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ARTICLE INFO ABSTRACT

Handling editor: L Luo Thermochemical energy storage offers a cost-effective and efficient approach for storing thermal energy at high
temperature (~1100 °C) for concentrated solar power and large-scale long duration energy storage. SrCOs is a
potential candidate as a thermal energy storage material due to its high energy density of 205 kJ/mol of COy
during reversible CO release and absorption. However, it loses cyclic capacity rapidly due to sintering. This
study determined that the cyclic capacity of SrCOs was enhanced by the addition of either reactive SrTiO3 or
inert SrZrOs, where the molar ratios of SrCO3 to SrZrOs were varied from 1:0.125 to 1:1. Thermogravimetric
analysis over 15 CO3 sorption cycles demonstrated that both materials retained ~80 % of their maximum cyclic
capacity on the milligram scale. Repeated measurements using gram scale samples revealed a decrease in
maximum capacity to 11 % using a sample of SrCO3 — 0.5 SrZrO3 over 53 cycles, while the use of SrTiO3 additives
allowed for the retention of 80 % maximum capacity over 55 cycles. These findings highlight the potential of
reactive additives in enhancing the performance of thermochemical energy storage systems, while providing
valuable insights for the development of cost-effective materials.
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1. Introduction

In the pursuit of a sustainable future, the global energy system is
transforming to be largely based on renewable energy. Solar energy
represents a major component of the renewable energy mix [1]. One of
the most promising technologies to achieve the efficient use of solar
energy is concentrated solar power (CSP) integrated with thermal en-
ergy storage (TES) [2]. During the hours of sunlight, the excess heat
produced through the CSP systems is stored in the TES systems. At times
of energy demand, the stored heat is released to generate electricity via a
heat engine or steam turbine. In this way, a reduction of peak demand
and continuous power supply is achieved [3].

There are three types of TES systems: sensible heat storage (SHS),
latent heat storage (LHS), and thermochemical heat storage (TCES) [3].
SHS is based on the temperature change of a liquid or solid medium (e.
g., water, sand, and molten salts) during heating or cooling. SHS using
molten salts (60 % NaNOs: 40 % KNOs) is currently the only commer-
cially available technology used in CSP plants, however, the

* Corresponding author.
E-mail address: M.Paskevicius@curtin.edu.au (M. Paskevicius).
1 joint first author.

https://doi.org/10.1016/j.energy.2024.130524

disadvantage of this technology is the low energy storage density (413
kJ/kg) and restricted operating temperature (290-565 °C) [3,4]. LHS
utilises the latent heat absorbed or released from a material (e.g.,
miscibility gap alloys) when it undergoes a phase transition from solid to
liquid, or liquid to gas [5,6]. LHS systems using phase change materials
have the potential to achieve high efficiency as heat transfer occurs
almost isothermally during the process. TCES is based on the storage of
heat through reversible endothermic/exothermic reaction processes [7].
Among the three TES technologies, TCES is at an early stage of maturity
and has the advantages of higher energy density and higher operating
temperatures over most SHS and LHS systems [8] and is considered to be
particularly suitable for medium and long-term storage [4,9].

In TCES systems designed for integration with CSP plants, solar heat
is used to promote the endothermic battery charging step whereby a
reactant A is dissociated into products B and C, as shown in Eq. (1).
During the discharging step, heat is released in an exothermic reaction
between products B and C when they are combined [10].

A+AH, =B+C (@]
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where AH, is the reaction enthalpy.

Extensive studies have been carried out on screening of potential
TCES materials including metal hydrides [11-14], metal oxides [4],
carbonates [15-19], hydroxides [6] and ammonia [3,4]. The metal hy-
dride MgyFeHg has been shown to cycle hundreds of times, but it’s
operating temperature is limited to below 600 °C [14], while CaH; + 2Al
has been shown to cycle 67 times at a maximum temperature of 670 °C
For CSP applications [20], higher temperatures are required to increase
efficiency. Carbonate-oxide systems can operate at higher temperatures
with CaCOs operating at ~900 °C with high energy densities [10,18,19,
21,22]. Among these materials, alkaline earth metal carbonate-oxide
systems (MCO3/MO, with M = Ca, Sr, Ba) are especially attractive due
to their abundance, low cost, and non-toxicity. Carbonate-oxide systems
are based on the cyclic carbonation/calcination process. During the
endothermic reaction (calcination), the carbonate (MCOj3) is decom-
posed into a metal oxide (MO) and CO» gas. The CO; is stored until the
reverse exothermic reaction is required between MO and CO; in the
carbonation process.

The CaCO3/CaO system has been heavily investigated for both en-
ergy storage [16,17,19,23] and carbon capture applications [24,25].
The SrCO3/SrO system recently gained attention due to its high
decomposition temperature (AG = 0 kJ/mol at 1175 °C), allowing an
increased operating temperature (~1200 °C) than the CaCO3/CaO sys-
tem (900 °C) [10]. Its high operating temperature also matches the
combined Brayton-Rankine cycle, which could increase the overall en-
ergy efficiency of the power plants [4,18,26,27]. Moreover, SrCO3 has a
high volumetric energy density (4 GJmS’,%Og), which leads to a reduction
in feedstock and therefore a cost reduction for the storage vessel [4].
Despite these favourable features, this system demonstrates thermal
sintering problems at high temperature, which has also been observed in
the CaCO3/CaO system [28,29].

The sintering and agglomeration of particles at high temperatures
causes morphological changes in the material, hindering the absorption
of CO2 by SrO decreasing the CO; cyclic capacity over time. Adding
sintering-resistant inert additives such as SrSiO3 [18], Al,03 [30], MgO
[31], ZrO5 [21] has proven to be an effective approach to improve the
cyclic stability of the SrCO3/SrO system. Addition of SrSiO3 to SrCO3
also thermodynamically destabilises SrCO3 allowing an operating tem-
perature of 700 °C, in turn increasing the potential for industrial
application [18]. Here the SrSiOs reversibly reacts with SrCO3 during
CO, release forming SrySiO4. Unfortunately, agglomeration occurs
during cycling causing poor cyclability, but addition of 20 wt% NacCl:
MgCl, catalyst to the reactive carbonate composite (RCC) promotes a
dramatic increase in the kinetics of absorption and desorption of CO,
and enables 80 % capacity retention over several cycles. When 34 wt%
AlO3 is added to SrCOg, a consistent 11 wt% CO» capacity is observed
over 5 cycles at 1000 °C although sintering is also observed [30]. Un-
fortunately, the article focuses on the kinetics of the reaction rather than
the processes involved but, it is noted that the SrCO3 and Al,O3 react to
form strontium aluminium oxide phases that are unlikely to undergo
reversible reactions with CO5 and is the reason for the reduction on CO,
cyclic capacity. The cycling performance of SrCO3 (40 wt%) was shown
to be enhanced by using a wet-mixing method with strontium acetate
hemihydrate and porous magnesium oxide with 100 cycles demon-
strated at 1000 °C. Amghar et al. studied the effects of adding ZrO5, MgO
and SiO» (5 and 10 wt%) to SrCOs3 [21]. After 20 cycles a decay in cyclic
capacity was observed for each sample, although the SiO, samples were
the most stable with an effective conversion of 0.22 even after 30 cycles.
Strontium silicates and zirconates were observed to form during cycling
but MgO was inert during the process.

As the addition of SrSiOs, SiO5 and ZrO, causes the formation of
ternary oxides that promote thermodynamic destabilisation and cyclic
stability of SrCOs, this study determines the effect of the addition of
SrTiO3 and SrZrOs to SrCOs. The energy storage performance of the
proposed systems are experimentally assessed at 1100 °C by
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thermogravimetric analysis (TGA) and by using Sieverts apparatus [32].
There is one previous study on SrO supported by SrZrOs for thermo-
chemical energy storage [27]. Rhodes et al. used a mass ratio of 2:3 of
SrO/SrZrO3 and cycled between carbonation (1150 °C, p(CO3) = 1 bar)
and calcination (1235 °C, p(CO3) = 0.1 bar) using thermogravimetric
analysis (TGA), however the sample only stabilised at 24 % of the
maximum theoretical CO, capacity [27]. This work furthers this study
by varying the ratios of the SrZrOj3 additive and the pressures used
during cycling to optimise the CO, absorption capacity of SrO. The
molar ratios of SrCO3 to SrZrO3 were varied from 1:0.125 to 1:1.

2. Experimental
2.1. Synthesis of SrTiO3 and SrZrO3

SrTiO3 and SrZrOs3 were prepared through solid state reaction be-
tween SrCOg3 (Sigma-Aldrich, >99 %) and TiO2 (GPR RECTAPUR, >99
%) or SrCO3 and ZrO; (Aldrich, >99 %). A mixture of SrCO3 and TiO; or
ZrO3 in stoichiometric amounts according to Eq. (2) and Eq. (3) were
mixed by ball milling for 2 h (6 bidirectional 20 min segments with 1
min breaks) in a planetary type mill (PQ-N04) employing stainless steel
(316) milling vials (80 mL) and balls (8 mm in diameter) with a ball to
powder mass ratio of 10:1. The powder mixture was then placed in an
Al;0O3 boat in a (Thermo-FB1310 M) furnace and subjected to calcina-
tion in an air atmosphere by heating to 1100 °C (AT/At = 10 °C/min)
then held isothermally for 3 h to obtain SrTiO3 and SrZrOs.

StCOs(4) + TiOa)—SrTiOs(5) 4+ COsy) )
SFC03(5) + ZFOZ(S)*SI‘ZFOKS) + COz(g) (3)

2.1.1. Preparation of SrCO3-SrTiOs and SrCOs-SrZrO3 samples

The SrCO3-SrTiO3 and SrCO3s-SrZrO3 composites were prepared by
ball milling SrCO3 with synthesised SrTiOs or SrZrOs for 1 h (three
bidirectional 20-min segments with 1-min breaks) using the aforemen-
tioned parameters. Composites with various molar ratios of SrCO3 and
SrZrOs, e.g. SrC0O3-0.5 M SrZrOs correspond to a sample with a SrCO3
and SrZrOs molar ratio of 1:0.5 respectively (See Table 1). As
SrCOs-SrTiO3 are expected to react with one another in a 1:1 ratio, the
optimum ratio of mixing is 1:1. On the other hand, SrCO3 and SrZrOs are
not expected to react, therefore altering the ratios might affect the ki-
netics of reaction as well as the maximum CO;, capacity of the system. As
such, these parameters should be optimised as to maximise, operating
conditions and cost of materials.

2.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed on a Netzsch STA
449 F3 Jupiter instrument. The samples (15-20 mg) were measured
inside Aly,O3 crucibles with pierced lids and were heated from room
temperature to 1200 °C (AT/At = 10 °C/min) under a flowing argon
(Coregas, 99.995 %, 20 mL min~1) atmosphere. The temperature was
calibrated using In, Zn, Al, Ag and Au reference materials, resulting in a
temperature accuracy of £0.2 °C, while the balance has an accuracy of
£20 pg.

Table 1
Details of prepared samples.
Samples SrC0O3:SrTi03/SrZrO3 molar Theoretical CO, wt%
ratio
SrCO3 1 29.81
SrCO;3 - 1 M SrTiO3 1:1 13.29
SrCO3 - 1 M SrZrO3 1:1 11.75
SrCO3 - 0.5 M SrZrO3 1: 0.5 16.85
SrCOs3 - 0.25 M SrZrOg3 1: 0.25 21.53
SrCOs3 - 0.125 M SrZrOs3 1: 0.125 25.00
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2.3. CO;y cyclic capacity measurements

An initial assessment of the carbonation/calcination cyclic capacity
was performed by TGA (Netzsch STA 449) with calibration details as
listed above. Approximately 18 mg of sample was placed into an Al,O3
crucible with a pierced lid and heated at AT/At =10 °C/min in a flowing
mixture of CO; (Coregas, 99.995 %, 80 mL/min, p(CO3) ~ 0.8 bar) and
protective Ar gas (Coregas, 99.995 %, 20 mL/min, p(Ar) ~ 0.2 bar)
mixture up to 1100 °C. The sample was then held isothermal for 30 min
before undergoing consecutive calcination and carbonation steps of 30
min at the same temperature. CO; flow (80 mL/min, p(CO3) = 0.8 bar)
was employed during carbonation and Ar (20 mL/min) was used for
calcination, for a total of 15 cyclic steps.

The cyclic CO, absorption/desorption performance of selected
samples were further assessed utilising a custom-made Sieverts-type
instrument for CO, measurements. Details of the instrument and the
measurement method can be found in previous studies [15,19,32]. The
volumes used were 46.2 cm® for the sample side volume, 23.4 cm® for
the non-ambient volume, and 20.4 cm® for the reference volume. Pres-
sure was measured using a Rosemount 30518 pressure transducer (+35
mbar, range 0-140 bar) and temperatures were recorded using a B-type
thermocouple (+- 5 °C). An equation of state for CO, was used in molar
calculations from the NIST Refprop database [33]. Samples (0.6-0.8 g)
were loaded into a SiC reactor and heated to 1100 °C (AT/At =
10 °C/min) by a vertical tube furnace (LABEC VTHTF40/15) under a
CO3 backpressure p(CO2) ~ 5 bar. Samples were held isothermally for 1
h before conducting the first CO, desorption step. Desorption was car-
ried out under dynamic vacuum p(CO3) ~ 1072 bar for 1 h followed by
an absorption step under p(CO3) ~ 5 bar for 1 h. These measurements
were repeated for 53 absorption-desorption cycles for the sample of
SrCO3 — 0.5 M SrZrOs and 55 cycles for SrCO3 — SrTiOs.

2.4. Sample characterization

Ex-situ Powder X-ray diffraction (XRD) characterisation was per-
formed using a Bruker D8 Advance diffractometer equipped with a Cu
Kq1,2 radiation source and a Lynxeye PSD detector in Bragg-Brentano
geometry. Data were collected in the 20 range from 10° to 80° with a
step size of 0.02°. The collected XRD patterns were analysed using
Bruker EVA and Bruker TOPAS V.5 software [34].

In-situ synchrotron radiation SR-XRD measurements were conducted
at the Powder Diffraction beamline of the Australian Synchrotron,
Melbourne, Australia [35]. Data were acquired using a Mythen-II
microstrip detector at 4 = 0.825040(5) A. Samples were combined
with ethanol and smeared onto a prestressed Pt strip within an Anton
Paar HTK 2000 strip furnace, a B-type thermocouple (£0.5 %) was
attached to the sample., The gas pressure was controlled via a manifold
to provide vacuum or 1.5 bar CO,. The sample was heated from room
temperature to 800 °C at AT/At = 10 °C/min then from 800 °C to
1100 °C at AT/At = 10 at AT/At = 10-15 °C/min.

The morphological and microstructural structure of samples were
characterised using scanning electron microscopy (SEM). The SEM and
Energy dispersive X-ray spectroscopy (EDS) data were collected using a
Tescan Clara equipped with a secondary electron (SE) detector and an
accelerating voltage of 15 kV. Prior to the microscopy analysis, the
powder samples were sprinkled onto carbon tape attached to an
aluminium stub and were coated with a 20 nm thick layer of conductive
carbon.

3. Results and discussion

The successful synthesis of SrTiOs and SrZrOs without any detectable
side reactions was confirmed using X-ray diffraction (XRD) (see Fig. 1A
& Fig. 2A respectively). Furthermore, XRD analysis of the milled
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Fig. 1. XRD data (A = 1.54056 A) of (A) synthesised SrTiOs; (B) Ball-milled
SrCO;3 - 1 M SrTiO3; (C) SrCO3 - 1 M SrTiO3 after TGA heating to 1200 °C
(AT/At = 10 °C/min); (D) after 15 CO, sorption cycles using TGA at T =
1100 °C for SrCO3 - 1 M SrTiOs, removed after final absorption step; and (E)
SrCO3 - 1 M SrTiOj; after Sieverts apparatus measurements for 55 sorption cy-
cles at T = 1100 °C, removed after the final desorption step.

samples SrCO3 - 1 M SrTiO3 and SrCOs3 - 1 M SrZrOs, demonstrates the
absence of any additional unwanted crystalline materials generated
during the milling process (Figs. 1B and 2B).

3.1. Thermal behaviour of SrCOs with SrTiOs or SrZrOs

From TGA studies (Fig. 3 were), the onset of mass loss (CO; release)
of both SrCO3 - 1 M SrTiO3 and SrCO3 — 1 M SrZrO3 was detected at a
similar temperature compared to pure SrCO3, ~900 °C. It suggests that
the addition of SrTiOs or SrZrOs does not significantly thermodynami-
cally destabilise the CO, release from SrCO3 as additives have in other
studies [15,16,18]. A final weight loss of 14.9 % and 12.9 % were
observed for SrCO3 — 1 M SrTiO3 and SrCOs - 1 M SrZrOj3 respectively,
which are above the theoretical values of 13.29 wt% and 11.75 wt%
(determined using the molecular weight of the materials and maximum
weight of expected CO5 release). This suggests the initial wt% loss in the
region <100 °C could be due to an amorphous impurity (such as mois-
ture) contained in the composite samples.

After thermal treatment, SrCO3 — 1 M SrTiO3 was removed from the
TGA and subjected to XRD analysis, where SroTiO4 was observed
(Fig. 1C). This indicates that SrTiO3 reacts with SrCOg3 to form SryTiO4 as
per Eq. (4).

SrCOs() + SITiOs() =St TiO4 () + COxg) 4

On the other hand, XRD of SrCO3 — 1 M SrZrOs reveals the presence
of two compounds, SrZrO3 and Sr(OH); (SrO is known to absorb mois-
ture from the air to form Sr(OH),) [36]. This suggests that SrZrOs did not
participate as a reactant during CO; release and the calcination of SrCOg
occurred via Eq. (5).

SICOs S0 10, + COyy) (5)
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Fig. 2. XRD data (1 = 1.54056 A) of (A) synthesised SrZrOs; (B) Ball-milled
SrCO3 - 1 M SrZrOg; (C) SrCO3 - 1 M SrZrOj after TGA heating to 1200 °C
(AT/At = 10 °C/min); (D) after 15 CO, sorption cycles using TGA at T =
1100 °C for SrCO3 - 1 M SrZrOs, removed after the final absorption step; and (E)
SrCO3 - 1 M SrZrOj after Sieverts apparatus measurements for 53 cycles at T =
1100 °C, removed after the final desorption step. The XRD’s for the other ratios
are not illustrated as the SrZrO; is an inert additive and doesn’t change the
reaction pathway.
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Fig. 3. TGA data comparing the ball-milled (1 h) SrCO3, SrCO3 — 1 M SrTiO3
and SrCO3 — 1 M SrZrOs. Measurement conditions: AT/At = 10 °C/min, argon
flow of 20 mL/min.
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3.2. Cyclic stability and calcination/carbonation of the SrCOs — 1 M
SrTiO3 system

The cyclic CO, storage stability of two samples, SrCO3 — 1 M SrTiO3
and SrCO3 were evaluated using TGA (Fig. 4). Both samples were heated
(AT/At = 10 °C) up to 1100 °C under a CO, atmosphere. They then
underwent intermittent calcination and carbonation steps, each lasting
for 30 min.

For SrCOg, the initial calcination step resulted in slow COy desorp-
tion, accounting for 7.4 wt% compared to the theoretical maximum of
29.8 wt%. Sluggish calcination and carbonation reactions are also
observed for SrCO3/SrO after the first cycle, which are indicated by the
sloping curves that do not reach completion in the allocated time (30
min). Subsequent sorption cycles decreased in overall COy capacity,
stabilising at 3.2 wt% for each absorption step and 3.5 wt% for each
desorption step, indicating that CO; absorption was slower than
desorption, but both were unsatisfactory on this timescale.

In contrast, the SrCO3 — 1 M SrTiO3 composite exhibited an initial
CO4, desorption capacity at the maximum theoretical value of 13.3 wt%.
Subsequent CO; absorption cycles showed a rapid reabsorption of the
desorbed CO,, and over 15 cycles, a slight weight gain of approximately
1 wt% was observed. This slight increase in weight suggests the presence
of a minor amount of amorphous SrO in the initial composite, which is
undetectable by XRD, possibly from trace hydroxide decomposed from
the starting material during the initial thermal treatment. This oxide
subsequently converts to SrCO3 during reaction with CO,. The cyclic
CO4, capacity stabilises at 11.5 wt% (85 % of the theoretical maximum).

After the final CO, absorption cycle, the sample was cooled and XRD
was performed, where SrTiO3 and SrCO3 were observed (Fig. 1D). This
demonstrates that the sample reforms SrCO3 and SrTiO3 after multiple
CO4, cycles and thus Eqn. (4) is reversible. The incorporation of SrTiO3
into SrCOs resulted in a significant enhancement in the cyclic capacity
and stability of the composite compared to pristine SrCOs.

The cyclic stability of SrCOs - 1 M SrTiO3 was further assessed using
CO; absorption measurements conducted with a Sieverts type apparatus
(Fig. 5). This employed a larger sample size of 0.81 g (compared to mg-
scale in the TGA) and higher CO, absorption pressures (p(CO3) ~ 5 bar)
along with longer sorption times (1 h absorption and 1 h desorption
steps), aiming to better represent the thermodynamic and cyclic stabil-
ity/energy capacity under conditions relevant to potential industrial
operations [4].

102 5 1200
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98 - -
96 3 800 E
Y 3
= ’ 2
g 600 &
92 - 3
903 [AARA! L B8
U L 1
88-" JLJLJLL = \E 200
il m SrCO,4
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50 =
=
0o 3
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0 200 400 600 800 1000
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Fig. 4. TGA cycling measurements of SrCO3 and SrCO3 - 1 M SrTiO3 over 15
CO,, desorption and absorption cycles at 1100 °C.
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Fig. 5. CO. storage capacity of SrCO3 — 1 M SrTiO3 over 55 cycles. Measure-
ments were carried out using Sieverts method at 1100 °C, mass = 0.81 g, abs/
desorption p(CO5) = (5 bar/0 bar), t = (1 h/1 h).

The SrCO3 - 1 M SrTiO3 composite consistently maintains a stable
CO, capacity at approximately 85 % of the theoretical maximum
throughout 55 cycles, which aligns well with the TGA results on a
smaller scale (see Fig. 4). An initial increase in cyclic capacity is
observed over the initial five cycles and this likely due to the amorphous
SrO content in the sample which is activated and carbonated during
these cycles. A slight decline in capacity (~2 % of the theoretical
maximum) is observed over the 55 cycles, which can be attributed to
morphological changes that will be discussed in detail below. After the
final CO4 desorption cycle, XRD analysis was conducted to confirm the
reaction products, namely SroTiO4 and a minor trace of SrTiOg (Fig. 1E),
which confirms the validity of Eqn. (4). These findings highlight the
excellent CO; cyclic capacity and stability exhibited by SrCOs3 - 1 M
SrTiO3 on a larger scale with elevated CO; pressures.

4 SrTiO, ¢ Sr3Ti,O; - Temperature
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In-situ SR-XRD data was collected on ~0.2 g of SrCO3 - 1 M SrTiO3
heated to 1100 °C under a CO; atmosphere (p(CO2) = 1.5 bar) (Fig. 6).
At 931 °C, SrCOs undergoes a polymorphic phase transition from
(orthorhombic) a to (hexagonal) p phase, as expected to occur in the
temperature range of 925-933 °C [37]. The sample reached 1100 °C
without showing evidence of decomposition, this is expected due to the
partial pressure of CO; being above the expected equilibrium partial
pressure (p(CO2 = 0.62 bar). The CO release reaction was initiated by
the application of vacuum (p(CO2) ~ 0 bar) at 1100 °C, where the re-
action of p-SrCO3 and SrTiO3 to form Sr,TiO4 was observed. The results
support the ex-situ XRD data revealing SroTiOy4 is the final solid product
from the decomposition of the SrCO3 - 1 M SrTiOs composite. On
re-application of CO, pressure (p(CO2) = 1.5 bar) the Bragg peaks of
SryTiO4 disappear completely and p-SrCO3 and SrTiO3 reform.

Additionally, it is interesting to note that a minor amount of a
metastable Sr3TiO7 intermediate is formed during the calcination. The
reason that Sr3Ti,O7 is not observed from ex-situ XRD data could be due
to its lower thermal stability than SraTiO4 [38]. As such, the formed
Sr3Tiy07 intermediate may revert to SrpTiO4 on cooling. The formation
of a Sr3Ti;O; intermediate could contribute greatly to the superior
long-term CO; cyclic stability of SrCO3-SrTiO3 systems because it may
act as a grain-growth inhibitor to prevent sintering. The addition of
unreactive oxides to TCES materials has previously been shown to
inhibit sintering [39].

To investigate the morphological changes occurring during cyclic
CO9 absorption and desorption at high temperature, both milled and
cycled samples of SrCO3 - 1 M SrTiO3 were analysed using SEM-EDS
(Fig. 7). The milled sample consists of small particles (~100 nm) and
exhibits an even distribution of Ti and Sr distributed homogenously
throughout the composite, indicating a well-mixed sample (Fig. 7a).
Both the TGA cycled (Fig. 7b) and Sieverts cycled (Fig. 7c) samples
exhibit larger particles (~1 pm) that appear sintered together. This has
been observed in pure SrCO3 and many other metal carbonate and hy-
dride materials and has often been cited for the poor cyclic performance
of materials [16,19,37]. The sintering process leads to a reduction in the
surface area and porosity of the sample, which is expected given the high
operating temperature during cycling. Consequently, the diffusion of
CO-, into the sample may slow down with each additional cycle if par-
ticle growth becomes excessive. However, there is evidence of channels
within larger agglomerates, which could facilitate CO; flow, aligning
with the observed high reactivity towards CO2. Furthermore, the
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Fig. 6. In-situ SR-XRD data of SrCO3 — 1 M SrTiO3 heated from room temperature to 1100 °C (AT/At = 10-15 °C/min; 4 = 0.825040(5) 10\, p(COy) =0 or 1.5 bar). The
blue dashed line represents the temperature profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)



K. Williamson et al.

Energy 292 (2024) 130524

Fig. 7. SEM (left) and EDS (right) mapping of SrCO3 - 1 M SrTiO3 in SE mode, 15 kV: (a) Ball-milled; (b) after 15 cycles at 1100 °C, TGA, removed after COy
absorption; and (c) after 55 cycles at 1100 °C, Sieverts apparatus, removed after CO, desorption. Colour code: Sr (Orange); Ti (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

distribution of Ti and Sr remains uniform in both cycled samples
throughout, indicating no obvious phase segregation that could limit
reactivity. Under the test conditions in this study, the SrCOg3 - 1 M SrTiO3
composite maintains a stable cycling capacity of ~80 % in both TGA and
Sieverts experiments (see Figs. 4 and 5) despite the observed grain
growth and sintering. This could be attributed to the previously
mentioned formation of the intermediate Sr3Ti»O; (see Fig. 6) and the
lack of particles or agglomerates larger than micron-scale.

3.3. Cyclic stability and calcination/carbonation of the SrCO3-SrZrOz
system

TGA was utilised to compare the mass change profiles between
SrCOs3 and the SrCO3 - 1 M SrZrOg system during 15 CO, sorption cycles
(see Fig. 8). The SrCO3 - 1 M SrZrO3 composite demonstrates exceptional
stability in its COy cycling capacity over 15 cycles. Furthermore, the
inclusion of SrZrOs significantly enhances the CO5 absorption kinetics,
as indicated by the steep curves during the carbonation step. In each
cycle, the carbonation process occurs rapidly and reaches its maximum
theoretical value (11.8 wt%). In contrast, SrCO3 exhibits sluggish ki-
netics and a diminished cyclic capacity, as discussed earlier (see section
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2.3).

It was found in section 3.1 that the SrZrOs; additive does not
participate in a thermochemical reaction with SrCO3 but acts as an inert
additive and possible sintering inhibitor. It is beneficial to optimise the
content of an inert additive to achieve high energy density and low cost
without sacrificing cyclic stability. The effect of the SrZrOs additive
content on the multicycle performance of SrCO3 was further studied
using TGA. Fig. 8b shows the weight change of SrCO3 with various ad-
ditive content of SrZrOs during 15 CO, desorption and absorption cycles
at 1100 °C. The samples with 1 M and 0.5 M SrZrOs3 loading maintain
stable capacity throughout the 15 cycles. Whilst the capacity drops
gradually after 10 and 5 cycles for the samples with 0.25 M and 0.125 M
loading of SrZrOs, respectively. The carbonation rate also decreases with
increasing number of cycles in these samples, this is particularly obvious
for the SrC03-0.125 M SrZrO3 sample. Comparing similar samples with
differing SrZrO3 content demonstrates that cycling stability decreases as
the SrCO3 content exceeds at least 62 % by mass (with 0.25 M SrZrOs
loading). A low ratio of SrZrOs loading is unable to maintain high CO,
cyclic capacity.

It is important to note that the TGA results herein demonstrate a
much higher CO; capacity than those of Rhodes et al. [27]. One possible
reason is the selected temperature of 1235 °C for carbonation in the
previous study is too high for SrO to absorb CO,, where according to
thermodynamics the equilibrium pressure of the carbonation of SrO is
expected to be 1.25 bar, which is higher than the applied pressure of
their measurements (0.9 bar) [27,40].

Given that SrCO3-0.5 M SrZrOs3 (44 wt% SrZrOs) demonstrated
excellent cycling stability over 15 cycles in TGA analysis, while main-
taining a higher energy density compared to SrCO3-1M SrZrOs (60 wt%
SrZr0O3), it was selected for further investigation using the Sieverts
apparatus to evaluate its extended capacity. Fig. 9 showsshows the CO,
absorption capacity of SrC0O3-0.5 M SrZrOs over 53 cycles.

Interestingly, unlike the results obtained from TGA measurements,
the CO; absorption capacity declines from 86 % during the first cycle to
11 % after 53 cycles. The Sieverts measurement provides a more realistic
analysis than TGA, as it employs a larger sample size of 0.8 g compared
to the small amount (15-20 mg) used in TGA measurements. This
highlights the inefficiency of testing TCES materials using only TGA as
factors such as heat transfer and bulk morphological properties may
influence the cyclic capacity [10]. For instance, poor thermal conduc-
tivity could result in thermal spikes during CO, absorption that could
lead to further sintering and degradation of the material.

The observed decrease in capacity implies that the 0.5 M SrZrOs ratio
may not be sufficient to overcome the decline in multicycle activity
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Fig. 9. CO, storage capacity of SrCO3 — 0.5 M SrZrO3 over 53 cycles. Mea-
surements were carried out using the Sieverts method at 1100 °C.

resulted from sintering. Specifically, there is a significant drop from 58
% to 41 % in CO3 capacity after 16 cycles, which could be attributed to
the rapid growth of particles caused by thermal annealing, leading to a
significant reduction in porosity.

The particle morphology of the as-milled and CO» cycled SrCOs - 0.5
M SrZrOg samples is shown in Fig. 10. The milled composite consists of
finely mixed small particles <1 pm (Fig. 10a) and Sr and Zr are homo-
geneously dispersed throughout the sample. After the sample is sub-
jected to 15 cycles in the TGA at 1100 °C (Fig. 10b), Sr is concentrated in
areas in which the SEM image shows a flat plate-like agglomerate. The
large (10’s pm) agglomerate results from the substantial sintering of
aggregated SrCOs3/SrO particles. On the other hand, some Zr is spread
away from the SrCO3/SrO clusters, showing some phase segregation.
Cycling in Sieverts apparatus causes the SrCO3/SrO to show more sub-
stantial sintering (100’s pm) while SrZrOs regions appear separate with
some particles possibly trapped in the agglomerated SrCO3 (Fig. 10C).

It is clear that SrCO3 - 0.5 M SrZrOs has a radically different
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Fig. 10. SEM (left) and EDS (right) mapping of SrCO3 - 0.5 M SrZrOs at 15 kV: (a) as ball-milled; (b) after 15 cycles at 1100 °C, TGA, removed after CO, absorption;
(c) after 52 cycles at 1100 °C in the Sieverts apparatus, removed after CO, desorption. Colour code: Sr (Orange); Zr (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

morphology to SrCOs3-1M SrTiOs, which may result in the different
cycling performance observed between these two composite systems.
Large SrO particles may hinder CO, uptake and could limit the cyclic
capacity of the SrCO3 - 0.5 M SrZrOs system in TGA and/or Sieverts
studies. The large cyclic capacity drop observed in Sieverts measure-
ments indicates that particles larger than 10’s of micron in size could be
the limit for satisfactory kinetics. In the case of large particles, only part
of the SrO reacts with CO5 to form SrCO3 on the external surface of
unreacted SrO [27,41,42]. The SrCOs external shell formed could
in-turn block access of CO5 to the inner SrO particles. An additional
factor affecting the disparity in the cyclic performance could be caused
by the differences in thermal conductivity of the additives. SrTiO3 has a

higher thermal conductivity of ~6-12 W/m-K at 1100 °C compared to
~2.3 W/m-K for SrZrOg3 at 1100 °C [43,44]. The effect of this sintering
may scale with sample size (due to heat dissipation) and may not be as
apparent in TGA samples where heat flow and sintering do not play such
a large role.

4. Cost analysis

For these metal carbonates to be feasible as TCES materials, they
must not only be physically optimised to reversibly store CO,, and
operate at the required gas pressure and temperature, they must also be
economically feasible. Ultimately, this means that they must be cheaper



K. Williamson et al. Energy 292 (2024) 130524

to integrate than the current state-of-art materials which are molten
salts. A physical and economic comparison between molten salts, the
TCES materials studied in this manuscript and a selection of other SrCO3
based TCES materials has been made and is presented in Table 2. As can
be seen, the cost of pure SrCO3 makes it the most cost-effective option at
2.79 US$/kWh, but the poor cyclic activity counteracts this assessment.
Although the strontium zirconate and titanate additives are competitive
from a US$/kWh perspective (9.94 and 17.73 US$/kWh, respectively)
they are outperformed by the strontium silicate additive (8.13 US
$/kWh). They do however have higher volumetric and gravimetric
densities and produce more energy per mole of CO2 so will require less
CO, gas storage volume. The zirconate additive has the edge in every
category over the titanate additive due to its higher percentage of SrCOs3,
but unless a method to mitigate the cyclic capacity loss of this material is
implemented the titanate will perform better over multiple cycles. This
cost analysis is reliable only on a pure material-based comparison, and
therefore, additional costs and a complete techno-economic assessment
is recommended in future studies [4].

In comparison to other TCES materials that have shown promise, the
materials presented in this study are beneficial due to their high oper-
ating temperature, which aligns with the operating temperatures of CSP
plants and heat engines. As far as cost is concerned, they are comparable
to metal hydride TCES materials with the CaHy + 2Al system costing 9.2
US$/kWhyy, (operating at a maximum of 500 °C at 1 bar Hy) and the
SrHj + 2Al system costing 17.1 US$/kWhy, (operating at a maximum of
846 °C at 1 bar Hy) [12]. There are cheaper metal hydride TCES mate-
rials such as Mg,FeHg but these have a much lower operating temper-
ature that aren’t feasible for CSP applications [47]. To date, the most
cost effective TCES material that operates at ~900 °C stands to be the
CaCOg system that costs ~10 US$/tonne [19] compared to the lowest in
this study of 480 US$/tonne [18] for the SrCO3 + SrSiOs3 system,
although costs would be expected to diminish with increased rates of
production.

Molten salt (40NaNO3:60KNO3)

2.17
290-565
5,730,000

94.6
413
895
46
27
9100
4194
630
5.8

SrCO3 + SrSiO3 = SrySi04 + CO4

155.7
311
3.75°
14.1

500

1878

700
0.1-6

69

45

4700
1711

480

8.13
2,258,099

SrCO; + 0.58rZrO3
0.5SrZr0Os + SrO + CO»

206
261

4.2

16.9

788

3303
1100

0-5

77.9

53

2392

570
1301 ¢
11.20
3,112,376

5. Conclusions

It is clear that thermal energy storage is posed to provide heat storage
for a range of applications and conditions. The comparison between
SrZrO3 and SrTiOs as additives to SrCOs highlights their contrasting
characteristics. Notably, SrTiO3 exhibits inherent resistance to cyclic
CO4, capacity decline on both smaller scale TGA experiments and larger
scale experiments using Sieverts apparatus (maintaining over 80 % ca-
pacity), indicating its potential suitability for upscaling. Whilst the use
of SrZrOs3 as an additive offers lower material costs relative to SrTiOs
(9.94-17.73 US$/kWh), it fails to prevent sintering and enhance CO5
cyclic capacity on a larger scale. The contrast in performance may be due
to the ability of SrTiO3 to actively take part in the reaction pathway with
SrCOs3, whereas SrZrO;3 acts as an inert additive and is unable to
completely prevent sintering at 1100 °C.

This study emphasizes the significance of studying materials under
diverse conditions, as expecting consistent performance from mg-scale
TGA to large-scale systems can be unrealistic. Future recommenda-
tions involve the exploration of cost-effective additives that undergo
morphological changes near the operating temperature of the active
metal carbonate, aiming to disrupt the sintering process and improve
capacity. Additionally, conducting further studies on TCES materials in
larger-scale systems, where bulk effects are more pronounced, would be
valuable. Additionally, Sieverts apparatus could be used as an effective
steppingstone to test TCES materials on a scale between TGA and
benchtop scale prototypes.

= S1,TiO4 + CO,

SrCO; + SrTiOz
176

331

4.2

13.3

531

2242
1100

0-5

77.9

53

3554

841
13724
17.55
4,876,012

SrO + CO,

S1CO3 =
201.39
147.6

3.5

29.8
1364
1326
1220

0-1

79.7

55

1334

381

1060
2.79
1,414,066
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