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Long-stable solar energy capture and storage
via negative thermal expansion regulated
calcium-based particles†

Jingrui Liu, Yimin Xuan, * Liang Teng, Chen Sun, Qibin Zhu and Xianglei Liu

The 3rd concentrated solar power technology is considered a potential strategy to solve the energy

shortage and achieve carbon neutrality in which the development of long-stable energy storage

materials is the key to overcoming the intermittency and instability of solar power. Therefore, we

present a calcium-based particle with a thermal expansion compensation strategy that enables high

energy densities and long storage times. High measured energy densities of up to 1554 kJ kg�1, long

storage lifetimes of up to 260 cycles, and high spectral absorption of up to 90.8% are demonstrated in

negative thermal expansion NdMnO3/inert Al–Fe alkali metal element couples incorporated into calcium

oxide structures. A set of evaluation indexes to quantitatively evaluate long-cycle heat storage

performance is proposed. Based on the phenomenon that the thermal contraction of the NdMnO3

lattice distortion counteracts the acidification volume expansion of calcium oxide, the thermal expansion

compensation effect is proposed for the first time. This effect excellently ameliorates the problem of

sintering and agglomeration and improves the recycling rate of calcium oxide from the perspective of

microscopic thermal regulation. A new conceptual scheme is provided on long-storage-life solar

thermochemical energy storage and continuous CO2 capture technology.

1. Introduction

The large-scale progression of industrialization urgently
requires new renewable energy supplies. Among them, the
clean energy pioneered by solar energy in the 3rd concentrated
solar power technology has played an unprecedented role. As a
sustainable and stable solar energy utilization technology, the
solar-driven calcium-based thermochemical energy storage
cycle has been extensively studied;1,2 however, its sintering
problem has led to its low utilization rate and poor economic
benefit. Therefore, it is urgent to optimize and regulate it from
the perspective of anti-sintering.

The calcium-based solar thermochemical cycle is divided
into two processes as follows: calcium carbonate absorbs solar
energy and decomposes to store energy, and calcium oxide
carbonates to release heat and supply energy. During the heat
release, due to the sintering of calcium oxide grains at high
temperatures, a dense calcium carbonate product layer is
formed on the surface, which prevents carbon dioxide from

entering the interior of calcium oxide to react with it, and slows
down the carbonation process.3 At the same time, the reactivity
decays rapidly with the increase in the number of cycles.4 From
the perspective of the change in free energy, if the free energy of
the gas–solid interface is greater than that of the solid–solid
interface, the solid atoms will transition from the solid–solid
interface to the gas–solid interface, resulting in a decrease
in the gas–solid contact area.5 Macroscopically, the specific
surface area is reduced, and the gas–solid reaction rate
decreases.6–8 Therefore, to inhibit sintering, relevant scholars
have proposed that an inert carrier be added to calcium oxide
grains to inhibit sintering and constrain the microscopic pore
structure.9–12 The principle is that the stability of the inert
carrier is higher than that of calcium oxide. Ideally, it will stably
adhere to the surface of calcium oxide, so the migration of
calcium oxide grain boundaries will be affected by the pinning
force of the inert carrier, thereby slowing down or inhibiting
the grain sintering.4 At present, the inert carriers with good
effect mainly include MgO, MgAl2O4, ZnO, Ca12Al14O33, SiO2,
Ca2MnO4, CaZrO3, CuO, CoO, Y2O3, and CaTiO3.12–18 To
improve the recycling efficiency of calcium-based materials,
Kasper et al. added ZrO2 (40%), and the CO2 capacity was 35.5%
after 50 cycles, but a lot of energy storage density was lost.19

Teng et al. improved the spectral absorption by doping with
multiple inert carriers (Fe–Mn), and the energy storage density
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was 1057 kJ kg�1 after 15 cycles.20 Sun et al. also used binary
inert carrier doping to modify dolomite, making its spectral
absorption rate reach 73.22% and energy density 770 kJ kg�1

after 30 cycles.21 Our previous work also screened and proved
these inert carriers. It is believed that doping with Fe element
can form black compounds with calcium oxide at high tem-
peratures, which can improve the spectral absorption rate of
the particles due to the extremely poor light absorption ability
of pure calcium carbonate.22 At the same time, the doping of Al
elements can effectively improve the cycle stability by inhibiting
the migration of calcium oxide grains.23 Therefore, on this
basis, we are exploring new channels of anti-sintering from a
new perspective.

Although plenty of research efforts have been devoted to
improving the cyclic stability and energy density of calcium-
based materials through doping with inert carriers, the anti-
sintering effect of inert carriers is mainly to inhibit the migra-
tion of crystal grains. The migration of crystal grains is related
to the surface free energy, particle size, volume fraction of the
inert carrier, and the interaction force between the inert carrier
and calcium oxide, so simply adding an inert carrier to regulate
the sintering effect is far from enough.24,25 At the same time,
the inert carrier can separate the calcium oxide grains, which
hinders the agglomeration but cannot counteract the growth
and expansion caused by the reaction. During the carbonation
process, the growth of calcium oxide will break through the
bound interface, resulting in agglomeration and sintering.
Therefore, from the perspective of counteracting the growth
expansion, this work introduces a negative thermal expansion
precursor (NTEP), through its negative thermal expansion
(NTE) in the exothermic temperature range of calcium oxide,
to offset the growth expansion caused by the carbonation
reaction and inhibit the grain, which plays a role in regulating
the sintering of calcium oxide. NTE is caused by anomalous
mechanisms such as phase transitions, shortened bond
lengths, rigid unit modes, electronic effects, and magnetostric-
tion. Natural materials such as perovskites have NTEs, but their
applications are limited due to their narrow NTE temperature
range, large thermal anisotropy, and low degree of design
freedom;26 therefore, relevant scholars began to develop new
NTE materials. Martinek and Hummel27 reported the negative
thermal expansion of ZrW2O8, and subsequently, Sleight and
Mary et al.28 demonstrated its isotropic NTE over a wide
temperature range. At present, there are many kinds of NTE
materials, and the common ones mainly include various frame-
work oxides, zeolites, cyanides, anti-perovskite nitrides and
metal–organic frameworks.29–31 A typical one is ZrW2O8; how-
ever, despite its good NTE properties, it is metastable below
777 1C and decomposes into ZrO2 and WO3 in the temperature
range of 777 to 1105 1C, which is not suitable for carbonation.32

Herein, we propose a new strategy for achieving the regula-
tion of the cycling stability and anti-sintering of calcium oxide
particles by introducing NTE NdMnO3. The coefficient of
thermal expansion (CTE) of the composite calcium-based
material is targeted and supervised, effectively alleviating the
thermally induced cracking caused by the CTE mismatch of

different doped materials. At the same time, the spectral absorp-
tion, and the stable and durable energy storage performance of
the material have been improved by leaps and bounds, which
provide a new scheme for industrial long-cycle-durable solar
thermochemical energy storage and CO2 capture.

2. Results
2.1 Composition and performance

Porous micron-sized composite calcium-based materials (CM)
were synthesized by the sol–gel method as outlined in the SI.
The molar ratios of Fe, Al and Nd elements in doped ferric
nitrate (Aladdin 99%), aluminum nitrate (Aladdin 99%), and
NdMnO3 were 5 : 10 : 5, 5 : 10 : 10, and 5 : 10 : 20. For the conve-
nience of description, the samples mentioned below are uni-
formly numbered: 5 : 10 : 5, 5 : 10 : 10, and 5 : 10 : 20. The XRD
spectrum in Fig. 1(a) shows that the main component of the
composite calcium-based material is calcium oxide, and the
basic main diffraction peaks can be well indexed. In the range
of 27–301, the main diffraction peaks of all doped calcium oxide
samples were slightly shifted. This is because a certain amount
of dopant cations (Fe, Al) enters the calcium oxide lattice
during the solid-state synthesis process, resulting in lattice
distortion, which causes the shift of the diffraction peak. For
composite calcium-based particles, new oxides are formed after
multi-element doping: Ca2(Al, Fe3+)2O5, NdCaAl3O7, CaAl2O4

and other components. At the same time, after doping NTEP,
it still appeared in the form of NdMnO3, indicating that most of
the Nd did not react with Ca to form composite oxides. This
provides direct evidence for the subsequent regulation of
negative thermal expansion properties.

During the carbonation of calcium oxide, CO2 is adsorbed
on the surface of calcium oxide to form calcium carbonate,
which causes volume expansion and thus the internal pores are
blocked. However, the doping of NTEP can customize high CO2

adsorption CM with near-zero thermal expansion properties.
In particular, the three-dimensional porous structure in the
composite is combined with isotropic negative thermal expan-
sion. The NTEP is used as a thermal expansion compensator,
which greatly slows down the effect of reducing the yield of
adsorbed CO2 due to volume expansion and blocking the
channel to achieve the behavior role of control of calcium oxide
in the carbonation reaction.33 Fig. 1(b) shows the linear ther-
mal expansion curves of the calcium-based material before and
after doping with NTEP. Between 500 1C and 800 1C, the
thermal expansion coefficient of NdMnO3 decreased with the
increase in temperature, which showed good negative thermal
expansion performance with an average negative thermal
expansion coefficient of �5.29 � 10�4 K�1. When the tempera-
ture reached 800 1C, the negative thermal expansion coefficient
of NdMnO3 reached �1.68 � 10�3 K�1, and this negative
thermal expansion performance is currently the best. However,
the linear thermal expansion coefficient of the calcium-based
material without NTEP increased gradually with the increase in
temperature, and the thermal expansion coefficient at 800 1C
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was 3.84 � 10�3 K�1. When the temperature increased from
500 1C to 695 1C, the thermal expansion coefficient of the
calcium-based material after adding NdMnO3 increased from
�1.11 � 10�6 K�1 to 1.38 � 10�3 K�1, and then when the
temperature reached 695 1C, a turning point of the thermal
expansion coefficient occurred. From 695 1C to 800 1C, the
negative thermal expansion coefficient of CM decreased from
1.38 � 10�3 K�1 to 1.14 � 10�3 K�1. The thermal expansion
coefficient of the CM decreased by 70.3% at 800 1C as compared
with pure calcium oxide. The results show that doping NTEP
has an ideal thermal matching effect and can regulate the
positive thermal expansion of calcium oxide, which is an
effective strategy for alleviating sintering.

Multiple cycles of energy storage and release will lead to the
sintering and agglomeration of particles to reduce energy
storage density. Therefore, NTEP was doped to ensure the
reutilization rate of calcium-based particles to reduce energy
consumption and cost. Fig. 1(c) demonstrates the energy
storage density of particles with different doping ratios for
260 cycles. Here, the following thermochemical energy storage

density and efficiency are defined to evaluate the cycle and heat
storage performances of calcium-based materials with negative
thermal expansion effects:

En ¼
mCaCO3 ;n �mCaO;n

mi;n
� DH

�
MCO2

(1)

Zn ¼
En

Ei;n
¼

mCaCO3 ;n �mCaO;n

� �
DH
�
MCO2

mi;n �mCaO;n

� �
DH
�
MCO2

¼ mCaCO3 ;n �mCaO;n

mi;n �mCaO;n
(2)

where mCaCO3,n and mCaO,n indicate the mass of particles at the
end of the calcination/carbonation process of cycle n; mi,n

represents the original mass of calcium oxide particles, MCO2

is the molar mass of CO2, DH is the molar reaction enthalpy.
After 260 cycles, the heat storage density of pure calcium oxide
changed from 2655 kJ kg�1 to 525 kJ kg�1, and the thermal
efficiency dropped by 80.23%. After 260 long cycles, the heat
storage density of particles decreased by the 5 : 10 : 10 doping

Fig. 1 Composition and performance parameters: (a) the phase composition of the three materials, (b) the linear thermal expansion coefficient at
different temperatures; (c) and (d) the heat storage density and thermal efficiency, (e) the schematic diagram of Ca-looping, and (f) the spectral
absorption. (e), (h) and (i) The ideal, real and relative storage performance factors, respectively.
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ratio changed from 2107 kJ kg�1 to 1554 kJ kg�1 and only
decreased by 26.25%, which not only showed good cycle
stability but also maintained a high energy storage density.

However, the above parameters are all defined for single-
cycle energy storage, and none of them can evaluate the heat
storage performance of the composite over a long span. Therefore,
for multi-cycle heat storage, we proposed a new set of concepts,
namely, the ideal storage performance factor (Pideal), real storage
performance factor (Preal), and relative storage performance factor
(Prelative), respectively. These parameters are respectively defined
as follows:

Pideal ¼

Pn

i¼1
DEdropðiÞ

DEideal:n
(3)

Preal ¼

Pn

i¼1
DEdropðiÞ

Pn

j¼1
DEdropð jÞ

(4)

Prelative ¼

Pn

i¼1
DEdrop1ðiÞ

Pn

j¼1
DEdrop2ðiÞ

(5)

where DEdrop(i) is the energy storage density of the doped particles
in the ith cycle, DEideal and DEpure are the ideal and real energy
storage densities of pure calcium-based particles, and n is the
number of cycles.

The storage performance factor for 260 long cycles has been
calculated in Fig. 1(g), (h), and (i). After 260 cycles, the ideal
storage performance factor of particles with a doping ratio of
5 : 10 : 5 decreased from 0.663 to 0.608, with an attenuation of
8.3%, while the attenuation ratio of pure calcium oxide parti-
cles was 71.5%. For the real energy storage factor, the calcium-
based particles with a mixing ratio of 5 : 10 : 5 were 3.24 times
that of pure calcium oxide after 260 cycles. This shows that
the calcium-based particles regulated by negative thermal
expansion can greatly alleviate the attenuation of the heat
storage performance caused by sintering and agglomeration,
and provide a reliable long-term stable energy storage and CO2

capture approach for subsequent industrial applications. To
further highlight the long-term heat storage performance of
calcium-based particles with different dosing ratios, the relative
energy storage capacity is given in Fig. 1(i) for the relative
energy storage factor. The relative energy storage factors of
the three blended particles are stable for up to 260 cycles.
Among them, the 5 : 10 : 5 sample is always about 1.8 times that
of 5 : 10 : 20, the 5 : 10 : 10 sample is 1.5 times that of 5 : 10 : 20,
and the 5 : 10 : 5 sample is 1.2 times that of 5 : 10 : 10. This
shows that the particles with a doping ratio of 5 : 10 : 5 can
provide a higher energy storage density under the premise of
maintaining a relatively stable energy storage capacity.

As the key to solar energy storage, in addition to high energy
storage density, composite calcium-based particles (CM) also
need excellent spectral absorption ability to be directly driven

by solar energy. Due to pure calcium oxide being white, and it is
still white when converted into calcium carbonate, the spectral
absorption effect is extremely poor, which cannot meet the
requirements of directly capturing and converting solar energy.
Therefore, it is necessary to physically modify and dope metal
elements to form black composite oxides or carbonates to
improve the spectral absorption performance of the material.
The reflectance of the material was measured by a UV IR
spectrometer (Carry 5000, Agilent Technologies) multiple inte-
grating spheres, and the average spectral absorptivity at 300–
2500 nm was obtained according to the weighted integral
formula of the absorptivity and standard solar irradiance.
Fig. 1(d) shows that the spectral absorption rate of sol–gel
CM with doping of 5 : 10 : 5 reached 85.53%, which is 9.8 times
higher than that of pure calcium oxide. It showed excellent
spectral absorption performance and provides a good base
material for the direct utilization of solar energy.

A ¼
Ð 2500 nm

300 nm
a lð ÞIAM1:5 lð Þdl

Ð 2500 nm

300 nm IAM1:5 lð Þdl
(6)

a(l), IAM1.5 and l are the spectral absorptivity, standard solar
irradiance, and wavelength of each band, respectively.

2.2 Microscopic mechanism

In the process of multiple cycles of CO2 adsorption, the
adsorption performance gradually decreases with the increase
in the number of cycles, which is mainly due to the sintering of
calcium oxide grains. In general, sintering occurs at tempera-
tures well below the melting point of solid materials. The
Tammann temperature of CaCO3 is 533 1C, and the carbona-
tion temperature (700 1C) used in this work is higher than
the Tammann temperature of CaCO3 (533 1C). Therefore, the
material will first reach the Tammann temperature before the
reaction, at which time the diffusion of ions and cavities will be
activated, and grain boundary fusion will occur, forming crystal/
grain agglomeration.5,9 The agglomeration of grains reduces the
specific surface area of the particles, resulting in a decrease in
porosity and activity, which slows down the carbonation rate and
the degree of the solid adsorption reaction in the next cycle. The
schematic diagram of the sintering mechanism of calcium oxide
particles before and after doping NTEP is shown in Fig. 2.

The structural optimization and electronic properties of
NdMnO3 were calculated based on the density functional
theory (DFT); the phonon spectrum was obtained by the finite
displacement method, and then the thermal expansion coeffi-
cient of the material decreasing from 600 to 800 1C was
calculated by the quasi-harmonic approximation (QHA) in
Fig. S2 (ESI†). The cell structure of calcium oxide particles is
face-centered cubic. During the carbonation of calcium oxide,
external CO2 molecules diffuse through porous structures
between grains and electron transfer occurs at high tempera-
tures. A deep chemisorption potential well was found, and then
CO2 transitioned from a high potential energy state to a low
potential energy state, forming covalent bonds with calcium
oxide molecules and generating CaCO3 by a chemisorption
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reaction.9,34 However, the NdMnO3 at room temperature is an
orthorhombic perovskite structure, with Mn atoms as the body
center, O atoms as the face center, and Nd atoms as the
octahedron vertex. When the temperature rises to 600 1C, the
molecular phase begins to change, and the MnO6 octahedron
begins to distort, transforming from the orthorhombic phase
to the cubic phase, the bond length becomes shorter, the

structure is distorted, and the lattice volume becomes smaller.
This expands the space available for the calcium oxide lattice to
absorb CO2 molecules, resulting in more opportunities for
calcium oxide to participate in the reaction. Fig. 3 is a scanning
electron micrograph of particles doped with NTEP. Because the
intensity of the backscattered electron signal is related to the
average atomic number of the pattern, the higher the average

Fig. 2 Schematic diagram of the sintering mechanism of calcium oxide particles before and after doping with NTEP.

Fig. 3 Microscopic SEM images of calcium oxide particles doped with NTEP.
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atomic number, the stronger the backscattered electron signal
and the higher the brightness. The average atomic number of
NdMnO3 is much larger than that of calcium oxide, so the
bright spot in Fig. 3(b) is NdMnO3. At the same time, it can be
seen from the comparison of Fig. 3(c) and (d) that after 260
cycles, NdMnO3 partially migrates and agglomerates and the
negative thermal expansion effect area of NdMnO3 becomes
smaller, resulting in sintering at the position where there is no
NdMnO3-filled calcium oxide. The introduction of NdMnO3

with the NTE effect reduces the residual stress of calcium oxide
to generate calcium carbonate, thereby slowing down the

tendency of the established structure to be destroyed by ther-
mal stress. Macroscopically, the volume expansion is alleviated,
and the sintering problem of particles is effectively solved
through the thermal expansion regulation effect.

2.3 Application promotion

To make them suitable for the large-scale industrialization
reaction, the particles will be broken and worn down during
the continuous tumbling and collision process. However,
micron-sized particles do not have mechanical strength due
to their small size, agglomeration, and coagulation, which lead

Fig. 4 Comprehensive properties of millimeter-scale particles: (a) the average mechanical strength of the particles under different doping, (b) the
spectral absorption, (c) and (d) the heat storage density and thermal efficiency of particles with different doping ratios under 20 cycles, (e) the heat
storage density and thermal efficiency of particles with Nd : Al : Fe = 5 : 10 : 5 and pure calcium oxide under 100 cycles, and (f) the comparison of energy
storage density and solar absorption in different references and this work.

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 4
:2

1:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00379e


© 2023 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2023, 2, 1761–1769 |  1767

to an extremely poor fluidization effect. In addition, the separa-
tion of powder is difficult, which is not conducive to transpor-
tation and storage, and the leakage will affect health after being
inhaled by the human body. Therefore, composite particles
with a diameter of 1 mm are synthesized to ensure mechanical
strength during fluidization. A manual pressure testing
machine (Lingyue, LYYS-100N) was adopted to measure the
mechanical strength of calcium oxide particles in different
proportions. According to the method of taking the average
value of ten measurements, the mechanical strength para-
meters of the particles were accurately obtained. Fig. 4(a) shows
that the average mechanical strength of pure calcium oxide
particles was 0.343 N, which is very easy to break, while the
average mechanical strength of the sample doped with a molar
ratio of Nd : Al : Fe = 5 : 10 : 5 was 4.277 N. The measurement
errors were also calculated, and the errors of the four groups of
particles after ten measurements were 0.132, 0.498, 0.534 and
0.455, respectively. The results show that with the increase in
doping, the average mechanical strength of the particles gra-
dually increased. After doping with NdMnO3, the mechanical
strength was maintained above 2 N, which can maintain a
certain mechanical strength during the fluidized collision
process and is suitable for multi-cycle thermochemical energy
storage systems. The spectral absorptivity of the particles was also
thoroughly tested. Fig. 4(b) shows that the spectral absorptivity of
the CM particles of 5–10–5 was 10.4 times higher than that of pure
calcium oxide particles, and 6.16% higher than that of micron-
sized particles, reaching 90.8%, which can realize extremely
efficient light-to-heat conversion performance.

As shown in Fig. 4(c), the proportion of doped NTEP
increased and the initial energy storage density gradually
decreased. The initial energy storage density of particles with
a doping ratio of Nd : Al : Fe =5 : 10 : 5 (2589 kJ kg�1) was lower
than the initial energy storage density (3162 kJ kg�1) of pure

calcium oxide but after 20 cycles, the energy storage density
of doped particles remained at 2253 kJ kg�1, which is much
higher than that of pure calcium oxide particles (1034 kJ kg�1).
Meanwhile, the thermal efficiency of particles with different
doping ratios under 20 cycles was tested. The results show that
the thermal efficiency at the beginning of the cycle decreased
with the increase of the dopant content, while the cycle stability
increased with the increase of the dopant content. To balance
thermal efficiency, energy storage density and cycle stability,
among the three groups of different doping components, the
composite calcium oxide particles with Nd : Al : Fe = 5 : 10 : 5
showed the best comprehensive performance. Therefore, the 5–
10–5 sample was further tested in a long-cycle experiment.
Fig. 4(e) shows that the initial energy storage density of pure
calcium oxide was 2863 kJ kg�1 but only 616 kJ kg�1 remained
after 100 cycles. However, although 5–10–5 also had a down-
ward trend, the energy storage density was 1516 kJ kg�1 after
100 cycles and the thermal efficiency was 59.8%. Compared
with pure calcium oxide particles, the heat storage performance
increased by 146.2%. This indicates excellent anti-sintering and
heat storage properties.

To intuitively demonstrate the advantages of the negative
thermal expansion strategy proposed in this work, the results of
energy storage density and spectral absorptivity of different
calcium-based particles in the references are compared at the
same time. Fig. 4(f) shows that the solar absorption rate of
5–10–5 particles treated with the thermal expansion compensa-
tion effect was 90.8%, and the maximum energy storage density
after 15 cycles was 2352 kJ kg�1, both of which are significantly
higher as compared with previous work, which shows its great
potential for solar thermochemical energy storage. The specific
data are shown in Table S1 (ESI†).

Fig. 5(a) displays the morphological changes of pure calcium
oxide particles before and after 100 cycles on two scales. Before

Fig. 5 Morphology changes and element distribution: (a) and (b) the evolutions of pure calcium oxide and composite calcium-based particle
morphology (SEM); (c) the energy spectrum distribution of composite materials.
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carbonation, the size of the calcium oxide grains was about
300 nm, and the arrangement was close. However, after 100 cycles,
the grain boundaries of calcium oxide disappeared and the
phenomenon of aggregation occurred. This indicates that in the
process of high-temperature carbonation, calcium oxide cells
absorb carbon dioxide and convert it to calcium carbonate,
expanding in volume, causing solids to move closer together and
form large polymers covering the reaction surface. With the
increase in the number of cycles, the grain size of calcium oxide
gradually increased, resulting in a more serious agglomeration
process and lower porosity. Besides, the morphology of calcium
oxide grains doped with NdMnO3 and Al–Fe oxides did not change
significantly after 100 cycles in Fig. 5(b), and nanopores and
micropores were present, indicating that the doped materials
effectively regulated the agglomeration process between calcium
oxide grains. The energy spectrogram in Fig. 5(c) shows that the
doped elements are relatively uniformly distributed, indicating that
the physical synthesis method can achieve uniform doping effects.

3. Conclusion

This work proposes a calcium cycle anti-sintering control
strategy that uses the negative thermal expansion properties
of NdMnO3 to slow down the sintering and agglomeration of
calcium oxide particles. By adjusting the coefficient of thermal
expansion (CTE) of the composite calcium-based material, the
thermally induced cracking caused by the mismatch of the CTE
of different doped materials can be effectively alleviated. A set
of evaluation indexes to quantitatively evaluate long-cycle heat
storage performance is proposed, where after 260 cycles of
material-modified calcium oxide particles, the energy storage
density of particles doped by 5 : 10 : 5 remains at 1554 kJ kg�1.
The spectral absorptivity increased by 980%, and the mechan-
ical strength of the particles increased to 4.277 N. The stable
and durable energy storage performance of the material has
been improved by leaps and bounds. The morphology changes
before and after 260 cycles were observed from the microscopic
scale; NdMnO3, with the NTE effect, reduced the residual stress
of calcium carbonate generated from calcium oxide through
lattice distortion, thereby slowing down the tendency of the
established structure to be destroyed by thermal stress. From
the perspective of atomic vibration, the phonon spectrum of
NdMnO3 was obtained by the finite displacement method, and
the thermal expansion coefficient of the material was calculated
by QHA, which further verified its negative thermal expansion
characteristics. Macroscopically, the volume expansion was
alleviated, and the sintering problem of particles was effectively
solved through the thermal expansion regulation effect. This
provides a new strategy for thermochemical energy storage
materials for large-scale industrial applications.

Data availability

Synthesis methods, measurements and computational methods
can be found in the ESI.† Upon request to the corresponding

author, further information supporting this study can be made
available.
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