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An alumina phase induced composite
transition shuttle to stabilize carbon
capture cycles

Xingyue Ma1,2, Shuxuan Luo1,2, Yunhui Hua3, Seshadri Seetharaman4,
Xiaobo Zhu5, Jingwei Hou 6 , Lei Zhang 1,2, Wanlin Wang 1,2 &
Yongqi Sun 1,2

Limiting global warming to 1.5-2 °C requires a 50-90% reduction in CO2 emis-
sions in 2050, depending on different scenarios, and carbon capture, utiliza-
tion, and storage is a promising technology that can help reach this objective.
Calcium oxide (CaO) carbon capture is an appealing choice because of its
affordability, large potential capacity, and ability to withstand the high tem-
peratures of flue gases. However, the structural instability and capacity fading
challenge its large-scale industrial applications. Here, we design a reversible
reaction shuttle in CaO-based sorbents to improve the structure stability by
changing the initial alumina phases. Diverse alumina phases (x-Al2O3) are first
synthesized and utilized as the aluminum source for creating CaO@x-Al2O3

composites. As expected, the CaO@δ-Al2O3 composite demonstrates a
carbon capture capacity of 0.43 g-CO2/g-sorbent after 50 cycles, with an
impressive capacity retention of 82.7%. Combined characterizations and
calculations reveal that this stability improvement is attributed to a transi-
tion shuttle between Ca3Al2O6 and Ca5Al6O14, which can effectively restrain
the complete decompositions of those structure-stabilized intermediate
phases. An economic assessment further identifies the significance of heat
transfer efficiency improvement upon cycles, and control of capital/opera-
tion cost, energy price and carbon tax for a future cost-effective commer-
cialization of current strategy.

Implementing measures to reduce emissions, and exploring CO2 cap-
ture, utilization and storage (CCUS) technologies are important steps
to achieve the global 1.5 °C climate goal1–6, especially considering the
incomplete substitution of fossil fuels globally in the coming
decades7–9. In the context of CCUS, CO2 capture stage accounts for
~70% of the total cost of the process, mostly due to the substantial
decarbonation energy input4,6,10. Given this, it is crucial to develop an

affordable capture technique for its widespread use in industries.
Compared to the low-temperature carbon capture sorbents such as
amine-based sorbents, solid CaO emerges as a particularly advanta-
geous material, characterized by its low cost and high theoretical CO2

capture capacity (0.786 g-CO2/g-CaO)
6,11,12. Notably, its intrinsic benefit

lies in its aptitude for operation at high temperatures-carbonation
within 500 ~ 850 °C anddecarbonation at 850 ~ 1000 °C7,9,13. This aligns
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well with the high-temperature nature of flue gases (>500 °C), allowing
for the utilization of sensible heat in flue gases for sorbent dec-
arbonation through strategically designed heat compensation
approaches.

Pure CaO faces challenges to maintan its high CO2 capture capa-
city during the repeated carbonation/decarbonation cycles. The
working temperature of CaO-based sorbents is higher than the Tam-
mann temperature of CaCO3 (~530 °C), which accelerates the particle
sintering and structure failure, as well as deactivation upon cycling14,15.
Several strategies have been devised to improve its anti-sintering
property and cyclic stability, such as preparation of nanosized CaO to
augment reaction areas16, implementation of a hollow core-shell tex-
ture to accommodate volume expansion/contraction17, and the
incorporation of inert supports such as Al2O3, MgO, SiO2 and Y2O3, to
bolster anti-sintering capability18–22.

Al2O3 accounts for a representative inert support for structure
stabilization, and the formation of ultrastable intermediate phases,
such as Ca12Al14O33, Ca3Al2O6 and CaAl2O4, is very important for sor-
bent stabilization22–33. Previous studies have largely concentrated on a
single aluminum source especially γ-Al2O3 as a structural matrix for
CaO, neglecting the role of diverse Al2O3 phases and their further
distinct influences on the formation and transitions of intermediate
phases22–33. In this case, the newly formed intermediate phases in the
CaO@Al2O3 composites after calcination are determined by an equi-
librium reaction, which also results in a limited improvement of cyclic
stability27,29,31–33. Al2O3 exhibits multiple phases such as γ-, θ-, δ-, and α-
Al2O3, each possessing distinct characteristics, such as surface area,
structural disorder, and thermodynamic stability34,35. Those unique
properties could further affect their reaction with CaO as well as the
formation of local intermediate phases, therefore influencing the
effectiveness of structure stabilization upon cycling.

In this study, we tune the intermediate phases in the CaO@Al2O3

composites by using various Al2O3 phases (γ, δ, δ&θ and α). The
CaO@δ-Al2O3 composite exhibits outstanding CO2 capture perfor-
mance, boasting an impressive ~82.7% capacity retention after 50
cycles, in stark contrast to the ~27.8% observed for pure CaO. Our
exploration reveals the coexistence of two intermediate phases, spe-
cifically Ca3Al2O6 and Ca5Al6O14, within the CaO@δ-Al2O3 composite.
Further characterizations and calculations confirms a reversible tran-
sition between those phases, which curtails their decomposition dur-
ing high-temperature cycling. An economic assessment substantiates
the commercial viability of the present innovative strategy, which
revolves around augmenting heat transfer efficiency andmeticulously
managing energy prices and carbon taxes.

Results
Varying alumina phases to target induce CaO@Al2O3

composites
The fabrication process of CaO@x-Al2O3 composites, directed by the
equilibrium phase transitions within a binary CaO-Al2O3 system
(Fig. 1a), comprises twoprimary steps. Firstly, different alumina phases
are synthesized through directly calcining γ-Al2O3 phase at specific
temperatures (Fig. 1b, c). Secondly, the resulting x-Al2O3 (where x
includes γ, δ, δ&θ and α) is mixed with calcium acetate and then fur-
ther sintered under an air atmosphere (Fig. 1b, c). This leads to the
formation of target CaO@x-Al2O3 composites, characterized by
diverse intermediate phases including Ca3Al2O6 and Ca5Al6O14

(Fig. 1d, e). According to the CaO-Al2O3 phase transitions (Fig. 1a),
Ca3Al2O6 is the only intermediate phasewith a CaO/Al2O3mass ratio of
8:2. Nevertheless, we fabricate more intermediate phases by using
varying x-Al2O3 phases at a same CaO/Al2O3 mass ratio in this study.

Alumina X-ray diffraction (XRD) patterns (Fig. 1d) reveal a phase
transition from γ-Al2O3 to new δ- and θ&δ-Al2O3 following calcination
at 900 and 1000 °C, respectively. Both phases show weak-crystallinity
XRD patterns due to their high structural disorder. In comparison, α-

Al2O3 calcined at 1200 °C shows a higher crystallinity as well as a
stronger thermal stability35. XRD patterns of the CaO@x-Al2O3 com-
posites (Fig. 1e) exhibit the strong characteristic peaks of CaO.
Ca3Al2O6 is formed when γ-, δ- and θ&δ-Al2O3 are used as aluminum
source. Interestingly, as the alumina phase changes from γ- to δ-, θ&δ-
and α-Al2O3, a new Ca5Al6O14 phase is generated in the composites. It
should be pointed out that the CaO/Al2O3 mass ratio in those inter-
mediate phases (such as Ca3Al2O6 and Ca5Al6O14) is much less than the
initial ratio of 8:2, indicating dominant CaO is used for CO2 capture.
Residualα-Al2O3 is found inCaO@α-Al2O3 compositewith very limited
Ca5Al6O14 phase (Supplementary Fig. 1). This highlights the importance
of alumina phase regulation to tune the formation of intermediate
phases in final CaO@x-Al2O3 composites.

From the X-ray photoelectron spectroscopy (XPS, Supplementary
Figs. 2–4), we identify lower binding energies of the Al 2p spectra in
CaO@γ-Al2O3, CaO@δ-Al2O3, CaO@θ&δ-Al2O3 composites than
CaO@α-Al2O3 composite. Al only exhibits AlO4 tetrahedral coordina-
tion in the intermediate phases of Ca5Al6O14 and Ca3Al2O6

28. However,
the α-Al2O3 and Ca5Al6O14 phases in CaO@α-Al2O3 composite consist
of both AlO6 octahedral and AlO4 tetrahedral coordination. A decrease
in the coordination number of Al could result in a lower binding energy
in the Al 2p XPS (Supplementary Fig. 2b)36, as will be further proved by
solid state 27Al MAS-NMR tests. In this case, the XPS results prove a
more efficient use of alumina in CaO@δ-Al2O3 and CaO@θ&δ-Al2O3

composites, agreeing with the Raman spectra results (Supplementary
Figs. 5, 6)37,38. A further variation of the CaO/Al2O3mass ratios (6:4 and
4:6) generates abundant intermediate phases for CaO@γ-Al2O3 com-
posites in a wide composition range (Supplementary Figs. 7,8). This
specific Ca3Al2O6 and Ca5Al6O14 intermediate phase pair can be
induced as varying CaO/δ-Al2O3 mass ratios (6:4, 7.6:2.4, 8:2 and 9:1)
(Supplementary Fig. 9).

Morphology and microstructures of CaO@Al2O3 composites
All composites feature abundant porous structures (Supplementary
Fig. 10) created by the decomposition of calcium acetate with the
release of CO2 and gaseous H2O. Those porous structures provide
pathways for the diffusion of CO2 and increase the reaction between
CO2 and CaO. The fabricated composites have similar specific surface
areas (Supplementary Fig. 11) and even distributions of Ca and O ele-
ments, with a relatively uneven distribution of Al element due to its
multiple phases. Based on the high resolution transmission electron
microscope (HTEM), we identify the intermediate phases in CaO@x-
Al2O3 composites (Fig. 2a–d). In the CaO@x-Al2O3 composites, a
0.269 nm interplanar spacing is attributed to Ca3Al2O6, while a
0.289 nm interplanar spacing is assigned toCa5Al6O14. Alongside those
intermediate phases, an interplanar spacing of 0.237 nm corresponds
to α-Al2O3. Interplanar spacings of 0.277 nm and 0.240 nm are
assigned to CaO. The obtained HTEM results align with the XRD
patterns.

To clarify the formation of intermediate phases in CaO@x-Al2O3

composites induced by different alumina phases, we calculate the
Gibbs free energy change (ΔG) of a reaction between CaO and various
alumina phases to form Ca3Al2O6 at 900 °C (Supplementary Table 1).
As the alumina varies from α-, δ-, to γ-Al2O3, ΔG becomes more
negative. This could cause a larger amount of Ca3Al2O6 when using γ-
Al2O3 as an aluminum source over other alumina phases. We further
measure the solid-state 27Al magic-angle spinning-nuclear magnetic
resonance (27Al MAS-NMR) spectra of x-Al2O3 (Fig. 2e). Two peaks
centered at approximately 8 and 74 ppm confirm the presence of
tetrahedral (AlO4) and octahedral (AlO6) coordinated Al-O units and
their fractions are quantified (Supplementary Table 2). As the alumina
varies from γ-, δ-, δ&θ-, to α-Al2O3, the AlO6 concentration gradually
increases (from 65.9 to 92.2%) with less AlO4. In α-Al2O3, AlO6 is the
dominant structural unit with limited AlO4. Those stable AlO6 should
first convert into AlO4 and then react with CaO to form calcium
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aluminates (Fig. 2g). In comparison, δ-Al2O3 with more AlO4 units can
directly react with CaO and thus remain in the formed calcium alu-
minates (Fig. 2h). The structure similarity between alumina and cal-
cium aluminates causes the distinct reaction activities between
alumina and CaO, and thus the formation of different intermediate
phases.

To further explore the intermediate phases in the fresh CaO@δ-
Al2O3, CaO@θ&δ-Al2O3, and CaO@α-Al2O3 composites, we measure
their solid-state 27Al MAS-NMR (Fig. 2f) and further quantify their
relative amounts. As aforementioned, in both Ca5Al6O14 and Ca3Al2O6,
Al sites are predominantly in AlO4, while AlO6 is attributed to alumina
only. Therefore, there are residual alumina in CaO@δ-Al2O3,
CaO@θ&δ-Al2O3 and CaO@α-Al2O3 composites. We find that CaO@δ-
Al2O3 composite exhibits a lower ratio of AlO6 toAlO4 (0.33) compared
to CaO@θ&δ-Al2O3 (0.52) and CaO@α-Al2O3 (1.85) composites (Sup-
plementary Table 3). This indicates that CaO@δ-Al2O3 composite has

the highest amount of intermediate phases or the highest use of alu-
mina, which agrees with the XPS results (Supplementary Fig. 2b).

CO2 capture performances
Those CaO@x-Al2O3 composites have similar initial CO2 capture
capacities as the amount of reactive CaO are similar (Fig. 3a and Sup-
plementary Figs. 12, 13). After 20 cycles, CaO@δ-Al2O3 composite
exhibits the highest capacity retention of 88.5% (0.46 g-CO2/g-sor-
bent), surpassing CaO@θ&δ-Al2O3 of 76.9% (0.42), CaO@γ-Al2O3 of
68.5% (0.37), and CaO@α-Al2O3 of 57.9% (0.33) (Fig. 3b). Notably,
CaO@δ-Al2O3 and CaO@θ&δ-Al2O3 composites show enhanced CO2

capture stability over the CaO@γ-Al2O3 composite, which could be
attributed to the coexistance of Ca3Al2O6 and Ca5Al6O14 phases in the
composites and the stabilization effect. In comparison, the pure CaO
without alumina shows the highest initial CO2 capture capacity (0.73
g-CO2/g-sorbent) but with a very low retention rate of 27.8%

Fig. 1 | Alumina phases induce CaO@Al2O3 composites. a Equilibrium phase
transitions in a binary CaO-Al2O3 system, which show the intermediate phases
formed at varying CaO/Al2O3 mass ratios at 900 °C. b Fabrication process of
CaO@x-Al2O3 composites include alumina phase regulation and composite

synthesis. cDetailed phase changes during the fabrication process. d XRD patterns
of the newly synthesized x-Al2O3 phases by calcining γ-Al2O3 at different tem-
peratures. e XRD patterns of the CaO@x-Al2O3 composites.

Article https://doi.org/10.1038/s41467-024-52016-y

Nature Communications |         (2024) 15:7556 3

www.nature.com/naturecommunications


Fig. 2 | Intermediate phase identification of CaO@x-Al2O3 composites.
a–d HTEM images with interplanar spacing characterization of CaO@x-Al2O3

composites: (a) CaO@γ-Al2O3, (b) CaO@δ-Al2O3, (c) CaO@θ&δ-Al2O3, and (d)
CaO@α-Al2O3. e, f Solid-state 27AlMAS-NMR spectra: (e) γ-Al2O3,δ-Al2O3,θ&δ-Al2O3

and α-Al2O3, (f) fresh CaO@δ-Al2O3, CaO@θ&δ-Al2O3 and CaO@α-Al2O3 compo-
sites. g, h Structural comparisons: (g) α-Al2O3 with Ca5Al6O14, (h) δ-Al2O3 with
Ca3Al2O6 and Ca5Al6O14 at different views.
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(Supplementary Table 4). The decarbonation temperature (over
900 °C) is higher than the Tammann temperature of CaCO3, which
could result in particle agglomerations for all samples. Both pure CaO
and CaO@α-Al2O3 composite have severe surface clogging after 20
cycles, leading to their decline in the CO2 capture capacity (Supple-
mentary Fig. 14). However, the surface voids of CaO@γ-Al2O3, CaO@δ-
Al2O3 and CaO@θ&δ-Al2O3 composites exhibit minimal blockage,
aligning with their remarkable capacity retentions (Supplementary
Figs. 14,15).

For the best performing sample (CaO@δ-Al2O3), it retains a very
high CO2 capture capacity of 0.43 g-CO2/g-sorbent or capacity reten-
tion of 82.7% after 50 cycles (Fig. 3c, d), with a goodpreservationof the
surface porous structure (Supplementary Fig. 14). The CO2 capture
capacity of the CaO@δ-Al2O3 composite remains high over cycles 51-
100 (Supplementary Fig. 16), with minimal decay after approximately
70 cycles. Additionally, further CO2 capture tests involving a carbo-
nation in a mixing gas and a decarbonation in pure CO2 show that the
CaO@δ-Al2O3 compositemaintains a high capacity in amixing gaswith
15 vol. % CO2 comparable to that carbonated in pure CO2 (Supple-
mentary Fig. 17) and a relatively high capacity even in amixing gas with
a very low CO2 concentration of 1.5 vol. % (Supplementary Fig. 18).
However, the kinetics may be influenced differently, with a rapid
transition from the chemically-controlled region to the diffusion-

controlled region observed in the mixing gas, as opposed to the evi-
dent mixing-controlled region (both chemically-controlled and diffu-
sion-controlled) observed in pure CO2 (Supplementary Fig. 19)39,40. In
comparison, CaO@δ-Al2O3 composite in this study shows an excellent
CO2 capture performance with a comprehensive consideration of raw
materials and preparation methods (Supplementary Table 5). Further
EDX mapping results (Supplementary Fig. 20) show that there is no
significant phase separation of the Al and Ca in the CaO@δ-Al2O3

composite after the cycling test. In comparison, CaO@α-Al2O3 com-
posites experiences significant Al and Ca separation (Fig. 3e), con-
firming the satisfactory stability of the CaO@δ-Al2O3 composite. In
addition to preventing sintering, the enhanced structural stability
provided by various Al2O3 phases could help mitigate attrition/frag-
mentationphenomena, thus facilitating future applications inpractical
reactors such as a fluidized bed41–43.

Transition between Ca5Al6O14 and Ca3Al2O6

To probe the underlying phenomena of the sorbent degradation
during CO2 capture, both XRD (Fig. 4a) and HTEM (Fig. 4b) are
employed to examine the samples after numerous cycles. The results
reveal the coexistence of Ca5Al6O14, Ca3Al2O6 and residual CaCO3 in
CaO@δ-Al2O3 composite after 20 and 50 cycles. Those results prove
the stability of intermediate phases, which is related to it is excellent

Fig. 3 | Performance evaluations and structural characterizations of CaO@x-
Al2O3 composites. aCO2 capture cycles of the CaO@x-Al2O3 composites involving
a carbonation at 700 °C for 30min followed by a decarbonation at 900 °C for
10min. b A summary of cycle retentions of the CaO@x-Al2O3 composites after 20

cycles from (a). c The CO2 capture cycles of the CaO@δ-Al2O3 composite over
repeated 50 cycles. d Detailed CO2 capture cycles of the CaO@δ-Al2O3 composite
at the 1st, 20th and 50th cycles. e The SEM and EDXmappings of the CaO@δ-Al2O3

and CaO@α-Al2O3 composites after 20 cycles’ CO2 capture.
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performance. We further find CaO@δ-Al2O3 and CaO@θ&δ-Al2O3

composites showbetter CO2 capture performance thanother samples,
with the the coexistence of Ca5Al6O14 and Ca3Al2O6 in those two
composites. Regarding CaO@γ-Al2O3 composite, it is noteworthy that
Ca3Al2O6 alone also enhances CO2 capture stability compared to pure

CaO, albeit to a lesser extent thanobservedwithCaO@δ-Al2O3. Instead
of a Ca5Al6O14 and Ca3Al2O6 pair in the CaO@δ-Al2O3, Ca3Al2O6 could
also remain in the CaO@γ-Al2O3 composite to stabilize the first 20
cycles’ CO2 capture (Supplementary Fig. 21), which agrees with the
reported results24,27,28,30,31.

Fig. 4 | A composite transition shuttle between Ca3Al2O6 and Ca5Al6O14 to
stabilize CO2 capture cycles. a–c Phase and structure analyzes upon the carbo-
nation/decarbonation cycles: (a) XRD patterns and (b) HTEM images after 20 or 50
cycles of the CaO@δ-Al2O3 composite; (c) XRD patterns of the CaO@δ-Al2O3

composite after the 1st and 2nd carbonation/decarbonation cycles. d A schematic
diagram of the conversion relationship betweenCa3Al2O6 and Ca5Al6O14 during the

CO2 capture process, mainly reflected in the peak intensity ratio of Ca3Al2O6-(440)
to Ca5Al6O14-(132) from (c). e A summary diagram of the composite transition
shuttle between Ca3Al2O6 and Ca5Al6O14 where ΔG values are used to show the
conversion directions (√ indicates that the reaction can proceed and × indi-
cates not).
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To experimentally investigate the working mechanism of
Ca3Al2O6 and Ca5Al6O14, slow scanning XRD patterns of the CaO@δ-
Al2O3 composite are collected after the 1st and 2nd cycles to quantify
the amount ratios of those two intermediate phases (Fig. 4c, d and
Supplementary Table 6). During the 1st decarbonation stage (900 °C),
the relative amount of Ca3Al2O6 to Ca5Al6O14 increases, as indicated by
an increased main peak intensity ratio of Ca3Al2O6-(440) to Ca5Al6O14-
(132). During the 2nd carbonation stage, the relative amount of
Ca3Al2O6 to Ca5Al6O14 decreases, and it increases again during the 2nd
decarbonation stage (Supplementary Table 6). Those results show a
consistent conversion relationship between two intermediate phases.
This involves a transition from Ca3Al2O6 to Ca5Al6O14 during the car-
bonation stage, stabilizing Ca3Al2O6 from being completely decom-
posed into alumina aswell as theCO2 capture conversion betweenCaO
and CaCO3. Subsequently, Ca5Al6O14 converts back to Ca3Al2O6 during
the decarbonation stage. The transition reactions between Ca5Al6O14

and Ca3Al2O6 are further verified by the in-situ XRD results (Supple-
mentary Fig. 22) during the 1st and 2nd CO2 capture cycles. This newly
found transition enriches the material design for CaO-based CO2

capture using the classical binary CaO-Al2O3 system, and the longevity
of this transition is demonstrated even after 20 cycles (Supplementary
Fig. 23). Additionally, this transition still works as varying CaO/δ-Al2O3

mass ratios (7.6:2.4 and 9:1), detailed in Supplementary Fig. 24.
To verify this result in theory, the ΔG of those conversion reac-

tions of Ca3Al2O6 and Ca5Al6O14 into alumina at various reaction
temperatures are calculated (Fig. 4e and Supplementary Table 7).
During the carbonation stage at 700 °C, the ΔG of Ca3Al2O6 decom-
position into alumina is −83.97 kJ/mol, indicating a spontaneous
reaction. Under the same condition, the ΔG of Ca5Al6O14 decomposi-
tion into alumina is 10.77 kJ/mol, indicating a non-spontaneous reac-
tion. However, for the phase transition from Ca3Al2O6 to alumina, the
formation of Ca5Al6O14 could be an important intermediate state. In
order to verify this, the ΔG of Ca3Al2O6 decomposition into Ca5Al6O14

is calculated to be a more negative value of −93.33 kJ/mol. This proves
that Ca3Al2O6 would not totally decompose into alumina but an
intermediate Ca5Al6O14 would be preferred in CO2 atmosphere.
Another key aspect is that the transformation of Ca3Al2O6 into
Ca5Al6O14 relies on the originally existed Ca5Al6O14, which could indi-
cate that the initial Ca5Al6O14, formed by regulating the alumina phase
to δ-Al2O3, works as nucleation sites for the further formation of
Ca5Al6O14 from Ca3Al2O6. During the decarbonation stage at 900 °C,
Ca5Al6O14 will react with CaCO3 and convert back to Ca3Al2O6, as
provedby a negativeΔGof this reaction (−31.73 kJ/mol). This reversible
transition shuttle between two intermediate phases contributes to an
excellent CO2 capture performance for those CaO@x-Al2O3

composites.

Process and economic perspectives of current capture strategy
Because a primary challenge in the commercialization of CO2 capture
lies in the considerable energy consumption required for sorbent
regeneration44,45, we quantify the energy requirements for our new
strategy. It should be pointed out that the reactions between inter-
mediate phases and CO2 are not considered here, given their limited
heat effect compared to the reaction between CaO and CO2 (Supple-
mentary Table 8). From the equilibrium heat required for each CO2

cycle (Fig. 5a), our findings indicate that, through an energy balance
perspective, the sensible heat within high temperature (700 oC) flue
gases can effectively offset the energy needed for sorbent regenera-
tion. This establishes a self-heating system or an exothermic process,
resulting in a net energy of −6.06 kJ/g-sorbent (Fig. 5b). Nevertheless,
achieving 100% heat transfer efficiency or an equilibrium state in
practical applications is challenging.When considering amore realistic
heat transfer efficiency of 80%, the practical net energy significantly
rises to a substantial positive value of 47.72 kJ/g-sorbent, indicating a
substantial energy input required for this system. Therefore,

improving the heat transfer efficiency accounts for a vital step for
current CaO-based CO2 capture from high temperature flue gases.
Another key process parameter is the carbonation temperature
regarding different flue gases since a lower carbonation temperature
could affect both the carbonation kinetics and energy/material costs,
which could necessitate further explorations.

Building upon the preceding process energy and material ana-
lyzes, an economic assessment is conducted per tonne of CO2 cap-
tured, assuming an 80% heat transfer efficiency. It should be pointed
that attrition/fragmentation, as an additional variable affecting energy
and material costs, warrants further study for the prospective utiliza-
tion of the newlydeveloped composites in potential reactors, such as a
fluidized bed41–43. This forward-looking approach considers prevailing
factor prices in anticipation of future commercialization (Fig. 5c).
Capital/operation and energy costs emerge as the predominant cost
factors, overshadowing the relatively minor impact of material costs
associated with CaO and Al2O3. The implementation of a carbon tax
would significantly benefit the proposed process with a by-product
(CaCO3) after decarbonation offering a small advantage. With total
costs at US$153.0 and total benefits at US$103.2, the net cost for cap-
turing one ton of CO2 through the current strategy is US$49.8. Fur-
thermore, to demonstrate the economic feasibility of our composites,
we systematically analyze the energy and material costs associated
with 20 cycles of pure CaO and CaO@Al2O3 sorbents (Fig. 5d). We find
CaO@Al2O3 composite has a higher material cost (US$4.4), a lower
energy cost (US$7.5), and thus overall lower material and energy costs
over pure CaO (US$3.1). We further compare the energy and material
costs of CaO@Al2O3 composite after 50 cycles and pure CaO after 20
cycles (Fig. 5e). As noted, extending the working cycles (from 20 to 50
cycles) results in further reductions in the energy andmaterial costs of
the CaO@Al2O3 composite, making them significantly lower than
those of pure CaO (20 cycles). This further substantiates the advan-
tages of the CaO@Al2O3 composite.

Considering the potential variability in factor prices and their
impact on the economic viability of the current strategy, we proceed
with an economic sensitivity analysis (Fig. 5f). Heat transfer efficiency,
capital/operation costs, energy prices and carbon tax exhibit sig-
nificant impacts on the net cost/benefit per tonne of CO2 captured. A
50% reduction in capital/operation costs enhances the net economics
byUS$50. A 10% increase in heat transfer efficiency contributes to a US
$28 net value increase, whereas a 10% decrease leads to a US$34
decrease. A 50% surge in energy prices decreases the net value by US
$23 and conversely, a 50% decrease increases the net value by US$23.
The carbon tax constitutes the primary benefit, and a 50% increase of
carbon tax improve the net value by US$50. In contrast, the impact of
material and by-product prices is limited, with a 50% increase in
material price causing a net value decrease by US$3. It is worth noting
that when heat transfer efficiency increases by 10%, we can have a very
low net cost of carbon capture (US$22 per tonne of CO2 captured).
Furthermore, two extreme cases with a 50% decrease in capital/
operation costs or a 50% increase in carbon tax allow for the devel-
opment of a near-zero-cost process, underscoring the promising out-
look and clear objectives of this new strategy.

In summary, we have designed a novel method to yield highly
effective CaO@Al2O3 composites for CO2 capture, which involves
initially controlling the alumina phases (x-Al2O3) and subsequently
sintering CaOwith x-Al2O3. Based on this newmethod, we successfully
induce the formation of Ca3Al2O6 and Ca5Al6O14 intermediate phases
in CaO@δ-Al2O3 composite while ensuring a high proportion of active
CaO. A reversible transition reaction between Ca3Al2O6 and Ca5Al6O14

continuously works upon long-term cycling, which contributes to a
considerably improved structure stability of CaO@δ-Al2O3 composite.
The target incorporation of stable intermediate phases and inter-
mediate reactions, to prevent deactivation of materials, provides new
ideas to improve structure-stability for future material design and
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Fig. 5 | Process and economic analyzes for current CaO-based carbon capture.
a Energy required per gramof CaO-based sorbent for each cycle. bTotal energy
required per gramof sorbent for 50 cycles. c Economic assessment per tonne of
CO2 captured at a heat transfer efficiency of 80% for future CaO-based
carbon capture. d, e Comparison of energy and materials costs of (d) pure
CaO and CaO@Al2O3 sorbents working for 20 cycles and (e) CaO@Al2O3

sorbent working for 50 cycles and pure CaO for 20 cycles. f Economic sensi-
tivity analysis identifying the roles of key cost and benefit factors. Economic

and economic sensitivity analyzes per tonne of CO2 captured (c–f) are based on
the process energy andmaterial analyzes per gram of CaO-based sorbent (a, b)
as well as those practical factors’ prices. Equ represents the equilibrium net
energy required for a carbonation-decarbonation cycle singly based on energy
balance with a heat transfer efficiency of 100%, and η represents practical heat
transfer efficiency. We use the same value for different steps in a whole process
to simplify the estimations and the cases of Equ, 90%, 80% and 70% are analyzed
in this study.
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development. Process and economic assessments further prove that
heat transfer efficiency as process factor, capital/operation and energy
as costs and carbon tax as benefits dominantly affect the future
commercial perspective of current new strategy.

Methods
Material preparation
In this study, analytical reagent γ-Al2O3 (≥99%, Sigma-Aldrich) and
calcium acetate (≥99%, Sigma-Aldrich) are used for the synthesis of
samples. We first fabricate a series of alumina phases, δ-, θ&δ- and α-
Al2O3, by direct calcining γ-Al2O3 at 900, 1000 and 1200 °C for 2 h,
respectively. We then prepare CaO@γ-Al2O3, CaO@δ-Al2O3,
CaO@θ&δ-Al2O3 and CaO@α-Al2O3 composites based on those novel
alumina phases. It should be pointed out that we adopt x-Al2O3 and
CaO@x-Al2O3 to denote the varying alumina phases and the corre-
sponding composites synthesized in this study, respectively. Appro-
priate masses of calcium acetate and x-Al2O3, with a CaO/Al2O3 mass
ratio of 8:2, are weighed and mixed to ball milling for 6 h at a rota-
tional speed of 800 r min−1. Following this, the mixtures are heated
with a ramp rate of 5 °C min−1 and sintered at 900 °C for 2 h to yield
the designed CaO@x-Al2O3 composites. In addition, for comparative
analyzes, pure CaO is also utilized for further CO2 capture tests, which
is prepared by calcining calcium acetate using the identical sintering
process as that of the CaO@x-Al2O3 composites.

Material characterization
The phases and crystallinity of x-Al2O3 and CaO@x-Al2O3 composites
are first characterized using an X-ray diffraction (XRD, D/max 2500,
Rigaku) technique with a Cu Kα radiation (λ = 1.5418Å). A scanning
voltage of 40 kV and a current of 40mA are used. Both the x-Al2O3 and
the composites are scanned in the 2θ range of 10–80°with a step size of
0.013° and a scan rate of 4° min−1. To quantify the intermediate phases
in those composites, a 2θ range of 30-35° is further scanned with a step
size of 0.013° and a smaller scan rate of 1° min−1. Additionally, the phase
transitions of CaO@δ-Al2O3 composite during the 1st and 2nd CO2

capture cycles have been tested using in-situ XRD (Empyrean, Panaly-
tical) in a 2θ range of 30–35° with a scan rate of 2°min−1. Raman spectra
of those samples are acquired across the Raman shift range of 100-
1800 cm−1 using an excitation laser (InVia, Renishaw) with a wavelength
of 514 nm. Solid-state 27Al magic-angle spinning-nuclear magnetic
resonance (MAS-NMR) spectra are further recorded to identify the
coordination states of Al elements using a single-resonance spectro-
meter with a 2.5mm HX probe (Avance NEO, Bruker). We also measure
the N2 physisorption isotherms of those composites (ASAP2460,
Micromeritics) and calculate their pore size distributions. X-ray pho-
toelectron spectroscopy (XPS, ESCALab250Xi, Thermo Fisher Scien-
tific) is further employed to investigate the surficial chemical states of
the elements in those samples (Al 2p, Ca 2p, and O 1 s).

Moreover, to clarify the morphological evolutions of those
CaO@x-Al2O3 composites, a comprehensive range of characterization
techniques are employed. A high-resolution field-emission scanning
electronmicroscopy (FE-SEM, Sigma 300, Zeiss) is utilized to visualize
the samples. Prior to imaging, the samples are sputter-coated (Quorum
SC7620, Oxford) with Au to improve their conductivity. A secondary
electrondetector (SE2, JEOL) equippedwith anenergy-dispersiveX-ray
(EDX, Smartedx) is used to map the Ca, Al and O elements. When
capturing the morphology and EDX mappings of the samples, the
operating voltage is set to 3 and 15 kV, respectively. Transmission
electron microscopy (TEM, JEM-F200, JEOL) equipped with a large
collection-angle EDX (JED-2300T, JEOL) detector is utilized to analyze
the microstructures of the samples as well as to identify the local
phases at a high resolution (HTEM). Before the TEM tests, the sample
powders are dispersed into an ethanol solution for ultrasound, and
then a few drops of the dispersed liquid are taken and dripped on the
Cu grids, which can be used for testing after thorough drying. The

operating voltage is set to 200 kV in TEM, HTEM and EDX
mappings modes.

Performance characterization
Next, the CO2 captureperformance of those CaO@x-Al2O3 composites
synthesized is clarified based on the weight changes from thermo-
gravimetric analysis (Themys, Sataram). A ramp rate of 50 °C min−1 is
used for all heating and cooling processes. The samples ( ~ 10mg) are
loaded in a 90 µl platinum crucible and first heated to 900 °C under a
N2 flow (100mlmin−1). After calcination for 10min, the samples are
cooled down to 700 °C and the cyclic tests start with a carbonation
reaction under a CO2 flow (120mlmin−1) for 30min. The carbonated
samples then undergo a decarbonation reaction by raising the tem-
perature to 900 °C in an N2 atmosphere (100mlmin−1). The samples
are then held at this temperature for 10min. The carbonation and
decarbonation stages are repetitively carried out for designed cycles.
We further test the CO2 capture performance of CaO@δ-Al2O3 com-
positeover 10 cycles, involving a carbonation in amixing gas (15 and 1.5
vol. % CO2 in N2 for 30min) and a decarbonation in pure CO2 for
10min, to represent more practical scenarios. Simultaneously, the
weight changes of the composites are continuously monitored and
recorded during the entire operations. To eliminate any potential
influence of the crucible quality, blank experiments are conducted
using a platinum crucible to calibrate the results, following the same
testing procedure as that of the samples. This ensures that any
observed weight changes are solely attributed to the reactions of the
samples but not affected by the crucible used.

Thermodynamic calculation
In this study, we conduct a systemic thermodynamic analysis along
with the experiments to clarify our concept. The thermodynamic cal-
culation process consists of three main parts. First, a binary phase
diagram of CaO and Al2O3 is calculated by a FactSage 8.1 software
(Thermfact/CRCT and GTT-Technologies) using a “Phase Diagram”

module46. Two databases are selected, namely FactPS and FToxid. This
phase diagram serves as a crucial theoretical tool that guides the
design of our experimental procedures. Second, we employ a “Reac-
tion” module within FactSage to calculate the Gibbs free energy
change (ΔG) for some target reactions such as those for Ca3Al2O6.
Third, those calculations also help us to further determine the ΔG
values for other target equations not in the databases such as those for
Ca5Al6O14. Those calculation results allow us to identify the thermo-
dynamic feasibility of the key reactions and phase transitions in our
system more accurately (as detailed in Supplementary Note 1) along
with those experimental results.

Process and economic assessments
Utilizing the thermodynamic data of the base reactants and the per-
formance data of the CaO@Al2O3 composite (Supplementary
Tables 9,10), we perform calculations to determine the energy per
cycle of the composite for 50 cycles, as well as the total energy
required for the entire process. In this part, we consider that the heat
transfer efficiency (η) is at equilibrium, that is, 100%. Additionally, we
conduct the same calculations while varying η from equilibrium to
90%, 80%, and 70 %, respectively. An CO2 capture process comprises 7
essential steps, outlined in Supplementary Table 10. The initial or 1st
step involves heating the sample from 25 to 700 °C. The 2nd step
maintains a carbonation temperature for CO2 capture. Following the
carbonation process, the sample is heated to 900 °C, requiring addi-
tional heat absorption. In the 4th step, the sample is heated at 900 °C
for releasing CO2. The 5th step involves the temperature decreasing to
700 °C, marking the the beginning of a new cycle. The 6th step
includes cooling the sample from 900 to 25 °C, aiming to recover heat
from decarbonated CO2 as it cools to room temperature. The 7th step,
for the final carbonation cycle, involves decreasing the temperature
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from 700 to 25 °C without decarbonation. The 1st cycle encompasses
steps 1-6, while the final cycle comprises steps 2 and 7. Steps 2–6 work
in all other cycles. The detailed calculation process is presented in
Supplementary Note 2.

Based on the process analysis results, as well as the prices of each
input factor andproduct, the costs andbenefits ofdifferent factors can
be estimated. First, because the prices of input factors and products,
obtained from the pilot-scale trials and market prices47–52, are quite
different in various regions, they are harmonized considering global
income and labor levels53. Second, based on the energy balance, the
corresponding energy is transformed into electricity with a constant
price54. The prices of the individual input factors and products after
harmonization and the related conversion parameters are summarized
in SupplementaryTable 11. Third, we calculate the costs andbenefits of
the whole process based on the process analysis results, and further
analyze its economic sensitivity according to the changes in costs and
benefits caused by variations in multiple factors.

Data availability
The main data that support the findings of this study have been
included in the main text and Supplementary Information. All other
information can be obtained from the corresponding author upon
request. Source data are provided with this paper.
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