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The development of long-term renewable energy storage systems is crucial for decarbonising the

energy sector and enabling the transition to a sustainable energy future. Thermochemical energy

storage (TCES) systems are well suited for long-term renewable energy storage as the materials used in

these systems have high energy densities, and long storage duration. Among the plethora of TCES

materials, calcium carbonate (Limestone) is of particular interest since it exhibits a high enthalpy of

reaction, and it is earth-abundant. The main problem with Limestone inhibiting its commercial

application for long-term renewable energy storge is its deteriorating cycling performance after several

energy charge/discharge cycles. In this study, two CaZrO3 nanoadditives with two different Ca : Zr ratios

and tailored oxygen vacancies were synthesised by a precipitation method, and mixed with Limestone

waste at three weight concentrations (5, 10 and 20 wt%). Their phase, chemical state and morphology

were determined by XRD, XPS and TEM, respectively. The cycling performance of the mixture samples

was determined through thermogravimetric analysis. The best performing sample was the one mixed

with 20% CaZrO3 nanoadditives, which contained a large number of oxygen vacancies and thus had

enhanced ionic conductivity, as confirmed by density functional theory (DFT) calculations. This sample

exhibited the best effective conversion and the highest energy density values of 0.7 and 2640 kJ kg�1,

respectively, after 40 cycles.

Introduction

Long-term energy storage is essential if renewable energy is to
replace the use of fossil fuels and meet global energy demands.1

Due to its intermittent nature, reliable and continuous renewable
power-to-grid supply cannot be ensured, therefore long-term
energy storage is crucial. There are a number of long-term
energy storage systems that can address the renewable energy

intermittency, the most popular being flow batteries,2 pumped
hydro energy storage,3 and thermal energy storage. Thermal
energy storage (TES) is considered one of the most promising
energy storage systems due to its affordability and efficiency.4,5

There are three types of TES systems based on their energy
storage mode: sensible heat storage (SHS), latent heat storage
(LHS) and thermochemical energy storage (TCES).6,7 SHS uses
temperature changes of a material to store heat energy. SHS
systems have low energy densities (72–108 kJ kg�1) and limited
storage duration due to thermal losses.8 In LHS systems, phase
change materials are used to store heat energy. When these
materials change their phase, they absorb/release heat. LHS
systems possess relatively larger energy densities (108–360 kJ kg�1)
to SHS, but have a limited storage duration associated with thermal
losses.9 TCES systems utilize reversible chemical reactions for heat
energy storage.10 TCES is the most promising TES system as the
materials used have higher energy densities (1800–3600 kJ kg�1)
in comparison to the other two systems and long-term storage
duration.11

As mentioned before, TCES systems utilize reversible
chemical reactions for storing heat. During their endothermic
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reactions, heat is stored while heat is released during their reverse
exothermic reactions.12 Metal carbonates,13–16 hydrides,17–20 and
hydroxides12,21 are commonly used materials for TCES systems.22

Calcium carbonate (CaCO3), also known as Limestone, has a high
enthalpy of (calcination/carbonation) reaction (DH8901C = 165.7 kJ),
it is easy to handle and transport, has a high energy storage
density (41000 kJ kg�1) and is earth-abundant, making it a very
attractive candidate for storing renewable energy long-term.4,23,24

CaCO3 dissociates into CaO and CO2 by absorbing heat (calcina-
tion), and can theoretically release the same amount of heat
during the reverse reaction (carbonation).25,26

CaCO3 2 CaO + CO2 DH8901C = 165.7 kJ

Unfortunately, Limestone has very slow reaction kinetics
during charge/discharge (cycling), and its energy storage capa-
city degrades upon consecutives energy charge/discharge
cycles. It is believed that these drawbacks are related to sinter-
ing phenomena, and poor ionic mobility of Ca2+, O2� and
CO3

2� at high temperatures.30–32

According to the literature, a plethora of additives have been
used as an effective way to enhance the cycling performance of
Limestone, including Al2O3,33–35 SiO2,36–38 and ZrO2.27–29,39–41

Among these additives, ZrO2 has been the most promising. In
most published studies it was reported, that ZrO2 converts to
CaZrO3 during cycling (Table 1), stating that this ternary oxide
plays the key role in improving the cycling performance of
Limestone.

CaZrO3 is a perovskite with a high meting point (2345 1C),
small thermal expansion coefficient, high strength, excellent
corrosion resistance against alkali oxides, and is chemically
and thermally stable at high temperatures.42 Due to its per-
ovskite structure, it possess a high ionic conductivity, promot-
ing ionic diffusion during catalytic reactions.43 CaZrO3 has
been reported to have been used for catalytic ozonation, CO2

capturing, sensing humidity, and in dielectric applications.43–46

To the best of our knowledge, this is the first study to use
tailored CaZrO3 nanoadditives for upcycling natural Limestone
waste for thermochemical energy storage. The CaZrO3 nano-
particles were synthesized using a wet precipitation method
and were systematically characterized using both experimental
and computational methods. Their morphology, specific surface
area and chemical composition were determined by SEM/TEM,
BET analysis, and XRD/XPS respectively. Their ionic conductivity
was studied theoretically in the framework of DFT, determining

energy barriers for their transport in the studied systems. These
tailored nanoparticles were mixed with Limestone waste in three
different weight percentages (5, 10 and 20 wt%). How the
difference in ionic conductivity, particle size, specific surface
area and weight concentration of the CaZrO3 nanoadditives
influence the cycling stability and thermochemical energy sto-
rage properties of Limestones was reported.

Experimental
Synthesis of CaZrO3 nanoadditives

CaZrO3 nanoparticles were synthesized using a wet precipita-
tion method. Specifically, two samples, CaZrO3-I and CaZrO3-II,
were prepared using two different stoichiometric ratios of Ca to
Zr as seen in (Table 2). Stoichiometrically calculated amounts
of CaCl2�2H2O (499%, Honeywell) and ZrOCl2�8H2O (98%,
ACROS ORGANICS) were dissolved in ethanol, and then mixed
together under continuous magnetic stirring to obtain a uniform
solution. Specific amounts of NaOH (497%, SIGMA-ALDRICH)
were added to the above solution to obtain an overall molarity of
0.5 M for the final solution. The solution was then kept at 50 1C
for 24 h under constant stirring. The resulting white precipitates
were collected by centrifugation, dried in an oven at 110 1C
for 24 h, and then further calcined at 1000 1C for 3.5 h with a
3 1C min�1 heating rate Fig. 1.

CaZrO3/Limestone sample preparation

The CaZrO3/Limestone samples were prepared by physically
mixing CaZrO3 nanoparticles and Limestone waste (Bennetts-
bridge Limestone Quarries, Ireland) in three different weight
percentages (Table 3) using a mortar and pestle. Limestone
waste was heated at 500 1C for two hours prior to further use in
order to remove any impurities. More details can be found in
the thermal analysis of natural Limestone section.

Materials characterization

X-ray diffraction. Phase observations of the samples before
and after calcination/carbonation cycling were conducted by
ex situ powder X-ray diffraction (XRD) using a Siemens D500
(40 kV, 30 mA) diffractometer from Germany with a Cu Ka

Table 1 Performance of ZrO2 as an additive to CaCO3 based TCHS

Additive Wt % additive Formed product Ref.

ZrO2 20 CaZrO3 27
ZrO2 5 CaZrO3 28
ZrO2 15 CaZrO3 28
ZrO2 30 CaZrO3 28
ZrO2 20 CaZrO3 29
ZrO2 40 CaZrO3 29
ZrO2 5 CaZrO3 40
ZrO2 5 Not reported 41

Table 2 Sample ID and stoichiometric ratio for CaZrO3 samples

Sample ID Stoichiometric ratio (Ca : Zr)

CaZrO3-I 1 : 1
CaZrO3-II 0.9 : 1

Fig. 1 Illustration of the CaZrO3 nanoparticle synthesis method.
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radiation (l = 1.5405 Å). All measurements were taken in a 10–
801 2y range with a 0.031 step size, a 2 s per step scan speed and a
30 rpm rotational speed. In situ powder X-ray diffraction was
performed on the 20R1 and 20R0.9 samples using a triple-axis
Jordan Valley Bede D1 high-resolution XRD system with a copper
(l = 1.5405 Å) radiation source operated at 45 kV and 40 mA. Bede
D1 system was equipped with an Anton Paar DHS 1100 heating
stage, which allowed in situ temperature dependent measurements
in a vacuum environment. The powder samples were pressed in a
pellet with a 20 mm diameter and 2 mm in thickness, and then
mounted onto the heating stage. XRD measurements were carried
out at various temperatures starting from room temperature (RT)
to 1000 1C. The heating rate was 500 1C min�1 for heating from
RT-500 1C and 800–1000 1C. Whereas for heating from 500–800 1C,
the heating rate was 20 1C min�1. The measurements were
performed using the y–2y configuration between 201 and 401, with
a step size of 0.11 and each scan took approximately 13 min.

Scanning electron microscopy

A Zeiss Sigma 300 scanning electron microscope (SEM) was used
for morphological observations. SEM specimens were prepared
by placing a small amount of powder onto carbon tape and then
coating them with a 4 nm layer of platinum to produce a
conductive layer and reduce charging during SEM imaging.
EDS mapping was done on a Hitachi Regulus 8230 Field Emis-
sion Gun Scanning Electron Microscope (FEGSEM) coupled with
an Oxford Astec 170 EDS and manipulated by the Aztec software.

Transmission electron microscopy

A high-resolution transmission electron microscope (HR-TEM)
was used to observe the CaZrO3 nanoparticles using a Tecnai 20

TEM with an acceleration voltage of 200 kV. TEM samples were
prepared on copper grids by placing few drops of suspension
(CaZrO3 nanoparticles and ethanol) and dried under an IR
lamp for 20–30 seconds.

Brunauer–Emmett–Teller method

Specific surface area calculations for all samples were per-
formed by applying nitrogen (N2) adsorption at 77 K using a
Micromeritics Gemini VII system (Micromeritics, Nor-cross,
GA, USA), and employing the Brunauer–Emmett–Teller (BET)
multi-point method using the relative pressures between 0.05
and 0.30 bar. All samples were outgassed at 200 1C under a
nitrogen atmosphere prior to their N2 adsorption analysis.

X-ray photoelectron spectroscopy

The CaZrO3 samples were also tested by X-ray photoelectron
spectroscopy (XPS), using a Kratos AXIS Ultra DLD X-ray photo-
electron spectrometer in ultra-high vacuum equipped with an
Al Ka X-ray source (1486.7 eV). The data was analyzed using the
Casa XPS software and calibrated using the surface adventi-
tious C 1s peak at 284.5 eV.

Density functional theory calculations

All calculations in this work were performed in the DFT frame-
work, as implemented in the plane-wave Vienna ab initio
simulation package (VASP).47–50 The basis set was limited to
plane waves with a maximum kinetic energy of 400 eV. The
electron–ion interactions were treated by the projected aug-
mented wave (PAW) method.51,52 The electronic exchange and
correlation effects were handled at the generalized-gradient
approximation (GGA) level using the functional of Perdew,
Burke and Ernzerhof (PBE).53,54 Grimme’s zero-damping DFT-
D3 method was used to account for London dispersion
interactions.55 The electronic degrees of freedom were relaxed
by a preconditioned conjugate gradient algorithm with an
electronic energy convergence threshold set at 10�6 eV. For
Brillouin zone sampling, after convergence tests (Table S1,
ESI†), a G-centred 2 � 2 � 2 k-point mesh was used.

Initially, two structures of CaZrO3 shown in Fig. 2, orthor-
hombic and cubic, were considered. Since the former is B0.2 eV
per atom more stable than the latter, it was used in further
calculations.

The structures were optimized, including the lattice con-
stants, by the conjugate gradient algorithm until all forces
acting on the atoms were reduced to less than 0.02 eV Å�1.

Structures were visualized using VESTA56 or Speck.57 All
other calculation details can be found in Section S2 (ESI†).

Thermogravimetric analysis

Thermogravimetric analysis of Limestone was performed on a
TA Q500 instrument. For this measurement, 30–35 mg of
powder Limestone was placed in a Pt crucible. Firstly, the
sample was heated from room temperature to 1000 1C under a
N2 flow (100 mL min�1) with a 20 1C min�1 and was kept
isothermal for 20 min under a CO2/N2 flow (CO2 at 90 mL min�1

Table 3 Additive percentage and sample ID of CaZrO3/Limestone
samples

Sample description

Sample IDs

Before cycling After cycling

100% Limestone waste Lim BBL 40_Lim BBL
5% CaZrO3-I + 95% Limestone waste 5R1 40_5R1
10% CaZrO3-I + 90% Limestone waste 10R1 40_10R1
20% CaZrO3-I + 80% Limestone waste 20R1 40_20R1
5% CaZrO3-II + 95% Limestone waste 5R0.9 40_5R0.9
10% CaZrO3-II + 90% Limestone waste 10R0.9 40_10R0,9
20% CaZrO3-II + 80% Limestone waste 20R0.9 40_20R0.9

Fig. 2 Orthorhombic (a) and cubic (b) structure of CaZrO3. Ca, Zr and O
atoms are represented by blue, green and red spheres, respectively. ZrO6

octahedra are indicated in green.
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and N2 at 10 mL min�1) and cooled down to room temperate
with a 20 1C min�1 cooling rate under the same atmosphere.

Calcination/carbonation cycling and heat storage performance

Calcination and carbonation cycles were performed using a
thermogravimetric analyzer Q500 by TA instruments at a con-
stant temperature of 884 1C. The calcination step was per-
formed under a 100 mL min�1 N2 flow with 10 min dwell
time, whereas the carbonation step took place under a mixture
of 90 mL min�1 CO2 and 10 mL min�1 N2 flow with 20 min
dwell time. At the start of the cycling measurements, all
samples were heated from room temperature to 884 1C under
a N2 flow (100 mL min�1) with a 20 1C min�1 heating rate. At
the end of the cycling, all samples were cooled down to room
temperature under a CO2/N2 flow (CO2 at 90 mL min�1 and N2

at 10 mL min�1) with a 20 1C min�1 cooling rate.
The heat storage performance of all samples was evaluated by

the effective conversion, and the heat storage density. The effec-
tive conversion, Xef,N, represents the ratio of the mass of CaO that
has reacted during each carbonation step (cycle) to the total mass
of the sample before the carbonation, as defined by eqn (1):

Xef ;N ¼
mcar;N �mcal;N�1

m0
�MCaO

MCO2

(1)

where N is the number of calcination/carbonation cycles, mcar,N

and mcal,N�1 is the mass of the sample after the Nth carbonation
and the N � 1th calcination in g, respectively. mo is the original
mass of the sample including the mass of any additives used in g,
MCaO and MCO2

represent the molar masses of CaO and CO2 in
g mol�1, correspondingly.

Heat storage density, Eg,N, in kJ kg�1, denotes the maximum
heat that can be released per unit mass of the samples during
each carbonation reaction, as defined by eqn (2):

Eg;N ¼ Xef ;N �
1000DH�

MCaO
(2)

where DH1 is the standard enthalpy of reaction for 890 1C is
equal to 165.7 kJ mol�1.

Results and discussion
Phase and morphological observations and specific surface
area calculations of CaZrO3

XRD patterns of the CaZrO3-I and CaZrO3-II samples are pre-
sented in Fig. 3. The predominant phase corresponds to CaZrO3

(PDF 96-153-2748). It is suspected that due to the higher
stoichiometric ratio of Zr to Ca in the CaZrO3-II sample, a
secondary phase of ZrO2 (PDF 96-900-9052) with peaks identi-
fied at 301 and 351 2y is present.58 A CaO peak for the CaZrO3-I
sample at 301 2y is represent in its diffraction pattern due to
unreacted CaO (PDF 96-900-6747).59

The as-synthesised CaZrO3 nanoparticles can be observed in
the SEM (Fig. 4(a) and (c)) and TEM (Fig. 4(b) and (d)) micro-
graphs. It is noticeable that the size of the nanoparticles is
polydisperse in both CaZrO3 samples. As the final synthesis
step was calcination of the dried precipitates at 1000 1C,

sintering of some nanoparticles can be observed in both
samples. Despite this, all the CaZrO3 particles are still in the
nanometre range.

The BET surface area was 8.99 � 0.9 and 6.43 � 0.6 m2 g�1

for the CaZrO3-I and CaZrO3-II respectively. According to Andre
et al.,59 excess of Zr during synthesis leads to higher grain sizes,
which explains the lower BET values for the CaZrO3-II sample.
The average particle size for CaZrO3-I was 72.88 nm and for
CaZrO3-II was 68.22 nm as calculated from their associated
TEM images.

XPS analysis of CaZrO3

It can be observed in in Fig. 5(a) and (d) that two peaks are
present in the high-resolution Ca 2p spectra. One at B346.25 eV
and the other at B349.75 eV, corresponding to Ca 2p3/2 and Ca
2p1/2.56 Two peaks are also present in the high resolution Zr 3d

Fig. 3 XRD patterns of CaZrO3-l (green) and CaZrO3-ll (red). Peaks of
CaO are represented with the white diamond marker and ZrO2 with the
black triangle marker.

Fig. 4 SEM (a), (b) and TEM (c), (d) images of CaZrO3-l and CaZrO3-ll.
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spectra; the first at B181.50 eV assigned to Zr 3d5/2 and the
second at B183.87 eV assigned to Zr 3d3/2 (Fig. 5(b) and (e)).59,60

In the O 1s high resolution spectra, two peaks at B529.5 eV and
B531.5 eV are noticeable, corresponding to the oxygen lattice
(Olat) and the oxygen vacancies (Ovac) (Fig. 5(c) and (f)).61,62

Table 4 displays the actual binding energy values of Ca 2p, Zr
3d and O 1s for the CaZrO3-I and CaZrO3-II samples, along with
standard binding energy values. Due to the increase of Zr
content in the CaZrO3-II sample, the binding energy values of
Ca 2p and Zr 3d are shifted towards lower binding energies.56 On
the contrary, the O1s binding energy values shifted towards
higher values due to access Zr.56 Moreover, the percentage of
Ovac of the CaZrO3-I and CaZrO3-II samples were calculated to be
23.43% and 28.58%. The high percentage of Ovac is expected to
improve the ionic conductivity of CaZrO3, which is confirmed by
DFT calculations presented later in the article.

DFT calculations of defect formation in CaZrO3

The formation of CaZrO3 in the reaction CaO + ZrO2 - CaZrO3

instead of separated CaO and ZrO2 is associated with an energy
gain of 0.06 eV per atom calculated on the basis of the total
energies of reactants and products. Such a small difference in
energy explains why all three components are formed during
synthesis.

Next, the formation of a single atomic vacancy in a bulk
CaZrO3 crystal was considered. This is energetically unfavourable
by 6.8 eV, 3.4 eV, and 5.9 eV, respectively, for the missing O,
Ca, and Zr atom in the Ca4Zr4O12 supercell and by 8.0 eV, 3.9 eV,
and 6.5 eV in the Ca32Zr32O96 supercell. This indicates that the
formation of atomic vacancy defects is more favourable with
higher densities of such defects, which was further confirmed

by the calculations of two missing O atoms at different positions
in the Ca32Zr32O96 supercell, showing that defect formation energy
decreases to 7.0–7.5 eV per the missing O atom. It can also be seen
that Ca defects can be formed more easily than Zr defects due to
the number of their valence electrons; the missing Ca atom with
two valence electrons causes less change in its vicinity compared
to the Zr atom with four valence electrons.

Both the excess of Ca and Zr atoms in interstitial positions
and the replacement of O atoms were also taken into account.
Both scenarios, however, are energetically very unfavourable
(Table S2, ESI†).

In addition, multiple defects in the crystal represented
by the Ca12Zr12O36 supercell were created focusing on four
stoichiometries, Ca12Zr11O28, Ca12Zr10O28, Ca12Zr12O28, and
Ca11Zr12O26 with the latter two corresponding to experimental
samples CaZrO3-I and CaZrO3-II. The two most important
structures are shown in Fig. 6, all considered structures are
shown in Section S3 (ESI†). Their relative energies to the
structural ground state (GS) in systems of the same stoichio-
metry are in the range 0.5 2.9 eV. They are less than the defect
formation energy of a single O vacancy and given the bottom-up
approach used in the synthesis, many of these defects are likely to
develop considering that this is a stochastic process. Moreover,
bulk defects are preferred to a series of single defects in the
crystal, which has a significant impact on the ionic conductivity of
this material (vide infra), and the least stable defects contain
significantly undercoordinated metal atoms.

Finally, the formation of multiple vacancies at the (001)
surface of CaZrO3 (Fig. 6 and Section S3, ESI†) was investigated.
Two stoichiometries of Ca32Zr32O75 and Ca29Zr32O69 were con-
sidered, corresponding to the experimental systems CaZrO3-I
and CaZrO3-II, respectively. Although the (110) surface may also
be present in experimental samples (Table S4, ESI†), the focus
was on the former surface because the atomic vacancies present
there have a similar formation energy as in the bulk crystal
(Table S5, ESI†), and thus the latter surface may be similar.
The most energetically favourable defects create a crater-like
structure at the (001) surface, while a long narrow channel
through the whole slab is less favourable (Table S5, ESI†). Their
role in ion conductivity is discussed below.

Thermal analysis of natural Limestone waste

Thermal analysis of the natural Limestone waste (Fig. 7) was
performed to identify the exact temperatures at which the
calcination and carbonation reactions take place. This information
is crucial for determining the correct parameters that need to be
applied for the cycling experiments. A 20% weight loss was
observed between 350 1C to 590 1C which may be due to the
decomposition of impurities present in the Limestone waste, since
it was measured as received from the quarry with no further
treatment (Fig. 7(a)). The second weight loss, from 80% down to
45%, between 610 1C and 910 1C is linked to the decomposition of
Limestone to CO2 and CaO (Fig. 7(a)). This decomposition reaction
is also known as calcination reaction, with a peak maximum
observed at 785 1C (Fig. 7(b)). The Limestone sample was then
kept isothermal at 1000 1C under a 90% CO2 atmosphere for

Fig. 5 XPS spectra of CaZrO3-I and CaZrO3-II: (a)Ca 2p-l, (b) Zr 3d-l, (c) O
1s-l, (d) Ca 2p-ll, (e) Zr 3d-ll, (f) O 1s-ll.
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20 minutes, and then cooled down to room temperature. No weight
gain was observed during the isothermal period, indicating that the
temperature was too high for the carbonation reaction to take
place. While cooling under a 90% CO2 atmosphere, a weight gain
from 45% to 60% was observed due the absorption of CO2 into CaO
to form CaCO3 (Fig. 7(a)). This reaction is also known as carbona-
tion reaction, with an observed on-set temperature at 810 1C, a peak
maximum at 884 1C and a completion at 900 1C (Fig. 7(b)). The
weight gain for this reaction was only equal to 15 wt%, indicating
that the carbonation reaction is incomplete (Fig. 7(a)).

Thermochemical (calcination/carbonation) cycling and heat
storage performance for all samples

For the thermochemical cycling, a constant temperature was
chosen at 884 1C corresponding to the peak temperature of the
carbonation reaction (Fig. 7(b)). The reason for not choosing two
different temperatures for the calcination and carbonation step
for the cycling experiment, was mainly to simplify the system. It
is well known in the literature that the calcination reaction is
faster in comparison to the carbonation reaction.29,65–67 For this

reason, 10 minutes were chosen for the calcination step and
20 minutes for the carbonation step during cycling. In total,
40 cycles were applied on all samples. Their effective conversion
and heat storage densities were calculated and presented in
Fig. 8 and Table 5. During the first ten cycles, the effective
conversions dropped for all seven samples, indicating that the
carbonation reaction is incomplete at the end of each cycle. This
can easily be observed in Fig. S1 (ESI†) where the comparison of
the reaction kinetics for all seven samples is plotted, showing a
complete reaction for the calcination reaction and an incomplete
carbonation reaction. It is reported in the literature that the
carbonation process takes place in two stages.63 In the first stage,
CO2 diffuses at a high rate into the first layers of the CaO grains,
and forms a CaCO3 layer. This first stage is completed as soon as
this CaCO3 layer is formed around the CaO grains. In the second
stage, the carbonation reaction is restricted by a solid-state
diffusion of Ca2+, O2� and CO3

2� ions across the formed CaCO3

layer, which significantly reduces the rate of the reaction. The
purpose of using nanoadditives with high ionic conductivity like

Table 4 Binding energy values (eV) for CaZrO3-I and CaZrO3-II determined by XPS

Sample name Ca 2p Ca 2p Zr 3d2 Zr 3d3/2 O 1s (lattice) O1s (vacancy)

CaZrO3-l 346.35 349.85 181.56 183.92 529.45 531.45
CaZrO3-II 346.15 349.65 181.46 183.82 529.55 531.65
Standard values60,64 346–347 348–350 181–182 183–185 529–530 531–532

Fig. 6 The most energetically favourable structure of the CaZrO3 bulk
crystal from DFT calculations corresponding to the stoichiometry
Ca12Zr10O28 (a) and Ca11Zr12O26 (CaZrO3-II) (b). (001) surface of CaZrO3

corresponding to the stoichiometry Ca32Zr32O96 (c). The yellow and
orange spheres representing the Ca and O atoms were removed, creating
a Ca29Zr32O69 slab corresponding to the stoichiometry of the CaZrO3-II
sample (d). See Fig. 2 for the colour code.

Fig. 7 (a) TGA of Lim BBL in N2 environment up to 1000 1C (b) DTA of Lim
BBL in N2 environment up to 1000 1C.
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CaZrO3 is to reduce these kinetic barriers by facilitating the ionic
mobility necessary for the carbonation reaction to complete.
After the first ten cycles, a relatively stable cyclic performance
was observed for all samples. Samples Lim BBL and 5R1 had the
lowest effective conversion value of B0.44 and a heat storage
density of 1651.4 kJ kg�1 and 1671.1 kJ kg�1. It is worth noticing
that even though the same amount of nanoadditives (5 wt%
CaZrO3) was used in sample 5R0.9, their effective conversion and
heat storage density at the end of the 40th cycle was 0.50 and
1878.8 kJ kg�1, indicating that the difference of ionic conductiv-
ity within the samples plays a significant role in the cycling
performance. The same can be observed for the best performing
samples, 20R1 and 20R0.9, where the amount of nanoadditives
used is exactly the same (20 wt%) but their performance is
significantly different. In detail, after 40 cycles sample 20R1
has effective conversion value equal to 0.61 and a heat storage
density of 2311.2 kJ kg�1. Whereas sample 20R0.9 has an
effective conversion value equal to 0.70 and a heat storage
density of 2640.3 kJ kg�1.

Ionic conductivity from a DFT perspective

Theoretical DFT calculations were carried out for a better
understanding of the ionic conductivity mechanism in CaZrO3.
A series of static total energy calculations for a defective CaZrO3

with two a single missing O or Ca atoms, sampling migration
paths for a single O or Ca between the two vacancies (Section
S4, ESI†), revealed high migration barriers for both O (lowest
barrier was 5.5 eV) and Ca (barrier at least 9.7 eV), Fig. 9.

In multi-defect systems that correspond to the experimental
stoichiometry, the migration of atoms for the GS geometry
through the entire supercell (from one boundary to the oppo-
site), i.e., through an endless channel (Section S5, ESI†) was
investigated. In most of the studied systems, the lowest O
migration barrier was reduced to 1.–1.9 eV, for Ca it was in
the range 1.2–5.6 eV (Fig. 9), and for Zr the barriers for the two
considered paths were 3.5 eV and 5.4 eV.

It should be noted that the above calculations did not
consider possible structural changes related to ion transport.
However, it still gives us a picture of the potential acting on the
fast-moving ion in the CaZrO3 system.

The reliability of this approach was examined against a
commonly used technique for finding reaction paths, i.e., the
nudged elastic band (NEB) method.68,69 As the input path for
the NEB calculations of Ca migration, a significantly energeti-
cally unfavourable path used for the static calculations was
chosen. During the NEB calculations, this path was corrected to
the more energetically favourable Ca migration path, which was
also found earlier by static calculations. Thus, it can be
expected that even in static calculations, energy-favourable
paths are described quite precisely, while paths with high
energy barriers will be corrected in the NEB method.

Fig. 8 Effective conversion vs number of cycle for Lim BBL with different
percentages of CaZrO3-I and CaZrO3-II.

Table 5 Energy density (kJ kg�1) values of all samples after 10,20,30,40
cycles

# of cycles Lim BBL 5R1 5R0.9 10R1 10R0.9 20R1 20R0.9

10 2257.9 2124.5 2300.2 2190.1 2223.7 2481.2 2577.7
20 1912.2 1802.2 1992.6 1910.8 1978.6 2328.7 2565.8
30 1758.9 1705.0 1905.6 1851.2 1952.1 2327.0 2622.0
40 1651.4 1671.1 1878.8 1845.4 1966.0 2311.2 2640.3

Fig. 9 The most energetically favourable migration path enclosed by the
black line for a single Ca through a defective CaZrO3 crystal with the
stoichiometry Ca11Zr12O32 (dark blue line in (c)) (a) and Ca12Zr10O28 (orange
line in (c)) (b). Energy profile of migration paths of a single Ca in systems
with a given element composition (c). The energy is relative to the lowest
point on the system’s profile. Migration is easier with increasing channel
width (cf. the text) and even a very narrow channel reduces the barrier by
almost half (Ca12Zr11O28, Ca11Zr12O26, cf. Fig. S8–S11 in the ESI†).
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Note also that the paths associated with low diffusion
barriers are those farther from the wall of the migration
channel, because the elemental composition of the wall deter-
mines the potential acting on the migrating atom.

Finally, the desorption of O into the vacuum requires
significant energy, at least 6.7 eV, which is comparable to the
defect formation energy of a single O vacancy, i.e., 6.8 eV.
Interestingly, in the presence of uncoordinated Ca atoms on
the CaZrO3 surface, the first local maximum associated with O
desorption is only 1.0 eV (Fig. S12, ESI†).

The desorption of the Ca atom from the surface was also
investigated (Fig. S12, ESI†), and the energy required for this
process (2.2–2.8 eV) is less than the defect formation energy of a
single Ca vacancy (3.4 eV).

Composition of Limestone waste and CaZrO3/Limestone
mixture samples

The composition of all samples before and after cycling is
presented in Fig. 10. It is noticeable that the dominant crystal
phase in all as-prepared samples (Fig. 10(a) and (c)) is CaCO3,
including the Limestone waste, indicating that any impurities

Fig. 10 Powder X-ray diffraction patterns of the LimBBL (Limestone
waste) sample and CaZrO3/CaCO3 mixture samples (a), (c) before and
(b), (d) after 40 consecutive cycles.

Fig. 11 In situ X-ray diffraction data of the 20R1 and 20R0.9 samples from
room temperature to 1000 1C.
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present are in very low concentration and not detectible by
X-ray diffraction. The diffraction peaks assigned to the secondary
CaZrO3 phase for the mixture samples become more obvious
as the CaZrO3 content increases, as expected. After 40 cycles
(Fig. 10(b) and (d)) the dominant phase in all samples is CaO
along with CaCO3 and CaZrO3. No reaction products between
CaCO3 and CaZrO3 upon cycling were observed, also confirmed by
the in situ X-ray diffraction data presented in Fig. 11. Indicating,
that CaZrO3 is chemically stable upon cycling.

Morphology and physisorption analysis of Limestone waste and
CaZrO3/CaCO3 mixture samples

EDS mapping and BET specific surface area analysis were carried
out on all samples both before and after cycling to evaluate the
morphological changes that take place upon cycling (Fig. 12, Fig.
S2, S3, ESI† and Table 6). In Fig. 12 the SEM micrographs of the
Lim BBL, 20R1 and 20R0.9 samples are presented, both before
and after their 40 calcination/carbonation cycles. It can be
observed that all three samples after cycling exhibit particles
smaller in size in comparison to the ones before cycling, as
reflected also in their calculated BET surfaces areas (Table 6),
with the 40_10R1 and 40_10R0.9 samples having the highest
BET surface areas. This may be due to some physical re-
distribution of the Limestone grains and the CaZrO3 nanoad-
ditves upon cycling; as noticed in Fig. 12 (after 40 cycles) where
the CaZrO3 nanoparticles seem to be better distributed through-
out the sample after cycling. These observations are also
reflected for the other mixture samples as seen in Fig. S2 and
S3 (ESI†). The very low specific surface area of all as-prepared
samples (Table 6) is due to the fact that these samples were not
ball milled and were used as-supplied. The average particle size
of the Limestone waste was 2.28 mm as calculated from its
associated SEM image (Fig. S4, ESI†).

Conclusions

The cycling performance of Limestone was improved by design-
ing CaZrO3 nanoadditive. CaZrO3 samples with two different
Ca : Zr ratio was successfully synthesized by wet precipitation
method. XRD analysis confirm the synthesis of CaZrO3. CaZrO3

nanoparticles were observed in SEM and TEM images. XPS
analysis revealed that, the percentage of Ovac of the CaZrO3-I
and CaZrO3-II samples were 23.43% and 28.58% respectively.
Structures corresponding to the experimental stoichiometry were
investigated by DFT calculations. They revealed that multiple
defects are formed in CaZrO3, and their presence improves the
ionic conductivity of this material. Out of all mixture samples the
one with 20% CaZrO3-II exhibited the best performance with an
effective conversion of 0.7 and energy density of 2640 kJ kg�1.
The second best performing mixture sample was the one with
20% CaZrO3-I; exhibiting an effective conversion of 0.61 and
energy density of 2311 kJ kg�1. The XRD analysis of all samples
after cycling confirmed that CaZrO3 did not react with Lime-
stone. The SEM/EDS analysis of the samples after cycling showed
a better distribution of Limestone and CaZrO3 particles; which
can be responsible for stable cycling performance.
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sity Olomouc (project IGA_PrF_2022_019). The IT4Innovations
National Supercomputing Center is gratefully acknowledged for
providing generous computational resources supported by the
Ministry of Education, Youth and Sports of the Czech Republic
through the e-INFRA CZ (No. 90140). All authors would like to
thank Bennettsbridge Limestone Quarries, Ireland for provid-
ing Limestone waste for this study.

References

1 I. Irena, Report, International Renewable Energy Agency, Abu
Dhabi, 2018.

2 Z. Yuan, L. Liang, Q. Dai, T. Li, Q. Song, H. Zhang, G. Hou
and X. Li, Joule, 2022, 6, 884–905.

3 J. Haas, L. Prieto-Miranda, N. Ghorbani and C. Breyer,
Renewable Energy, 2022, 181, 182–193.

4 Y. Yang, Y. Li, X. Yan, J. Zhao and C. Zhang, Energies, 2021, 14, 6847.
5 R. Paul, M. Wang and A. Roy, ACS Appl. Nano Mater., 2020, 3,

10418–10426.
6 U. Pelay, L. Luo, Y. Fan, D. Stitou and M. Rood, Renewable

Sustainable Energy Rev., 2017, 79, 82–100.
7 J. Cot-Gores, A. Castell and L. F. Cabeza, Renewable Sustain-

able Energy Rev., 2012, 16, 5207–5224.
8 A. I. Fernandez, M. Martı́nez, M. Segarra, I. Martorell and

L. F. Cabeza, Sol. Energy Mater. Sol. Cells, 2010, 94, 1723–1729.
9 C. Wani and P. Kumar Loharkar, Mater. Today: Proc., 2017,

4, 10264–10267.
10 A. Carro, R. Chacartegui, C. Ortiz and J. Becerra, Energy, 2022,

125064.
11 P. Pardo, A. Deydier, Z. Anxionnaz-Minvielle, S. Rougé,
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Cells, 2022, 238, 111632.

17 X. Qu, Y. Li, P. Li, Q. Wan and F. Zhai, Front. Mater. Sci.,
2015, 9, 317–331.

18 M. Hirscher, V. A. Yartys, M. Baricco, J. Bellosta von Colbe,
D. Blanchard, R. C. Bowman, D. P. Broom, C. E. Buckley,
F. Chang, P. Chen, Y. W. Cho, J.-C. Crivello, F. Cuevas,
W. I. F. David, P. E. de Jongh, R. V. Denys, M. Dornheim,
M. Felderhoff, Y. Filinchuk, G. E. Froudakis, D. M. Grant,
E. M. Gray, B. C. Hauback, T. He, T. D. Humphries,
T. R. Jensen, S. Kim, Y. Kojima, M. Latroche, H.-W. Li,
M. V. Lototskyy, J. W. Makepeace, K. T. Møller, L. Naheed,
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