
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Synergetic effect of multicomponent additives on limestone when 
assessed as a thermochemical energy storage material 

Kasper T. Møllera,b,⁎, Amanda Bergera, Mark Paskeviciusa,⁎⁎, Craig E. Buckleya 

a Physics and Astronomy, Fuels and Energy Technology Institute, Curtin University, GPO Box U1987, Perth 6845, WA, Australia 
b Department of Biological and Chemical Engineering, Aarhus University, Aabogade 40, Aarhus DK-8200, Denmark    

a r t i c l e  i n f o   

Article history: 
Received 11 February 2021 
Received in revised form 3 June 2021 
Accepted 10 September 2021 
Available online 15 September 2021  

Keywords: 
Energy storage materials 
Inorganic materials 
Gas-solid reactions 
Thermochemistry 
Thermal analysis 
X-ray diffraction 

a b s t r a c t   

The effect of adding both Al2O3 and ZrO2 to limestone (CaCO3) to enhance the cyclic stability and reaction 
kinetics of endothermic CO2 desorption and exothermic CO2 absorption is investigated. The formation of 
CaZrO3 and Ca-Al-O compounds, e.g. CA5Al6O14, is evident, which enables a substantial >80% capacity re-
tention over 50 calcination/carbonation cycles. The additives enable fast reaction kinetics where an 80% 
energy storage capacity is reached within 20–30 min, which is attributed to the synergetic effect of having 
both Ca-Zr-O and Ca-Al-O ternary additives present. The inert nature of the formed compounds prevents 
sintering of the particles, whilst allowing ion migration throughout the crystal structures, catalysing the 
carbonation reaction. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Energy storage remains one of the greatest challenges in the 
green transition due to the fluctuating nature of, e.g. sun and wind 
power production. State-of-the-art thermal energy storage is based 
on sensible heat in molten salts, e.g. a 0.4NaNO3-0.6KNO3 mixture 
that operates between 290 and 565 °C, and thus relies on the specific 
heat capacity of the salt [1,2]. This technology is commonly found in 
concentrating solar power (CSP) plants, which utilises focused sun 
rays to heat up the molten salt and store the heat for power gen-
eration at night time when the sun no longer shines [3]. However, 
the low operating temperature and modest energy density 
(413 kJ kg−1 in the operating temperature interval) of molten salt 
technology results in relatively high energy storage cost and inspires 
the development of more efficient technologies with higher energy 
density, operating temperature to ensure a higher heat-to-power 
conversion efficiency based on the Carnot cycle, and lower cost [4,5]. 
Recently, much attention has been directed towards metal carbo-
nates, hydroxides, oxides, and hydrides due to their high reaction 
enthalpies, and thus great potential for thermochemical energy 

storage [3,6–8]. Calcium carbonate, CaCO3, is non-toxic, widely 
available and thus cheap, and can operate at 890 °C with a high 
reaction enthalpy:  

CaCO3(s) ↔ CaO(s) + CO2(g) ΔH890 °C = 165.7 kJ; ΔS890 °C = 143.0 J K−1; 
ΔG890 °C ≈ 0 kJ                                                                       (1)  

Energy storage, e.g. in connection with a CSP plant, would involve 
the endothermic decomposition of CaCO3 into CaO and CO2 to take 
place when surplus energy is available, whereas thermal energy 
production through the exothermic regeneration of CaCO3 would 
take place when energy is needed. Keeping the operational tem-
perature around 890 °C ensures a high heat-to-power conversion 
efficiency (ηtheoretical~74%) and allows low-pressure gaseous opera-
tion as the equilibrium pressure of CO2 is 1 bar, see reaction scheme 
1. However, a significant energy capacity loss in pristine CaCO3 over 
multiple reaction cycles inhibits its utilisation as an energy storage 
material [9,10]. 

Generally, metal carbonates such as CaCO3, MgCO3, and CaMg 
(CO3)2 have proven difficult to re-carbonate once calcined [11,12]. 
Multiple studies have suggested ways of circumventing this inherent 
property, e.g. the addition of a molten salt, which promotes CO2 

uptake [4,13], addition of an inert material such as MgO to prevent 
sintering of particles [14], or by altering the reaction pathway and 
thus the thermodynamics of the metal carbonate formation through 
the addition of a metal orthosilicate [15,16]. However, an acceptable 
CO2 capacity retention over multiple cycles, i.e. >80%, has rarely been 
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achieved [4,13–16]. In fact, only a few studies have achieved a steady 
energy capacity retention (~99%), i.e. in hydrothermally synthesised 
Ca-Al-CO3 and Ca-Fe-CO3 composites utilising moderate tempera-
tures and pressures in a thermogravimetric analysis (TGA) setup  
[17,18]. However, the study on Ca-Al-CO3 confirms that the material 
behaves differently in a fixed-bed reactor compared to the TGA as a 
significant decrease in energy capacity retention to 76% was ob-
served after 10 cycles [18]. Finally, slow reaction kinetics are also a 
persistent issue with the metal carbonates and they are often de-
bated to have two regimes, i.e. kinetic and diffusion controlled [19]. 

A steam reactivation process can be used to replenish the cyclic 
CO2 storage capacity in CaCO3 through the temporary formation of 
Ca(OH)2, which can favourably alter the particle morphology [20]. 
The effect is strongly dependent on temperature and steam content, 
and must be performed every thermochemical energy storage cycle 
to maintain an acceptable cyclic capacity [20]. Unfortunately, steam 
reactivation must be performed at low temperature, usually below 
560 °C [21], due to the thermodynamics for Ca(OH)2 formation [22]:  

CaO + H2O(g) ↔ Ca(OH)2ΔH520 °C = −100.05 kJ ΔS520 °C = −126.54 J K−1 

ΔG520 °C ≈ 0 kJ                                                                       (2) 

however, reactivation of the material after each cycle is energetically 
unfavourable, and thus not suitable for the operation of a CSP plant. 

Recently, the authors highlighted the important properties of 
different additives to the CaCO3 thermochemical system, which can 
enable highly reversible CO2 release and absorption and also modify 
the reaction kinetics [23,34]. Hence, a CaCO3-ZrO2(40 wt%) compo-
site showed improved stability whereas a CaCO3-Al2O3(20 wt%) 
composite was able to achieve an energy capacity retention up to 
90% over 500 cycles in a fixed-bed reactor setup [23]. Here, the sy-
nergetic effect of adding both ZrO2 and Al2O3 to CaCO3 is in-
vestigated as a multicomponent catalytic additive. 

2. Experimental 

2.1. Sample preparation 

Two mixtures of CaCO3 (Sigma-Aldrich, >99.0%, 25–50 µm) - 
Al2O3 (nanopowder, 13 nm (TEM), 99.8% purity; 20 wt%, i.e. ~4 g 
CaCO3 and ~1 g Al2O3) and CaCO3-ZrO2 (Sigma-Aldrich, nanopowder, 
<100 nm; 40 wt%, i.e. ~3 g CaCO3 and ~2 g ZrO2) were made by 
adding 10 mL of ethanol (CH3CH2OH) to each mixture, and then ball- 
mill them separately in stainless steel vials for 2 h (15 min mil-
ling x 1 min pause x 8 reps; 12 × 8 mm stainless steel balls). After 
ball milling, the mixtures were placed in an oven at 105 °C for ap-
proximately 1 h to obtain dry powders. Finally, the two mixtures 
were hand ground together in a 2:1 ratio (Al2O3:ZrO2 sample; 0.8 
and 0.4 g, respectively) to produce 1.2 g of CaCO3-Al2O3(13.3 wt 
%)-ZrO2(13.3 wt%) sample (denoted Ca-Al-Zr, ~10 µm, see SEM 
section). 

2.2. Thermogravimetric and differential scanning calorimetry analysis 

Thermogravimetric and simultaneous differential scanning 
calorimetry (TG-DSC) analysis was performed on a Mettler Toledo 
DSC 1 instrument. The CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) 
sample was heated from room temperature to 1000 °C (ΔT/ 
Δt = 10 °C min−1) under an argon flow (20 mL min−1) in an alumina 
crucible. 

2.3. Sieverts experiments 

The CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) sample (0.2979 g) 
was loaded into a SiC sample cell, which was attached via Swagelok 
parts to a custom-made manometric Sieverts apparatus [24]. The 
sample was heated to ~ 900 °C (ΔT/Δt = 5 °C min−1) at p(CO2) = 10−2 

bar, thus decomposing the sample. Subsequently, cycling of the 
sample was initiated at isothermal conditions (~ 900 °C) with car-
bonation at paverage,carbonation(CO2) ~ 5.2 bar ( ±0.4 bar) for 30 min in a 
58.2 cm3 volume, followed by calcination at paverage,calcination 

(CO2) ~ 0.7 bar ( ±0.05 bar) for 30 min in a 208.5 cm3 volume. A total 
of 50 cycles of isothermal CO2 absorption and desorption were col-
lected. Finally, the sample was carbonated and cooled to room 
temperature under p(CO2) ~ 5 bar. 

The data have been scaled according to reaction (3) and (4) oc-
curring, leaving a 40.7 wt% CaCO3 quantity, which is the active 
component:  

CaO(s) + ZrO2(s) → CaZrO3(s)                                                  (3)  

5CaO(s) + 3Al2O3(s) → Ca5Al6O14(s)                                         (4)  

Thus, the fractional capacity in Figs. 2 and 3 is scaled accordingly 
and are based on 1 mol of CO2 being released/absorbed according to 
reaction scheme 1. 

The obtained data on CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) is 
compared to data from reference [23] on CaCO3-ZrO2 (20 wt%) and 
CaCO3-Al2O3 (20 wt%), which were collected under similar condi-
tions in a Hy-Energy PCTpro E&E [24]: Samples were heated to 
~ 900 °C (ΔT/Δt = 5 °C min−1) at p(CO2) = 10−2 bar, hence decom-
posing the sample. Subsequently, cycling of the sample was 
initiated at isothermal conditions (~900 °C) with carbonation at 
paverage,carbonation(CO2) ~ 6 bar ( ±0.5 bar) for 30 min in a 46.3 cm3 

volume, followed by calcination at paverage,calcination(CO2) ~ 0.8 bar 
( ±0.1 bar) for 20 min in a 206.7 cm3 volume. The data here were also 
corrected according to reaction schemes (3) and (4) depending on 
sample content. 

2.4. Powder X-ray diffraction 

In-house powder X-ray diffraction (XRD) was performed on a 
Bruker D8 Advance diffractometer equipped with a CuKα1,2 source in 
flat-plate geometry mode. Data were collected using a Lynxeye PSD 
detector in the 2ϴ-range 15–60° in steps of 0.02°. Rietveld analysis 
was performed in Topas (Bruker) and crystallite sizes were de-
termined by the integral breadth based volume-weighted column 
heights (LVol-IB). 

2.5. In situ synchrotron radiation powder X-ray diffraction 

In situ time-resolved Synchrotron Radiation Powder X-ray 
Diffraction (SR XRD) data were collected at the Powder Diffraction 
beamline at the Australian Synchrotron, Melbourne, Australia on a 
Mythen microstrip detector at λ = 0.825018 Å [25,26]. The powdered 
sample was loaded into a quartz capillary (i.d. = 0.5 mm, o.d. = 0.6 
mm), which was attached to a gas system enabling control of CO2 

pressure. The sample was inserted into a hot air-blower operating at 
917 °C while oscillating during data acquisition. After five CO2 cycles, 
the sample was cooled to room temperature at ΔT/Δt = 50 °C min−1 

under p(CO2) = 5 bar. Temperature calibrations were performed 
using the well-known thermal expansion of NaCl and Ag [27,28]. 
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2.6. Scanning electron microscopy 

Scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) were performed on a Tescan Mira3 FESEM cou-
pled with an Oxford Instruments X-Max SDD X-ray detector and 
AZtec software. SEM images were collected using a backscattered 
electron (BSE) detector, an accelerating voltage of 20 kV, an aperture 
size of 30 µm, and a working distance of ~15 mm. SEM samples were 
prepared by placing powder onto double-sided conductive carbon 
tape on a 12.6 mm aluminium sample mount. Excess powder was 
removed by passing a light flow of argon gas over the sample. 
Samples were then sputter-coated with a 3 nm thick platinum layer 
before imaging. 

2.7. Small-angle X-ray scattering 

Small angle X-ray scattering (SAXS) data were collected on a 
Bruker Nanostar instrument equipped with an Excillium MetalJet 
source (GaKα, λ = 1.3402 Å). Sample powders were pressed between 
polymer films in transmission geometry and measured under va-
cuum. Data were background subtracted and put onto an absolute 
scale using a NIST SRM3600 glassy carbon standard [29]. Specific 
surface area (SSA) was calculated from the high-q Porod region 
(power law slope = −4) using the Unified model in the Irena software 
package for Igor Pro (WaveMetrics) [30,31]. This is calculated 
through: 

= B
SSA

2 2 (5) 

where B is Porod’s constant refined in the Unified fit, δ is the crys-
tallographic density, and Δρ2 is the scattering contrast between the 
powder (density of 3.05 g/cm3, linear attenuation coefficient of 
223 cm−1) and vacuum. 

3. Results and discussion 

3.1. Thermal analysis 

Thermal analysis of as-prepared Ca-Al-Zr sample reveals a small 
mass loss (2.6 wt%, see Fig. 1) between room temperature and 
250 °C, which is assigned to evaporation of moisture from the 

sample, as no reaction is expected in this temperature range. At 
~650 °C, a one-step endothermic decomposition initiates with a total 
mass loss of 31.3 wt% completed by ~850 °C, which is close to the 
theoretical mass loss expected due to CO2 release (32.2 wt%). The 
observed decomposition temperature is typical for CaCO3 and fur-
ther reactions with ZrO2 and Al2O3 occur with the decomposition 
product, CaO (reaction scheme 3 and 4), without further mass 
loss [19,23]. 

3.2. Thermochemical CO2 pressure cycling 

The Ca-Al-Zr sample has a minor initial drop in the expected CO2 

capacity between the first and second cycle (from 82.5% to 71.4%, see  
Fig. 2). However, the system recovers and shows promise by stabi-
lising at 80% capacity and maintaining it throughout the remaining 
cycles. Hence, the system is superior to a range of previously re-
ported binary systems as also mentioned in the introduction [32]. 
The cyclic capacity after 50 cycles is ~81% (see Fig. 3, bottom) for Ca- 
Al-Zr compared to ~78 and ~68% for the CaCO3-Al2O3(20 wt%) and 
CaCO3-ZrO2(20 wt%) samples, respectively [23]. The full thermo-
chemical capacity (i.e. 1 mol of CO2) is calculated based on the initial 
amount of CaCO3 and assuming that the additives fully react with 
the CaCO3 (reaction 3 and 4), where the cyclable CaCO3 content 
reaches 40.7 wt% of the initial sample mass. The thermochemical 
system shows rapid reaction kinetics as the 80% capacity is charged/ 
discharged within 30/20 min, respectively. Fig. 3 compares the 
reaction kinetics of pristine CaCO3, CaCO3-Al2O3 (20 wt%), and 
CaCO3-ZrO2 (20 wt%), along with the Ca-Al-Zr sample [23]. The 
ternary Ca-Al-Zr system shows rapid absorption kinetics throughout 
all 50 cycles. In particular, the CO2 desorption kinetics in the ternary 
Ca-Al-Zr system become superior to the other systems as cycling 
increases, overcoming a previous kinetic degradation issue observed 
in the binary systems. This is further highlighted in Fig. 3 (bottom), 
which show that >90% of the absorption is completed within 5 min 
in all the samples, whereas the major difference between the sam-
ples is observed in the final desorption. 

Fig. 1. Thermogravimetric analysis and differential scanning calorimetry (TGA-DSC) 
of CaCO3-ZrO2(13.3 wt%)-Al2O3(13.3 wt%) from room temperature to 1000 °C (ΔT/ 
Δt = 10 °C min−1) under argon flow (20 mL min−1). Fig. 2. Isothermal calcination/carbonation data of the CaCO3-ZrO2(13.3 wt 

%)-Al2O3(13.3 wt%) over 50 CO2 cycles at T ~ 900 °C and pcarbonation ~ 5.2 bar and 
pcalcination ~ 0.75 bar for 20 and 30 min, respectively. 1 mol CO2 = 100% theoretical 
capacity, which is calculated from reaction scheme (3) and (4) as 40.7% CaCO3 is the 
active portion of the sample. 
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3.3. Composition 

The composition of Ca-Al-Zr after 50 cycles (in the desorbed 
state) was identified by XRD (see Fig. 4 and Table 1). The diffraction 
pattern reveals that CaCO3 is present, which is assigned to partial 
CO2 absorption during cooling of the sample. Furthermore, the de-
composition product CaO is present along with the expected reac-
tion products CaZrO3 and Ca5Al6O14 but also by-products Ca3Al2O6 

and Ca9Al6O18. The compounds Ca3Al2O6 and Ca5Al6O14 are inter-
mediates on the pathway to form Mayenite, i.e. Ca12Al14O33, which is 
also identified in the sample [33]. The decrease in capacity, i.e. to the 
retained 80% over 50 cycles, may be assigned to the side reaction 
producing Mayenite (and partially Ca9Al6O18), which was only 

observed in a limited amount in a previous study with better ca-
pacity retention [23]. 

The in situ SR XRD data (Fig. 5) initially shows the rapid forma-
tion of CaO at 917 °C, which indicates the decomposition of CaCO3 

under 1 bar of CO2 pressure. The reaction can be observed most 
significantly by intensity increases/decreases for the CaO Bragg re-
flections as a function of the CO2 pressure change, although, small 
alterations in the intensity of the Bragg reflection from CaCO3 at 
2ϴ = 19.05° are also visible. Hence, CaO Bragg reflections quickly 
appear/disappear when CO2 pressure is released/applied. Further-
more, the gradual but continuous formation of CaZrO3 throughout 
the experiment is also evident in parallel with several Ca-Al-O 
compounds being observed, i.e. CaAl2O4, Ca3Al2O6, Ca5Al6O14, and 

Fig. 3. Top: Comparison of reaction kinetics between pristine CaCO3 (green), CaCO3-ZrO2 (20 wt%, red), CaCO3-Al2O3 (20 wt%, blue) [23], and the combined CaCO3-ZrO2(13.3 wt 
%)-Al2O3(13.3 wt%). The calcination/carbonation (des/abs) cycle number is given on the x-axis. Bottom: highlighting the 50th absorption and desorption cycle. tabs = 30 min, pabs 

~ 5–6 bar, tdes = 20 min, pdes ~ 0.7 – 0.8 bar at T ~ 900 °C. The data has been corrected according to reaction schemes (3) and (4) taking place. The capacity exceeding 1 mol of CO2 

indicates that the initial reactions (3) and (4) are incomplete at this stage. 
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Ca12Al14O33. Mayenite, Ca12Al14O33, seems to be formed in a large 
fraction, which may be due to the difference in temperature between 
the synchrotron measurements and the cycling measurements, 917 
vs. 900 °C, respectively, which may influence thermodynamics and/ 
or reaction kinetics of its formation. 

4. Morphology and specific surface area 

The morphology of the Ca-Al-Zr sample before and after cycling 
is evaluated through scanning electron microscopy (SEM), see Fig. 6. 
From the EDS mapping it is evident that the as-prepared sample has 
calcium and aluminium finely dispersed throughout. However, large 
particles containing zirconium, i.e. ZrO2 (~4–10 µm) are present, 
likely due to its resistance to comminution given its extreme hard-
ness. The morphology does not change significantly after cycling, 

although, elemental zirconium is more dispersed, which is assigned 
to the formation of CaZrO3 rather than ZrO2. This finding also mat-
ches XRD results, where ZrO2 is absent after cycling, hence large Zr- 
rich particles (6–10 µm) must be CaZrO3. Calcium and aluminium is 
still finely dispersed throughout the entire sample, which agrees 
with the observed formation of Ca-Al-O compounds. The multi-
component Ca-Al-Zr proves to have a very different morphology to 
CaCO3 samples containing only one of the additives, i.e. CaCO3-Al2O3 

(20 wt%) and CaCO3-ZrO2 (40 wt%) [23]. The binary systems form an 
interconnected molten-like morphology after cycling with some 
degree of porosity, which is not observed for the ternary mixture. 

Comparison of the specific surface areas measured by SAXS (data 
presented in Fig. 7) indicates the large influence of the porous ZrO2 

added in the as-prepared samples, as the ternary sample has a much 
larger surface area than the as-milled CaCO3-Al2O3(20 wt%) sample, 
but similar to the CaCO3-ZrO2(40 wt%) sample. Despite the ob-
servations by SEM, where the ternary Ca-Al-Zr system seem to lack 
porosity in comparison with the CaCO3-Al2O3(20 wt%) and CaCO3- 
ZrO2(40 wt%), the SAXS data for the ternary system shows that the 
surface area is approximately 2 – 6 times larger after cycling com-
pared to the binary samples, see Table 2. The increased surface area 
may play a key role in the observed higher cyclic CO2 capacity re-
tention, allowing CO2 to be released and absorbed from a sig-
nificantly greater portion of the material more easily. 

Fig. 4. Powder X-ray diffraction data of the CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) 
samples after 50 CO2 cycles in the desorbed state. Markers: CaCO3 (brown dot); CaO 
(blue dot); CaZrO3 (clover); Ca3Al2O6 (green diamond); Ca5Al6O14 (purple spade); 
Ca9Al6O18 (red diamond); Ca12Al14O33 (Mayenite, orange diamond); unknown (ques-
tion mark). Rietveld refinement of the Powder X-ray diffraction data. Yobs: red; Ycalc: 
black, and Ydiff: blue. hkl Markers from the top to the bottom: CaCO3 (top), CaO, 
CaZrO3, Ca3Al2O6, Ca5Al6O14, Ca9Al6O18, and Ca12Al14O33 (bottom). Rwp~9.17%. 

Table 1 
Sample composition extracted from Rietveld refinement after 50 CO2 cycles in the 
desorbed state.     

Compound Weight fraction (%) Crystallite size (nm)  

CaCO3 26.5(5) 30  ±  1 
CaO 13.1(3) 35  ±  1 
CaZrO3 28.9(4) 23.2  ±  0.5 
Ca5Al6O14 7.0(7) 50  ±  10 
Ca3Al2O6 4.3(6) 30  ±  10 
Ca9Al6O18 6.8(6) 41  ±  6 
Ca12Al14O33 13.3(5) 44  ±  4    

Fig. 5. In situ SR XRD data (λ = 0.82502 Å) of CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) at 
T = 917 °C. Time proceeds from the bottom to the top. The pressure profile is indicated 
to the right of the figure. Carbonation was performed for ~ 20 min and calcination for 
~ 30 min in a total of 5 cycles. Intensity is indicated as blue: low and red: high. 
Markers: CaCO3 (circle); CaZrO3 (triangle); CaO (diamond); CaAl2O4 (pentagon); 
Ca3Al2O6 (square); Ca5Al6O14 (horizontal diamond): Ca12Al14O33 (star). 
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5. Conclusions 

The combination of adding both ZrO2 and Al2O3 to CaCO3 has a 
positive effect as a cyclic stability of >80% is achieved at rapid cal-
cination/carbonation times, i.e. 20 and 30 min, respectively. The re-
action kinetics are fast, especially during carbonation. However, the 
calcination kinetics improve as the sample is cycled. The cyclic sta-
bility is hypothesised to arise from a synergetic effect of having both 
CaZrO3 and Ca-Al-O compounds present in the sample, by pre-
venting sintering of CaO/CaCO3 particles and improving reaction 
kinetics, even better than the individual binary systems. This effect is 
highlighted by the larger specific surface area observed in the 
ternary system after cycling and the different morphology of the 
cycled material. However, the excessive presence of large zirconium- 
rich particles suggests that a smaller quantity of ZrO2 may be suf-
ficient in achieving the same benefits whilst lowering the overall 
price of the system. Furthermore, achieving a consistent cyclic sta-
bility comes at the expense of energy density, which for the Ca-Al-Zr 
system is theoretically 675 kJ kg−1 material compared to 1655 kJ kg−1 

for pristine CaCO3. However, the necessity for adding supporting 
materials to CaCO3 seem inevitable if the material is to be enabled as 
an energy storage material. Finally, the energy density may not play 
a crucial role when it comes to bulk energy storage to support the 
electrical grid. This study suggests that combining different active 
properties of additives/catalysts may enhance the cyclic stability of a 
metal carbonate even further. The challenge is the selection of 

Fig. 6. Scanning electron microscopy (SEM) pictures and energy-dispersive X-ray spectroscopy (EDS) mapping of as-prepared CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) and after 50 
CO2 capacity cycles. EDS mapping colour code: Al: blue; Zr: green; Ca: red. 

Fig. 7. SAXS data showing the Porod region (power law slope = − 4) from where the 
specific surface area (SSA) was determined. 

Table 2 
Comparison of the specific surface area between the binary systems CaCO3-Al2O3(20 wt%) and CaCO3-ZrO2(40 wt%) and the ternary system CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%).       

Sample Specific surface area (m2 g−1) # CO2 cycles Comments Ref  

CaCO3-Al2O3 (20 wt%) 3.7(4)  0 As-milled [23] 
CaCO3-Al2O3 (20 wt%) 1.2(1)  50 Absorbed [23] 
CaCO3-ZrO2 (40 wt%) 52(5)  0 As-milled [23] 
CaCO3-ZrO2 (40 wt%) 3.1(3)  50 Absorbed [23] 
CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) 50(5)  0 As-prepared This work. 
CaCO3-Al2O3(13.3 wt%)-ZrO2(13.3 wt%) 6(1)  50 Absorbed This work. 
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additives based on price and properties and finding the minimum 
amount needed to maintain a cyclic stability. This opens up multiple 
new pathways for optimising the thermochemical energy storage 
properties of metal carbonates. 
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