.9  204.04
14% CrK,04 + O, : 2KO + CrK,04 1294.1  200.35
15%  2RbO + Oy == 2RbO, 4922 191.66
16" CuRb305 + Oy == 2RbO + CuRbO, 13415 191.13
17" 2RbyO + Oy == 4RbO 1372.1  184.57
18" 2CuK30; + Oy == 2KO + 2Cu;K;0,4 1294.8  183.54
19" U AILIO; 4+ 2 CrLiOs + Oy == $Al;; 015 + 1 CrLisO4 900.9  178.62
20" 2CaCry04 + Oy = 2Cr,05 4 3CaCrO, 1101.8  177.78
215t écu2o + §vo2 + tMgVO;3 + Oy — §Cu41\4g2v6o21 1509.7  177.00
220 22A1,Ca07 + 2CaCry04 + Oy == £ Al 015 + 33CaCrO, 1154.1  176.80
2374 fBaNa6O4 + O2 = 2Ba0 + 4NaO 734.7  175.93
24" 2CryMgOy + £ Mgy 0481 + Oy == $0,5i + 3CrMgOy 397.6  174.09
25" 2CrySr04 + Oy == 2Cr,03 + 3CrSr0y 1515.3  172.11
26" 2CeRby03 + Oy == 2Ce0, + 3RbO, 411.0  170.35
27 2 KyMgOs + Oy == 4KO + 2MgO 1221.8  158.12
28 CrLigO4 + CrL102 + 0y == 2CrLi, 04 932.2  151.19
29" 2Cry05 + S AINaOy + Oy == SAL;1015 + 33CrNay Oy 1514.3  147.26
30" 22Cry03 4 35A1,Ba0, + 0y = 39A111018 + 33BaCrOy 15322 146.71




1. Introduction




2

Theory

This chapter covers the theoretical basis of the experiments. Solid state synthesis,
sol-gel synthesis, X-ray diffraction, thermogravimetric analysis, the degree of con-
version, and scanning electron microscopy. In addition there is a short summary of
the material’s indsutrial backgrounds and if they have been previously studied for
either CLOU or TCES.

2.1 Solid State ynthesis

Solid state synthesis is a material production method were reactants are mixed
and then reacted together at specific high temperatures and times to form a new
material and crystal structure. To achieve the correct synthesis there are a number
of parameters to take into consideration. Particle size of reactants dictate how well
the reactants are mixed since in this study no solvents are used. Other important
factors include how densely packed the reactants are for the diffusion and crystalline
growth of the product, precise stoichiometry of the reactants and choice of precursors
(affects reaction kinetics), pressure, pre crystalline state (lattice constraints and
crystalline evolution), reaction atmosphere and possible reaction pathways all affect
the outcome of the synthesis. For a successful synthesis to occur these parameters
need to be known and applied to get a pure crystalline phase [14], [15], [16], [17]

2.2 Sol-Gel Synthesis

Sol-gel stands for Solution-gel. One of the challenges with solid state synthesis is
mixing of the reactants and it being limited by mass transport phenomena. This
can to some degree be overcome by ball milling to reduce the powders particle size
but getting pure phases remains a challenge and the process may require repetitions
until a satisfactory quality is achieved. To overcome this sol-gel was developed. The
process works by dissolution of precursor reagents into a colloidal system and by
addition of a gelation agent creating a well mixed semi-solid (or polymeric) network
referred to as a gel or gel matrix. One such gelation agent is citric acid which, when
deprotonated, is able to form metal-citrate complexes through its COO(—), groups.
As water is evaporated from solution the citric acid creates a polymeric network,
ensuring the metal cations and nucleation points are properly dispersed at an atomic
scale and are able to grow evenly when the citrate is pyrolysed in an oxygen rich
atmosphere. Burning off to CO,, hopefully allowing for the correct phase pure metal
crystals to form. [18]
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2.3 X-Ray Diffraction

To verify the identity of the materials used, X-ray diffraction (XRD), more specif-
ically powder x-ray diffraction (PXRD), was used. This non-destructive analysis
method works by exposing the sample to X-rays at various inclinations and note
how strongly they are reflected at different angles. This is dependent on diffraction
effects from crystal structures in the sample and gives different compounds a highly
unique diffractogram that can be used to identify them and indirectly identify the
crystals constitutional elements when compared to online databases. This basic
principle is used in this study to draw the conclusion if the method of synthesis was
successful or failed since the constitutional elements are already known.|[19]

2.4 Thermogravimetric Analysis

The simplest way to describe thermogravimetric analysis (TGA) is that it is a scale
inside an oven, with a customisable atmosphere. The method allows to track weight
changes in a material over a temperature, time range and a chosen atmosphere. This
is useful because that means it is possible to track the thermal stability of a material
when it starts to decompose, changes in the material and can be used to calculate the
kinetics of the reactions with statistical methods if you know the probable reactions
beforehand. These methods require different heating rates (ranging between 5-25
°C/min) and multiple high quality reproducible data sets.[20], [21]

2.4.1 Degree of Conversion

Aside from the importance of kinetics in a TCES material, an additional parameter
that needs to be taken into account is to calculate how much of the sample that takes
part in the redox cycle, which can be described by the term degree of conversion.
This is important because the thermal energy is stored in the OC and if only 10%
of the particle is cycling between phases the other 90% just takes up volume. This
is necessarily not a downside for actual applications or for investigating parameters
such as cycling life, but these factors aren’t of interst in this work.

In summary there is a need to know how effetively the synthesised materials cycle
in comparison to reference materials. The degree of conversion was calculated from
the TGA results using this formula

no/stoichiometric factor

2.1
Npeak ( )

where no is the moles of oxygen released from the sample during the TGA cycle and
Npear 15 the amount of substance of sample, calculated from the mass at the peak
assuming total conversion to the oxidised right hand side of the equilibrium. The
stoichiometric factor is the number of oxygen atoms released by one right hand side
molecule (i.e. CaCrOy4, BaO, etc.) when transitioning to the more reduced state on
the left hand side. ngo is calculated from difference in mass between a peak and the

8
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following trough.
Mypeak — Mirough = MO (22)

2.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) works on the principle of of scanning the sam-
ple with a narrow electron beam while a detector measure the amount of electrons
reflected back. This data for the lines scanned is then composited to a picture.
Electron beams allow a smaller wavelength than visible light and thus a higher reso-
lution. In addition as the electron beam hits the sample, the ground state electrons
in an atom are excited and gets emitted. An electron from a higher energy shell
then takes the emitted electrons place. The energy difference between these shells
are emitted as characteristic X-rays which can be used to identify the elements on
a certain point or map the element distribution of an entire surface. [22], [23], [24]

2.6 Chosen Materials And Their Applications

From Brorsson et al’s list 1.1 four candidates were chosen for further study:

2Ca0 + 2CaCry04 + O == 5CaCrOy4 (1)
BaO + 02 = 2Ba0, (7th)
%MgO + %CrQMgO4 + 0y = %CngO4 (9th)

HAILIO; 4+ 2 CrLiO; + Oy == LAl;;045 + 2 CrLi;O4  (19™)

as well as the well studied Cuprous oxide—cupric oxide system for reference:
2 CUQO + 02 = 4CuO

These candidates will hereafter be referred to as "the calcium chromate system',
"the barium oxide system', "the magnesium chromate system' and "the lithium
based system".

2.6.1 Barium oxide

A barium oxide system has been proposed in many earlier studies for both TCES
and as an OC [25], [26], [27] [28]. These studies has led to some promising results
and the barium will be studied as a peer review.

Barium itself is a versatile metal with many varied applications and is used in many
industries. A handful examples are as promoter in catalysts[29] for ammonia synthe-
sis or as a catalyst in ethylbenzene oxidation to hydroperoxide[30], as a constituent
in glass-ceramic materials[31], for semiconductors[32], sulphate precipitation[33] or
as a stealth material in military applications [34]. Barium oxide itself has also been
proposed for carbon capture and storage applications due to it’s reactivity with

9
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CO2, quickly forming Barium Carbonate if not properly stored under a nitrogen
atmosphere. [35]

2.6.2 Lithium aluminate

Lithium aluminate is commonly used for tritium breeding reactors, as a matrix
in molten carbonate fuel cells, ceramic materials and as a lithium battery cathode
material. [36],[37],[38],[39] To the authors knowledge no literature for the application
of lithium aluminate in thermal energy storage has been proposed or studied with
the exception of Brorrson’s datamine approach.[13].

2.6.3 The Chemical Background of Chromium and its Dan-
gers

Chromium appear among half the systems suggested by Brorsson’s thermodynami-
cal simulations in Table 1.1. A chromium based oxygen carrier hasn’t been studied
much in practice either. Typically, both chromium and aluminium oxides have a
high stability, which would make them impractical for this application. Perhaps the
inclusion of calcium, magnesium and lithium respectively, that on their own melt at
low temperatures, could produce a functional system.

Cr(VI+) ions are known to be highly toxic and cancerogenic[40][41][42][43], which
would be a downside of the Cr based systems if the chrome is in that oxidation
state in any part of that system. If that is the case and such a system is found to
have good technical properties, a discussion could be had about whether it could be
sufficiently contained and if its technical performance is good enough to justify the
hazards.

Calcium chromate has been used industrially as a corrosion inhibitor, strong ox-
idising agent, depolariser for batteries and as a coating for light metal alloys.[39]
It is highly carcinogenic and toxic[44]. To the authors knowledge no literature for
the application of calcium chromate in thermal energy storage has been proposed
or studied with the exception of the datamined database. [12]

Lithium chromium oxide has been investigated as a possible cathode material
for lithium ion batteries and as a material to be used in optical devices.[45] To the
authors knowledge there have been no investigations into its use in TCES.

Magnesium Chromate has been utilised in different applications such as lightweight
construction and corrosion resistance in the aerospace, electrical and automotive in-
dustries and as a promoter for paint adhesion. [46],[47] ,[48],[49]. To the authors
knowledge no literature for the application of magnesium chromate in thermal en-
ergy storage has been proposed or studied with the exception of the datamined
database. [12]

10
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Method

This chapter details the methods and procedures used in this study to test the
materials outlined in the theory, first synthesis and characterisation, the followed by
TGA cycling. Table 3.1 summarises synthesis methods, reactants and calcination
conditions for the samples produced.

Table 3.1: Overview of reactants and reaction conditions used during synthesis

Product Reactants Amount Calcination
temp. & time
Sol-gel
MgO + CraMgOy Mg(OH), 14.3 mmol 800°C
CI‘(NOg)g -9 HQO 14.3 mmol 16 h
Citric acid monohydrate 24.33 mmol
CaO + CaCry0y Cr(NO3)3-9H20 8.45 mmol 1050°C
Ca(NO3), -4 H0 9.58 mmol 30 h
Citric acid monohydrate 7.98 mmol
AlLiO, Al(OH); 31,0 mmol 875°C
LiNOs3 31.0 mmol 24 h
Citric acid monohydrate 41.4 mmol
CrLiOy LiNOs; 11.0 mmol 800°C
Cl"(NOg)g -9 HQO 11.0 mmol 16 h
Citric acid monohydrate  20.7 mmol
Solid state
MgO + CraMgQOy Cry03 7.1 mmol 800°C
MgO 28.4 mmol 16 h
Ca0O + CaCry04 Cry04 6.41 mmol 1050°C
CaO 12.81 mmol 14 h
AILIOQ A1203 15.2 mmol 875°C
Li,CO3 30.4 mmol 24 h
CI’LiOQ CI‘QOg 10.11 mmol 850°C
Li,CO3 20.19 mmol 16 h
BaO Ba(OH), 29.17 mmol 750°C
HNO;3 58.34 mmol 16 h

11
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3.1 Synthesis

This part covers the sol-gel and solid state synthesis methods for the calcium chro-
mate system, the barium oxide system, the magnesium chromate system and the
lithium based systems. For the copper oxide reference system ready-made CuO was
used.

3.1.1 The Magnesium Chromate System

The following section describes in short the methods used to synthesise and charac-
terise the magnesium chromate system. Both the sol gel and solid state synthesis
method was based on the article by K.R.[50].

Sol-Gel Synthesis

The target weight of the system (2 grams) was calculated for a molar ratio of 1:1
Mg(OH),; and Cr(NOs)s. 14.3 mmol of magnesium hydroxide and 14.3 mmol of
chromium nitrate nonahydrate was dissolved in water and stirred with 24.33 mmol
of citric acid monohydrate. The solution was left to evaporate at 98°C overnight.
This resulted in a porous foamy deep purple blob that was crushed in an agate
pestle. The powder was then put in a muffle furnace and calcinated at 800°C in air
for 16 hours.

Solid State Synthesis

7.1 mmol of CryO3 and 28.4 mmol of MgO where weighed and mixed in a ball mill
with no balls at 30 Hz for 30 min to obtain the 2:1 molar ratio of MgO and CroaMgQOy4
of the final system. The sample was then calcinated in a muffle furnace at 1000°C
for 16 hours with a 300°C/h ramp up and naturally cooled in the oven with no set
ramp down.

3.1.2 The Calcium Chromate System

Sol-Gel Synthesis

8.45 mmol of CrNO3, 9.58 mmol of CaNO3 and 7.98 mmol of citric acid was dis-
solved in water and evaporated overnight. The gel was then calcinated at 1050°C
for 30 h in a muffle furnace, with ramp up down of 300°C/h in air.

Solid State Synthesis

6.41 mmol of CryO3 and 12.81 mmol of CaO were mixed and ball milled for 30 min
to reduce particle size. The powder mixture was then calcinated at 1050°C for 14
hours in a muffle furnace, with ramp up down of 300°C/h in air.
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3. Method

3.1.3 The Lithium Based System

The following section describes in short the methods used to synthesise and charac-
terise the lithium based system. Both the sol-gel and solid state synthesis method of
the AlLiOy was based on the articles written by Nguyen and Kinoshita [51, 52]. The
synthesis method for LiCrOs was hard to find previous studies on and was therefore
improvised without optimisation.

3.1.3.1 Sol-gel Synthesis
AlLiO,

41.4 mmol of citric acid was dissolved in distilled water. 31.0 mmol of aluminium
hydroxide was added and the mixture was stirred until a milky white that did not
dissolve and was mixed with 31.0 mmol of lithium nitrate that dissolved. The beaker
was left stirring and evaporating on a hotplate and then dried overnight at 98°C re-
sulting in a foamy yellow-tinted blob that was crushed with an agate pestle and
mortar. It was then calcinated at 875°C for 24 hours.

CrLiO-

20.7 mmol of citric acid was dissolved in distilled water. 11.0 mmol of LiINO3 was
added and dissolved. 11.0 mmol of Cr(NO3); nonahydrate aas added and dissolved.
The solution was then evaporated and dried overnight at 98°C resulting in a pufty,
porous, dark purple blob. It was ground with mortar and pestle. Put in a crucible
and calcinated at 800°C in a muffle furnace in air atmosphere overnight.

3.1.3.2 Solid State Synthesis

AlLiO,

15.2 mmol of Al,O3 and 30.4 mmol of Li;COj3 (a stoichiometric excess in order to
account for its low vaporisation pressure) were mixed by ball mill for 30 minutes at
30 Hz with no balls. It was then calcinated at 875°C for 24 hours resulting in a very
fine powder.

CI‘LiO2
10.11 mmol of Cry05 and 20.19 mmol of LiCO3z were ball milled for 40 min at 30
Hz. Calcinated overnight at 850°C for 16 h + ramp up/down of 300°C/h.

3.1.4 The Barium Oxide System

The following subsections describe the procedures done to synthesise and character-
ize barium oxide

3.1.4.1 XRD Results of Ba(OH),

The starting material that was available was barium hydroxide. The container was
quite old and the nitrogen atmosphere required for storage had not been maintained.

13



3. Method

The XRD showed that there was a mix of barium hydroxide, barium oxide and
barium carbonate.

3.1.4.2 Nitration and Calcination of Ba(OH),

To solve the contamination problems and achieve barium oxide the barium was
nitrated with 58.34 mmol HNOj3 at 68 percent concentration and then calcinated at
750°C for 16 hours to burn off the nitrates resulting in a melt that was pestled into a
fine powder. After XRD and it being obvious from the yellow colour obtained from
ocular inspection, there were still a mix of barium oxide and barium nitrate in the
sample which was able to be burned off in the TGA. The sanple will hereby referred
to as "barium oxide (nitration route)" In addition barium oxide was purchased from
Sigma-Aldrich to test a pure quality controlled sample and will be referred to as
"Barium oxide(purchased)".

3.2 PXRD

To confirm the identity of the samples, they were analysed with PXRD. This work
was performed at the Chalmers Material Analysis Laboratory, CMAL. Utilising the
Bruker D8 Discover instrument with a copper radiation source and low background
holders. Measurements were taken at the angles given in Table 3.2. The data
was then matched with reference spectrums in the Crystallography Open Database,
COD, [53] using the software Bruker XRD Diffrac. EVA.

Table 3.2: Angles used for PXRD measurements

Compound(s)  Angles

CaCrOy 10-65°
CrasMgOy4 + MgO  5-75°
CrLiO, 15-75°
AlLiO, 15-75°

BaO 5-55°

3.3 TGA

This section covers the programming and atmospheres used during the TGA ex-
periments for all the systems. The experiments where run in "TGA Q500 V20.13
Build 39" located at the Divison of Energy and Materials on Chalmers university of
technology. One of our aims are to determine the materials TCES capabilities. One
of these are kinetics, but as explained in the theory section 2.4, for a full kinetics
study to be done there is a requirement for different heating rates (ranging between
5-25°C/min) and multiple high quality reproducible data sets. Taking into account
the limited access to the TGA instrument, it only being able to take one sample at a
time (with manual changing of the sample), heating rates between 0-10°C/min and
the amount of samples produced it is not possible to calculate the kinetics of the

14



3. Method

reactions accurately within the scope of this study. In summary, there is a shortage
of both time and the capabilities of the TGA equipment to perform a kinetic study
to evaluate the suitability of the synthesised materials oxygen carrier applicability
in TCES. The kinetics will only be determined by the rate of weight change, as
the sample is oxidised or reduced, in comparison to the copper reference via ocular
inspection.

3.3.1 Cupric Oxide Reference

Cupric oxide (CuQ) is used as a reference to assure that our method works and there
are no problems with the TGA itself. Once again the temperature limit of the TGA
is a problem since its oxygen uncoupling behaviour starts at temperatures above
1050°C[54]. To get our reference the TGA was brought up to 1000°C at a ramping
rate of 10°C/min and a gas flow of 90 ml/min. Synthetic air was switched to nitrogen
at 1000°C changing the oxygen partial pressure from 0.21 to 0. This should cause
the CuO to release it’s oxygen to become Cu20 causing the appropriate weight
change.

3.3.2 The Magnesium Chromate System

Ramping rate was 10°C/min, constant flow of synthetic air at 90 ml/min. The
sol-gel sample was first brought up to 300°C and kept isothermal for 90 minutes
and then ramped up to 1000 and then kept at that temperature for 90 minutes
with an additional cycle. The solid state was directly ramped to 1000°C being
kept isothermal for 30 minutes, brought down to 300 and then back to 1000 for 30
minutes.

3.3.3 The Barium Oxide System

Ramping rate for Barium oxide (nitration route)was 10°C/min to 900°C, and then
ramped down to 400 °C where the temperature was ramped in steps of 100 after a
15 minute isothermal interval with 1 repeated cycle. The atmosphere was a constant
flow of synthetic air at 90 ml/min.

The Purchased barium oxide was ramped to 1000°C where the atmosphere was
switched to nitrogen for 15 minutes. The sample was then ramped down to 400°C
in air and then ramped up to 1000°C again with a swith to nitrogen for 15 minutes.

3.3.4 The Lithium Based System

Ramping rate was 10°C/min. The sol-gel sample was tested two times. The solid
state system was not tested since solid state synthesised CrLiO2 was not achievable
within the time constraints of this study

It was first ramped to 300 and then kept isothermal for 15 minutes and then ramped
at 100°C with 15 minute isothermal intervals until 1000 degree Celsius which was
then repeated once after the furnace cooled down to 300 Celsius at 10°C/min.

15



3. Method

After the results were analysed the method above was then tested again between
300 and 700°C.

3.3.5 The Calcium Chromate System

The TGA was ramped to 1000°C at 10 C/min under nitrogen and then cycled with
synthetic air at intervals of 90 minutes

3.4 SEM

Pictures and element point identification where done on a "Phenom ProX Desktop
SEM" at 15kV, 1 Pa on a 100 pm scale. Due to time limitations EDX mapping of
the samples couldn’t be run.
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Results and Discussion

This chapter details the results of the synthesis and TGA as referenced in the method
section. For calculations regarding the degree of conversion see 2.4.1. The XRD
results are summarised below with comments on the results and their synthesis in
the corresponding subsection. The XRD spectrums are displayed in Appendix 1
XRD. This section details our TGA results which are summarised in Table 4.2.
Since both barium oxide and calcium chromate changed form crystal powders into
pellets after the TGA experiments. In addition the mass of the barium oxide sample
increased between cycles from its starting mass. These effects could be dependent on
effects such as agglomeration, crystal grain growth or changes in crystal structure.
For this reason the powders were compared before and after TGA in SEM at (15
kV, 1 Pa) on a 100 pm scale Due to time limitations an EDX scan could not be
run and settled for point element identifications. These results are summarised in
Tables 4.1 and 4.2 on the page below
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4. Results and Discussion

Table 4.1: Overview of the synthesis results from XRD analysis

Compound(s) Sol-gel  Solid state

CaCrOy Success Success

CraMgOy4 + MgO  Success Success

CrLiOq Success Failed

AlLiOq Success Failed

Compound Nitration = Bought

BaO Failed Success

Table 4.2: Overview of TGA results
Temperature Mass Degree of
Sample range (°C) Atmosphere (me) Cycles conversion
CuO 1000 Air, N2 37.56 1 100%
Sol-gel
CaO + CaCr204 1000 Air, N2 25.55 5 36%
MgO+Cr2MgO4  400-1000  Air, N2 10.64 2 2%
AlLiO2 + CrLiO2  300-1000 Air 10.81 N/A N/A
300-700 Air 13.09 N/A N/A
Solid state

Ca0O + CaCr204 1000 Air, N2 17.31 5 55%
MegO + Cr2MgO4  400-1000  Air, N2 17.36 2 1%
BaO (nitration) 400-900 Air 39.96 2 N/A
BaO (purchased)  400-1000 Air, N2 21.48 2 N/A
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4. Results and Discussion

4.1 Cupric Oxide Reference

Sample: 2Cu20 + 02 = 4Cu0

Hampus Dahlberg, Waldemar Hult
Size: 37.5660 mg TGA .

Instrument: TGA Q500 V20.13 Build 39
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® N
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400
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1/ Synthetic air Nitrogen
'12 T T T T T T 0
0 50 100 150 200 250 300 350
Time (mjn) Universal V4.5A TA Instruments

Figure 4.1: TGA curve for cupric oxide with nitrogen switch

The cuprous oxide works as described in the reference[54], and confirms that the
nitrogen atmosphere method works as laid out in the method section 3.3.1 and is
further confirmed by ocular inspection off Figure 4.1 and yields a 100% degree of
conversion. One thing to note is that the mass change according to Mattiason et al.
[54] in theory should be 9% and our reference sample exceeds that.
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4. Results and Discussion

4.2 The Lithium Based System

4.2.1 Synthesis

The solid state synthesis of AlLiO, failed. No lithium was detected in the XRD
spectrum and the lithium most probably evaporated during synthesis and was not
pursued further because of problems with the corresponding CrLiO4 synthesis.

The attempt to synthesise CrLiO5 via solid state synthesis failed, and was not pur-
sued further since the colouring of the crucible indicated physical vapor deposition
of the desired product mixed with CrO3 which is hazardous. See Figure 4.2.

(a) Inside of crucible after CrLiOy (b) Sideview of crucible after
solid state synthesis. CrLiO, solid state synthesis. Orig-
inal colour at the bottom

Figure 4.2: Crucible after CrLiO, solid state synthesis.

The Sol-gel synthesis of both CrLiOy and AlLiOs were successful without com-
plications. The XRD analysis (See Figures A.8 and A.9 in Appendix A) showed
a 0.5°phase shift which indicates either an impure phase or tensile strain/lattice
expansion in the crystal structure.
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4. Results and Discussion

4.2.2 TGA Cycling

As can be seen in both Figure 4.3 and 4.4 the system behaves like the other systems
where any absorbed moisture is initially evaporated and the weight starts rising
until around 600°C where the weight drops and the sample does nothing that is
of interest for this study. In simple terms it deactivates and becomes inert for the
purpose of an oxygen carrier particle. In addition after the TGA measurment the
sample sintered into a loose pellet. In short the lithium based system doesn’t fulfill

the requirements of a TCES material.

11/9 AILIO2 + 11/9 CrLiO2 + O2=
Sample: V9 AIT1018 + 1119 Crli204 (solgel)

Size: 10.8090 mg

Hampus Dahiberg, Waldemar Hult

TGA

Instrument: TGA Q500 V20.13 Build 39
1000

- 800

I~ 600

Temperature (°C)

- 400

Weight Change (%)

- 200

0

T T T T T
100 200 300 400 500 600
Time (min) Universal V4.5A TA Instruments

Figure 4.3: TGA curve for the lithium based system made by sol-gel synthesis
between 300 and 1000 °C

11/9 AILIO2 + 11/9 CrLiO2 + 02 =
Sample: 1/9 AIN1018 + 11/9 CrLi204 (solgel)
f TGA

Size: 13.0870 mg

Hampus Dahlberg, Waldemar Hult

Instrument: TGA Q500 V20.13 Build 39
800

0.5

0.0

- 600

0.5

- 400
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°
I
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- 200

2.04
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-2.5 T T T T T T
50 100 150 200 250 300 350
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Figure 4.4: TGA curve for the lithium based system made by sol-gel synthesis
between 300 and 700 °C
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4. Results and Discussion

4.3 The Magnesium Chromate System

4.3.1 Synthesis

CrasMgO, was found in both samples. The solid state one was found to clearly
contain MgO as well, as expected, but it was not clearly seen in the corresponding
sol-gel spectrum. However it could be presumed to be present there as well because
of the proportions Mg and Cr were added in, and its peaks closely match ones
present in CroMgO, which makes them harder to detect. Both methods of synthesis
were problem free which makes the solid state synthesis method preferable since it
has a much better atom economy.

4.3.2 TGA Cycling

Solid state

Initial weight change is adsorbed moisture from air leaving the sample. The weight
change is so minimal that the noise from weight measurement is clearly displayed.
The switch to nitrogen atmosphere in the second cycle paradoxically causes a weight
increase in the sample, which can be seen in Figure 4.5, in addition the kinetics are
extremely slow and is repeated in cycle 2 until the synthetic air tank ran out of gas.
Assuming the proposed equation is happening the degree of conversion is 1%.

Sample: 2/3 MgO + 2/3 Cr2Mg04 + 02+4/3 CrMgO4 (solid state)
Size: 17.3640 mg

Hampus Dahlberg, Waldemar Hult

TGA

Instrument: TGA Q500 V20.13 Build 39
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Figure 4.5: TGA curve for the magnesium chromate system made by solid state
synthesis
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4. Results and Discussion

Sol-gel

Initial weight change is adsorbed moisture from air leaving the sample. As can
be seen in Figure 4.6 the sol-gel samples curve is identical to the solid state with
the same paradoxical weight increase in a nitrogen atmosphere but it has a degree
of conversion of 2% after 180 minutes. Since both samples are already in their re-
duced forms (See XRD results) there is a clear indication that the oxidation reaction
requires higher temperatures than are available in the TGA furnace.

Sample: 2/3 MgO +2/3 CraMgO4 + 02=4/3 CrMgO4 (solgel)

Hampus Dahlberg, Waldemar Hult
Size: 10.6400 mg TGA

Instrument: TGA Q500 V20.13 Build 39

0.2

1200

1000
800
S o
) N
g : o
I Leo0 =
5 g
5 5
2 I [
400
200
Synthetic air Nitrogen
-0.6 T T T T T v T T v T T v T T T T T T 0
0 200 400 600 800 1000
Time (min) Universal V4.5A TA Instruments

Figure 4.6: TGA curve for the magnesium chromate system made by sol-gel syn-
thesis

4.3.3 Discussion

Both the sol-gel and solid state sample barely have a redox reaction at the set
temperature and are slow to react. Even when the sol-gel samples have 3 hours to
react, the weight only changes by 0.325% between the peaks. This conclusion is
clearly evident by the low conversion yield and Figures 4.5 and 4.6.

A positive conclusion for the purpose of evaluation of Brorsson et al’s article is

that it is cycling and behave like an oxygen carrier particle candidate with poor
performance.
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4.4 The Barium Oxide System

4.4.1 Synthesis

The BaO made by nitrating and calcifying the impure barium hydroxide was found
to still have remaining nitrates, but with major improvements. The purchased BaO
was confirmed to be BaO.

4.4.2 TGA Cycling

Nitration route The TGA results in Figure A.1 starts as promising as the re-
maining nitrates are burned of at 1000°C and the sample takes up oxygen at lower
temperatures with a drop over 800°C. But the weight keeps dropping and increasing
further with each additional cycle. There is also an indication of multiple phases
due to the multiple bumps which requires further investigation of Barium oxides
crystalline behaviour and chemistry since no real conversion calculations would be
relevant. It also melted into a brittle pellet that fused to the crucible which indicates

thermal grain growth. An informal way to describe it would be a an elevation graph
of hiking through hills.

Sample: 2 BaO + 02 = 2 BaO2 (nitration route) TGA Hampus Dahlberg, Waldemar Hult
Size: 39.9640 mg

Instrument: TGA Q500 V20.13 Build 39
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Figure 4.7: TGA curve for barium oxide made via the nitration route
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Purchased BaO The Barium oxide bought from Sigma Aldrich behaves as an
oxygen carrier in a cyclic manner but once again there is an indication of multiple
phases due to the multiple bumps at 600 and 800°C in the first cycle, which repeats
in the second cycle. The change in weight of the second cycle is also slightly lower.
For both peaks with the swith to nitrogen atmosphere, we calculate the degree of
conversion to be over 100%, further indicating that the real system is more complex
than our theoretical one. The sample also melts into a hard pellet that fuses to the
crucible.

Sample: 2 BaO + 02 = 2 BaO2 (bought) TGA Hampus Dahlberg, Waldemar Hult
Size: 21.4790 mg

Instrument: TGA Q500 V20.13 Build 39
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Figure 4.8: TGA curve for purchased barium oxide
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4.4.3 SEM analysis

4.4.3.1 Nitration route

As can be seen in Figure 4.9a there are mainly small crystallites and few larger
crystals not exceeding 20 pm in size. After the TGA measurements these have fused
into dense networks where it can be observed in Figure 4.9b that they grow in a
lamellar shape creating small tube-like pores that enclose upon further crystal grain
growth, which explains the continuos rise in weight.

EINY -

(a) BaO nitration route preTGA (b) BaO nitration route postTGA.

R

Figure 4.9: SEM pictures displaying changes in the BaO powder obtained from
nitration purification before and after TGA measurement.
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4.4.4 Purchased

As can be seen in Figure 4.10a there are a mix of rough particles and crystals in
varying sizes which is expected from an industrial process. As can be seen in Figure
4.10b, after the TGA measurement these particles have transformed into quite large
crystals with smooth surfaces. As can be more easily seen here, they still grow in a
lamellar fashion which creates the enclosed pockets that causes the weight increase
but also explains the lower efficiency in the second cycle as the sample has less surface
area and explains the degree of conversion being over 100% as there is excess oxygen
leaving the sample that is not bound to the metal.

2 e g S < .
(a) BaO powder as purchased from (b) BaO powder purchased from
Sigma-Aldrich. Sigma-Aldrich after TGA

Figure 4.10: SEM pictures displaying changes in the BaO powder obtained from
nitration purification before and after TGA measurement.

4.4.5 Discussion

Nitrated

As expected the small amount of remaining nitrates burned of, but the measurement
is so inconsistent that no real discussion can be had other than that reduction takes
place above 800°C and that the sample most probably does not have time to fully
oxidise since the reaction requires lower temperatures. The fact that the powder
melts and expands is also problematic. Due to limitation in time and access to the
TGA a test (with improved method and nitrogen cycles) couldn’t be performed.
Bought

The purchased barium oxide acts pretty close to the CuO reference, with a bit
slower kinetics, in terms of conversion yield with the switch from air to nitrogen
atmosphere. But with the powder agglomerating and fusing to the crucible even
at lower temperatures its future for TCES needs improvements. The results are
consistent with previously conducted research from Lei[25] and Carrillo[28]
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4.5 The Calcium Chromate System

4.5.1 Synthesis

The sol-gel synthesis produced a CaCrO4 XRD spectrum with clear peaks. The solid
state synthesis resulted in a mix of CaCrO, and CaCryOy4, most probably due to the
shorter synthesis time in the furnace. Both methods of synthesis were problem free
but require long furnace times and are much easier to obtain through wet synthesis
methods.

4.5.2 TGA Cycling

Solid state

As can be seen in Figure 4.11 there is a low increase in weight starting around
800°C and at 1000°C a significant and fast weight drop occurs. The solid state
system consistently cycles at 5,5 weight percent throughout the measurement with
a curve that matches the cuprous oxide reference (Figure 4.1) in appearance corre-
sponding to a degree of conversion of 36% of the calcium chromate sample. But the
sample doesn’t fully re-oxidise to its original state evident by the 0,5 weight percent
difference and the change in colour from lime green to an almost black green after
completed analysis. The sample came out from the crucible as as a brittle foamy
pellet, when crushed the original lime green colour returned with slight traces of
black and the signature colour of Cr203.

2/3 CaO + 2/3 CaCr204 + 02 = 4/3 CaCrO4
Sample: (solid state) TGA Hampus Dahlberg, Waldemar Hult
Size: 25.5540 mg

Instrument: TGA Q500 V20.13 Build 39
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Figure 4.11: TGA curve for the calcium chromate system made by solid state
synthesis
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Sol-gel

As can be seen in Figure 4.12 there is a low increase in weight starting around 800°C
and at 1000°C a significant and fast weight drop occurs which cycles at 8 percent
throughout the measurement a curve that matches the cuprous oxide reference (Fig-
ure 4.1) in appearance with the difference of the last 1,5 weight percentage having
a parabolic appearance corresponding to a degree of conversion of 55%. But the
sample doesn’t fully re-oxidise to its original state evident by the change in colour
from lime green to an almost black green. The sample came out from the crucible
as as a brittle foamy pellet. When crushed the original lime green colour returned
with slight traces of black and the signature colour of Cr203.

Sample: 2/3 CaO + 2/3 CaCr204 + 02 = 4/3 CaCrO4 (solgel) TGA Hampus Dahlberg, Waldemar Hult
Size: 17.3120 mg

Instrument: TGA Q500 V20.13 Build 39
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Figure 4.12: TGA curve for the calcium chromate system made by sol-gel synthesis
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4.5.3 SEM Analysis

Solid state

As can be seen in Figure 4.13a before the TGA there where an abundance of mainly
smaller crystals 5-251m and larger ones in the size of 20 and few at the largest sizes in
the 40-60 pm range. There are also two crystal structures that differ in appearance
which is supported by the XRD results. As can be seen in Figure 4.13b ater the TGA
measurment these have fused and agglomorated into porous interconnected networks
with larger crystallites in the 40-100 pm range. Element point identification reveals
mainly Calcium in the connective bridges and investigation of the 5 pm crystal grains
from Figure 4.13c¢ with vissualy different crystal structures reveals the presence
of CaCrO4, CaCr204, CrO2 and Cr203. This confirms the assumption that the
possible side reactions proposed by Brorsson in Table 1.1 is occurring

stTGA. (c) CaCro4 solid state postTGA
30pm scale

(b) CaCro4 solid state po

Figure 4.13: SEM pictures displaying changes in the CaCrO4 solid state powder
before and after TGA measurement in addition to 30 pm scale grain structure.
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Sol-gel

As can be seen in Figure 4.14a before the TGA the main crystal sizes are in the
range of 20-60 pm, in stark difference to the solid states many smaller crystals. As
can be seen in Figure 4.14b. after the TGA measurment, these have fused and
agglomorated into denser porous networks in comparison to the solid state sample
and have smaller crystalites that are about 10-30 p[Jm. The same investigation of
5 pm crystal grains were performed, but we forgot to save the picture. The crystal
grains were close to identical in appearance. Element point identification reveals
calcium in the connective bridges and crystal grains with vissualy different crystal
structures reveals the presence of CaCrO4, CaCr204, CrO2 and Cr203. Since
CaO was in slight excess in the synthesis it is reasonable to assume that the excess
is responsible for the denser agglomeration and parabolic curveshape of the TGA
curve in Figure 4.12, which might have lead to the improved conversion yield.

(b) CaCro4 solgel postTGA.

Figure 4.14: SEM pictures displaying changes in the CaCrO4 solgel powder before
and after TGA measurement.
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4.5.4 Discussion

In both cases the system is pretty much unresponsive until 1000°C but there is also
a clear difference between the sol-gel and Solid state particles in redox behaviour
where the solid state has the same kinetics in both reduction and oxidation while
the sol-gel has a harder time to re-oxidise after it has uncoupled the oxygen. Both
systems also agglomerated where smaller crystals melted and acted as solder between
the bigger particles. There is also a slight rise in weight around 800 °C for both
samples, being more noticeable in the solid state sample. The weight increase is
strange because the temperature is ramping under a constant flow of nitrogen gas
which indicates that the regular atmosphere is contaminating the TGA s gas flow
since the TGA furnace is open to the air.

Brorsson et al’s list[13] suggests two side reactions in System 8 and 20 where the
equilibrium temperature is lower than for System 1:

CaCrgO4 + OQ = CI"OQ + CaCrO4
%CaCr204 + 0y = %CI’QOg + %CaCrO4

This is supported by the shifting weight curves at the end of both measurements,
occurring below 750 degrees for the sol-gel sample and below 900 degrees for the
solid state sample when the atmosphere switches to oxygen. Further proof for this
hypothesis is the change in colour of the sample as Cr(+I1V)O2 is black and Cr(+I1I)
is green. This theory was confirmed through point element identification in SEM.
Aside from this both samples perform at the same level of quality as the cuprous
oxide reference in terms of kinetics and has a competitive degree of conversion.
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Conclusion

Since trivalent chromium based compounds are notorious for having very slow ki-
netics, the calcium chromate system would never have been a suggestion for oxy-
gen carrier research based on the average chemist’s intuition. Both CaCr,O, and
CaCrQy are rarely studied as is. So our results were unexpected. The material could
be oxidized and reduced at 1000°C by cycling between air and inert atmosphere with
a molar degree of conversion of 55% and 36% for material produced via sol-gel and
solid state synthesis respectively. This suggests suitability as a TCES material.

Barium oxide works as an oxygen carrier but has problems with agglomeration and
a need for proper storage and maintenance since it reacts with most organic solvents
and carbon dioxide in air.

The magnesium chromate system works as described by the definition of TCES
material but its kinetics are slow and would require very high temperatures. The
performance is as expected given the usual stability of chromium based oxides.

The lithium aluminate system does not meet the requirements for a TCES ma-
terial and the solid state synthesis of CrLiOs with lithium carbonate is dangerous.

Finding possible materials for TCES is challenging both in terms of finding good
candidates for research and resources the research itself requires. Brorsson et al’s
proposal [13] for mining databases to find these candidates has been confirmed to
provide both guidance and suggestions for materials that goes against intuition.
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Figure A.1: XRD spectrum of BaO made through the nitration route
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Figure A.2: XRD spectrum of CroMgO,4 + MgO made by solid state synthesis
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Figure A.3: XRD spectrum of CroMgO, + MgO made by sol-gel synthesis
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Figure A.4: XRD spectrum of system 1 made by sol-gel synthesis during the first
try
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Figure A.5: XRD spectrum system 1 made by sol-gel synthesis during the second
try
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