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xide sorbents for CO2 capture:
state-of-the art and future perspectives

Ribooga Chang, †a Xianyue Wu,†bc Ocean Cheung *a and Wen Liu *b

Carbon capture is an important and effective approach to control the emission of CO2 from point sources

such as fossil fuel power plants, industrial furnaces and cement plants into the atmosphere. For an efficient

CO2 capture operation, many aspects of the CO2 capture steps need to be carefully considered. Currently

the most mature CO2 capture technology is liquid amine scrubbing. Alternatively, solid sorbents can be

used to effectively capture CO2 while alleviating the disadvantages associated with liquid amine sorbents.

In this review, we critically assess solid metal oxide CO2 sorbents, especially oxides of group 1 (Li, Na and

K) and group 2 (Mg, Ca, Sr and Ba) metals, for capturing CO2 at moderate to high temperatures. In

particular, we focus on the recent advances in developing synthetic metal oxide sorbents, and the

correlation between the design, synthetic approaches and their cyclic CO2 capture performance, which

are characterised by CO2 uptake capacity, rate of carbonation and cyclic stability. The state-of-the-art,

challenges, opportunities and future research directions for these metal oxide sorbents are discussed. By

devoting more research effort to address the issues identified, there can be great potential to utilise

Group 1 and 2 metal oxides as cost-effective, highly efficient sorbents for CO2 capture in a variety of

carbon capture applications.
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1 Introduction
1.1 Background

Global warming is one of the major challenges of the present
century.1 The high concentration of CO2 in the atmosphere due
to human activity is indisputably the main cause of global
warming. In particular, the combustion of fossil fuels for elec-
tricity generation, transportation, oil rening, cement produc-
tion and metallurgy results in the release of CO2 into the
atmosphere at a rate that is far beyond what the ecosystem can
take up.2 Therefore, decarbonisation technologies have been
one of the focal points of research in science and engineering.
In a sustainable and low-carbon future, renewable energies will
eventually replace fossil fuels. In the meantime, the carbon
capture, storage and utilisation scheme (CCSU) will play an
important role as a transitional solution to provide low-
emission hydrogen, electricity and CO2-derived products from
fossil fuel feedstocks. Aer renewable energies have completely
decarbonised the energy sector, CCSU will continue to be rele-
vant to industrial processes such as steelmaking and cement
production.3

The rst step in CCSU is the capture of CO2 from point
sources of emissions or, in the case of direct air capture (DAC),
from the atmosphere. When capturing from the combustion of
fossil fuels, three main strategies exist: pre-combustion, post-
combustion and oxy-fuel combustion. Pre-combustion capture
involves extracting CO2 from syngas during hydrogen produc-
tion (by gasication, reforming and downstream purication
processes), followed by the combustion of the “blue hydrogen”
produced. Post-combustion capture is an end-of-pipe strategy
that extracts CO2 from the combustion ue gases. Oxy-fuel
combustion is proceeds by burning carbonaceous fuels in the
absence of nitrogen. The ue gas of oxy-fuel combustion, aer
the removal of water, NOx, SOx and any residue N2, can be
considered captured. The interested reader is referred to
Stanger et al.4 for detailed discussions of various carbon capture
strategies.
Ocean Cheung is an assistant
professor at the Division of
Nanotechnology and Functional
Materials at Uppsala University,
Sweden. He holds a Master of
Chemistry (MChem) degree from
the University of Warwick, UK
and a PhD in Materials Chem-
istry from Stockholm University,
Sweden. His research is focused
on the development of func-
tional porous materials for
environmental and bio-applica-

tions. Focused application areas within Dr Cheung's research
include gas/vapour adsorption/separation, catalysis water treat-
ment, and controlled drug delivery.

This journal is © The Royal Society of Chemistry 2022
Regardless of the strategy, CO2 capture requires gas separa-
tion, which can be achieved by various technologies including
chemical scrubbing, physical adsorption (physisorption), cryo-
genic distillation, membrane separation, etc. Currently, chem-
ical scrubbing using amine solutions is the most mature carbon
capture technology, which can be deployed at commercially
viable scales.5 However, CO2 capture by amine scrubbing is
energy intensive (typically 4–6 MJ kg�1 CO2 captured by mon-
oethanolamine).6 In addition, liquid amine solutions is expen-
sive to produce, corrosive, and suffers from thermal and
oxidative degradation during regeneration (although some
priority amine formulations claim superior cyclic stability).7

Physical sorption processes utilise sorbents in either liquid
form (e.g. selexol) or solid form (e.g. zeolites and metal–organic
framework) and do not require high operating temperatures.8,9

Instead, the regeneration of physical sorbents requires strong
vacuum and/or gentle heating, which are associated with unre-
coverable energy penalty. Physisorbents such as zeolites, zeo-
types, metal–organic frameworks (MOFs) tend to perform best at
ambient temperatures with respect to CO2 uptake capacity:
zeolites and zeotype typically have high CO2 uptake at low pres-
sures in the range of approximate 4–25 wt% up to 1 bar at
ambient temperatures.10 MOFs perform comparably better at
high pressures, CO2 uptake at ambient temperatures of well over
100 wt% have been reported close to the saturation pressure of
CO2 (e.g. NU-1000).11,12 It is important to note that these phys-
isorbents do not have high CO2 uptake at high temperatures (i.e.
the temperature of combustion ue gas) and therefore, the
possible use of physisorbents in CO2 will require cooling of the
ue gas. In addition, most physical sorption technologies are not
specically selective towards CO2 and must operate under dry
conditions to avoid water competing for adsorption sites. This
need to de-humidify the gas feed adds extra costs. Although
hydrophobic sorbents have been developed to tackle the problem
associated with selectivity towards water,13,14 there remains
a need to reduce the production cost of these complex synthetic
sorbents. As an alternative, cryogenic separation technologies
Wen Liu completed his training
as a chemical engineer at the
University of Cambridge. He is
currently an Assistant Professor
at the School of Chemical and
Biomedical Engineering,
Nanyang Technological Univer-
sity. Dr Liu's research focuses on
studying carbon capture and
utilisation (CCU) processes,
from understanding the atomic
scale reaction mechanisms, to
designing new CCU strategies

using process intensication strategies. He has a special interest in
using hypothesis-driven methods to develop high performance
oxide materials for carbon capture, oxygen transport, thermo-
chemical water splitting and heterogeneous catalysis.
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exploit the difference in the boiling points of the gas molecules,
such that CO2 can be extracted from the process gas mixtures via
distillation or anti-sublimation.15 Therefore, cryogenic separa-
tion is capable of producing CO2 of very high purity that can be
readily transported and utilised without further processing.
However, the supply of cryogenic chill is oen costly, both in
terms of capital expenditure (CAPEX) and operational costs
(OPEX), unless a low-cost cold energy source (e.g. the latent heat
of the vaporisation of liquied nature gas) is available.16

Membrane technology offers process simplicity and scal-
ability for extracting CO2 from gas mixtures.17 Unfortunately,
the requirement for high pressure gradients across the
membranes and the low durability of the membrane materials
present notable technical challenges to the large-scale deploy-
ment of membrane-based for CO2 capture technologies.18

In order to address the practical issues (e.g. thermal degra-
dation and corrosiveness) associated with liquid amine scrub-
bing, the use of solid sorbents, such as solid amines and alkali
metal oxides, has been proposed. In the latter case, the solid
oxide sorbents occupy a large compositional space with versa-
tile chemical formulations that can be tailored for a variety of
CO2 capture applications.19 For example, the temperatures at
which the sorbents take up and release CO2 can be tuned by
design. Different types of sorbents (e.g. physisorbents, liquid
absorbents and high temperature solid sorbents) take up CO2

via different mechanisms and have different operational
conditions, it is therefore, not always possible to compare the
different types of sorbents directly. Here, we review the recent
developments of solid oxide sorbents, with a focus on synthetic
strategies towards improved CO2 capture performance.
1.2 Reversible CO2 uptake by metal oxide sorbents

Metal oxides capable of chemically taking up CO2 typically
contain alkali metals and, or alkaline earth metals. The
Fig. 1 (a) Equilibrium curves of partial pressures of CO2 for the carbonatio
temperature. The red shaded area indicates CO2 partial pressures that
discontinuities of the equilibrium curves changing from solid lines to das
Schematic illustration of post-combustion CO2 capture by solid sorbent

1684 | J. Mater. Chem. A, 2022, 10, 1682–1705
reversible capture of CO2 by the metal oxide sorbents can be
generalized by:

MxO + CO2 # MxCO3 (1)

where x ¼ 1 and 2 for alkaline earth metals and alkaline metals,
respectively. The forward reaction involves carbonating the
sorbent in ue gases with typical CO2 mole fractions in the
range of 3–20%. The carbonation takes place in the carbonator
exothermically at a low temperature, at which the equilibrium
CO2 partial pressure is below 0.001 bar, such that almost all the
CO2 in the gas stream can be cleaned up by the sorbent. The
reverse reaction (i.e. sorbent regeneration) involves decompos-
ing the carbonate produced in virtually pure CO2, such that the
gaseous product is also a stream of pure CO2, which can be
further puried and compressed for storage and, or utilisation.
The regeneration takes place endothermically at a high
temperature, at which the equilibrium CO2 partial pressure of
the reaction system exceeds 1 bar, so all of the carbonated
sorbent would irreversibly decompose. Plots of the equilibrium
partial pressures of CO2 for the carbonation of the binary oxides
of alkali metals and alkaline earth metals are shown in Fig. 1a.
Note that Fig. 1a excludes elements that are either deemed too
expensive (viz. Rb2O and CsO) or having considerable radioac-
tivity (viz. Fr2O and RaO). Based on the equilibrium tempera-
tures for reversible CO2 capture and regeneration, we dene
three types of solid oxide sorbents: (i) CaO, which reversibly
takes up CO2 at high temperatures, (ii) MgO, which reversibly
takes up CO2 at near-ambient temperatures, and (iii) all other
oxides (Li2O, Na2O, K2O, SrO and BaO), which are very strong
bases whose carbonates require impractically high tempera-
tures (e.g. above the melting point of the carbonates) to
decompose. The ease to decompose the carbonates (as depicted
in Fig. 1a) correlates well to the optical basicity of the binary
n of the binary oxides of alkali metal/alkaline earthmetal as functions of
are practically achievable in a continuous CO2 capture system. The
hed represents the melting point of the corresponding carbonates. (b)
s in interconnected fluidised beds.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Optical basicity of oxides based sorbents23,24

Cation Oxide Basicity

Mg2+ MgO 0.78
Ca2+ CaO 1.0
Li+ Li2O 1.0
Sr2+ SrO 1.1
Ba2+ BaO 1.15
Na+ Na2O 1.15
K+ K2O 1.4
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metal oxides, as shown in Table 1, i.e. the carbonates derived
from oxides with high optical basicity are generally hard to
decompose during regeneration. Therefore, the basicity of type
(iii) oxides are oen chemically modied to enable reversible
CO2 uptake under practically accessible conditions.

As there is a temperature gap between the carbonation and
the calcination steps, continuous CO2 capture typically requires
circulating the sorbents between two reactors, viz. a carbonator
and a calciner. A common reactor conguration to achieve the
swings between carbonation and regeneration is a set of inter-
connected uidised beds, as depicted in Fig. 1b.20–22

Microscopically, the solid oxide sorbent particles undergo
signicant morphological changes as they cyclically take up and
release CO2. Although the carbonation of different types of
sorbents follows different reaction mechanisms, there are some
commonalities. During CO2 capture, the sorbent typically
develops a layer of carbonate, restricting the access of CO2 to the
unreacted oxides, thus reducing the overall rates of CO2 uptake.
In addition, the carbonates formed generally have low melting
points, causing the sorbents to sinter, thereby hindering their
performance in subsequent capture cycles. Because of these
limitations, there are considerable gaps between the sorbents'
stoichiometric CO2 uptake capacities and those practically
accessible aer multiple carbon capture cycles. To improve the
overall efficiency and effectiveness of the oxide-based CO2

capture processes, a signicant amount of research is required
to understand the sorbent behaviour and subsequently to
rationally design high performance sorbents, oen by opti-
mising the synthesis approach. In general, an ideal solid oxide
sorbent should (i) be able to undergo reversible carbonation at
temperatures that are closely matching the temperatures of the
upstream/downstream processes, (ii) have fast uptake and
release kinetics, (iii) exhibit stable performance over large
number of CO2 capture cycles, (iv) have sufficient physical
hardness to survive prolonged attrition in circulating uidised
beds and (v) can be produced in large quantities with relatively
simple methods and low costs.
1.3 Objective and review outline

Over the past decades, there have been large number of studies
that develop and investigate solid oxide CO2 sorbents, with
focuses on both the process and materials aspects. The inter-
ested reader is referred to past reviews which provide broad
overviews of CO2 capture technologies employing solid
sorbents,25 and in particular metal oxide-based solid sorbents.26
This journal is © The Royal Society of Chemistry 2022
It is worth noting that the studies addressing the materials
challenge ubiquitously point towards the need to develop high-
performance synthetic sorbents. Despite the abundant reports
of synthetic sorbents showing improvements over natural
sorbents such as limestone, the relationships between the
sorbents' compositions, synthesis methods, structures and CO2

capture behaviour are still not fully understood. Therefore,
given the rapid development in characterisation techniques and
synthesis methods, we see the need for a critical assessment of
the literature focusing the recent advances in synthetic strate-
gies for preparing high performance metal oxide based CO2

sorbents with the following specic objectives:
� Review the state-of-the-art understanding of the behaviour

of the oxide sorbents over CO2 capture cycles.
� Review different synthetic approaches for preparing high

performance oxide sorbents.
� Identify knowledge gaps in understanding the behaviour of

synthetic sorbents under realistic CO2 capture conditions.
� Highlight emerging approaches for improving the perfor-

mance of synthetic sorbents.
� Promote the need for standards for evaluating the perfor-

mance of newly developed CO2 sorbents.
2 CaO based sorbents

CaO based sorbents are the most commonly discussed due to
their high CO2 uptake capacity, fast carbonation and regener-
ation rates, high earth-abundance and low cost. In Table 2 we
summarise the CO2 uptake properties of a number of recently
reported CaO based CO2 sorbents. The reversible reaction
between CaO and CO2 is also known as calcium looping or
calcium carbonate looping:

CaO(s) + CO2(g) # CaCO3(s), DH298 ¼ �178 kJ mol�1 (2)

The forward reaction typically takes place around 650 �C,
whereas regeneration takes place in 1 bar CO2 at >900 �C.4 The
CaO sorbents can be applied to both pre- and post-combustion
CO2 capture at power stations, as well as CO2 capture from
industrial processes such as cement production.27,28 In the case
of pre-combustion capture,29 CaO facilitates the sorbent-
enhanced water gas shi to produce highly concentrated H2:30

CaO(s) + H2O(g) + CO(g) # CaCO3(s) + H2(g) (3)

In addition, CaO based sorbents can be used for capturing
CO2 produced by cement plants.31 In fact, CaO based capture
process can be efficiently integrated into the cement production
process,32 requiring only minor modications to the existing
equipment and process, whilst reducing the fuel consumption
and CO2 emissions by �75% and �85%, respectively.33 Because
of the relative ease to prepare CaO based sorbents at large
batches, the integration of CaO based carbon capture has been
demonstrated at pilot scales (to up 1.9 MWth) by various
research groups.34,35 Freshly prepared CaO sorbents, without
any further modication, could easily take up CO2 close to the
J. Mater. Chem. A, 2022, 10, 1682–1705 | 1685
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Fig. 3 Scanning electronmicrograph of CaO stabilised with both MgO
and Al2O3 (left) as-synthesised and (right) after 23 cycles of carbon-
ation/calcination.56
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stoichiometric capacity of 78 wt% (based on the mass of the
fully calcined CaO)36,37 however, the performance of unmodied
CaO sorbents will rapidly deteriorate over uptake–regeneration
cycles as a result of sintering,38,39 as the surface area and
accessible pore volumes of the sorbents rapidly diminish. In
continuous operation, the deactivated sorbents act as inert
materials, which imposes signicant energy penalty as they
participate in the temperature swing cycles without capturing
CO2. The deactivation mechanism during calcium looping
cycles has been extensively studied.32,40–42 The biggest challenge
of using CaO sorbents is to develop solutions that address their
poor cyclic stability. The two general strategies to improve the
performance of calcium looping systems are (i) optimising
operating conditions and (ii) prepare high performance
synthetic sorbents, as discussed in the following sections.
2.1 Optimising operating conditions

The performance of the CaO based sorbents depends on the
operating conditions. Accordingly, researchers have exploited
such dependence to delay or mitigate sorbent deactivation over
calcium looping cycles. For example, the presence of steam in
the calcium looping reactors is found to inuence both reaction
rates and mass transfer43,44 specically, steam is known to
enhance the rate of calcination.45,46 In addition, experimental
observations suggest that operation in the presence of steam
increases the porosity of the sorbents, and subsequently
improve their CO2 capture performance in terms of both reac-
tion kinetics and cyclic stability.47,48

The issue of sorbent deactivation can also be circumvented
by reactivating the spent sorbents. The recent study by Sun
et al.49 provided insights into the effects of different reactivation
methods on the cyclic performance of CaO/MgO (CaO : MgO
mass ratio ¼ 75 : 25) sorbents, obtained using calcium acetate
monohydrate and magnesium acetate tetrahydrate as precur-
sors. Sun et al.49 tested different sorbent reactivation methods:
(i) hydration, (ii) hydration/impregnation and (iii) acidication.
Good cyclic stability was observed when the sorbent was reac-
tivated by hydration or hydration/impregnation, rendering CO2

uptake of 39 and 41.4 wt% (49.7 and 52.8 mol%) aer 40 cycles,
respectively. In both cases, the CO2 uptake increase with the
number of cycles due to “self-activation”. Self-reactivation,
Fig. 2 The pore skeleton model for CO2 and ion diffusion. Illustrated
according to the finding presented in ref. 51.

This journal is © The Royal Society of Chemistry 2022
sometimes referred to as “deep carbonation”, is a phenom-
enon that can be explained using the pore skeleton model by
Manovic and Anthony,50 as depicted in Fig. 2. An inward hard
skeleton is formed during calcination. However, the hard skel-
eton hampers the ion diffusion through the product layer of
CaCO3, impeding the rate of carbonation during the initial
cyclic operation. Over the carbonation–regeneration cycles, the
so skeleton is gradually activated and contributes to an
increase rate of carbonation.50

Sorbent reactivation by acidication is relevant for removing
the irreversibly formed CaSO4 due to the presence of SO2 in the
ue gas. For a CaO : MgO sorbent, reactivation by acidication
resulted in a CO2 uptake of 23.3 wt% (29.7 mol%) aer 40 cycles.
Thus, acidication as a reactivation method needs further
development to overcome the high cost and the potential
release of toxic substances.49
2.2 Synthetic CaO based sorbents stabilised by inert
supports

In addition to employing reactivation steps, the cyclic perfor-
mance of CaO sorbents can be fundamentally improved by
mixing CaO with inert refractory materials (e.g. Al2O3, ZrO2,
Fig. 4 CO2 capture capacity of CaO based sorbents stabilised by the
three different typical sintering-resistant, oxidic additives containing
Zr4+, Al3+, and Mg2+. The effect of these additives on the cyclic stability
of CaO sorbents is summarised in Table 2.
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Fig. 5 CO2 capture capacity of nano-CaO by sol–gel and wet
impregnation methods. Reprinted with permission from ref. 59.
Copyright 2021 American Chemical Society.
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MgO and their derivatives) to render additional sintering
resistance and physical hardness. A number of studies have
reported CaO based sorbents supported on varying amounts of
refractory materials. The resulting CO2 uptake capacity also
varied, partly due to the differences in the overall compositions,
as shown in Fig. 4. The stabilising effects of adding different
types and amounts of thermally stabilising cations, referencing
notable recent works, are summarised in Table 2 and discussed
below.

Soleimanisalim et al.52 used CaCl2$2H2O and a small amount
of ZrO(NO3)2$6H2O as precursors to prepare a stabilised CaO
sorbent containing 10 wt% CaZrO3 perovskite by the solution
combustion method. The resulting CaO sorbent showed a high
CO2 uptake of �53.3 wt% (68.2 mol%) in the rst cycle and
�42.7 wt% (54.41 mol%) aer 31 cycles. The stabilising effect of
CaZrO3 was also reported by Hashemi et al.53 who found 20 wt%
CaZrO3 to be optimal for maintaining cyclic stability (46.2 wt%
(58.87 mol%) aer 20 cycles). To maximise cyclic stability and
CO2 capture performance, the type of stabiliser and the amount
of stabiliser were optimized in the relevant studies.43,44 Speci-
cally, Guo et al.39 showed that the Ca : Al ratio of Ca–Al mixed
oxides (Ca2+/Al3+¼ 2, 2.5, 3, 3.5, 4) synthesised by coprecipitation
affected the CO2 uptake capacity. The Ca : Al ratio of 2.5 gave the
highest CO2 uptake capacity of around 47 wt% (60 mol%) aer 3
cycles. The high CO2 capacity and reasonable cyclic performance
was attributed to the large pore size and the small particle size.
Compared to the morphological properties, the amount of
Ca12Al14O33 present was also found to be a crucial factor in
determining the sorbent's CO2 capture capacity.48,52,54 Sun et al.55

revealed that CeO2 can be used as an effective physical barrier to
prevent the sintering of CaO. Similarly, Vall et al.56 employedMgO
and Al2O3 to stabilise a synthetic CaO sorbent, obtained by
calcining highly porous amorphous calcium carbonate (HPACC–
BET surface area of over 450 m2 g�1). Whilst MgO alone can
effectively stabilise the CaO sorbent, the sorbent synergistically
stabilised by both MgO and Al2O3 yielded even higher stability,
showing only a 2.8% decrease in the CO2 uptake capacity aer 23
cycles (1st cycle 54.2 wt%, 69.1 mol%). Scanning electron
micrographs (SEM) (Fig. 3) of the CaO stabilised with both MgO
and Al2O3 conrmed the effective hinderance of sintering aer 23
cycles.

2.2.1 Preparing supported sorbents by sol–gel method. The
effective mixing between CaO and thermal stabilisers (i.e.
support materials) is critical to enhancing the cyclic CO2

capture performance. Conventional preparation methods, such
as mechanical mixing, impregnation and co-precipitation may
not provide sufficient dispersion of the thermal stabilisers
within the sorbent matrix. To this end, sol–gel method has been
explored as an alternative strategy to prepare supported CaO
sorbents.57 In general, sol–gel methods can induce and control
the chemical interaction between the inert supports and CaO,
whilst allowing the facile control of particle size and surface
area. Yoon et al.,58 Sultana et al.59 and Gao et al.60 all showed that
CaO based sorbents prepared by sol–gel synthesis result in
increased specic surface areas and pore volumes. The
increased porosity can come from reduced particle size, leading
to shortened CO2 diffusion paths and consequently accelerated
1688 | J. Mater. Chem. A, 2022, 10, 1682–1705
rate of CO2 capture. For example, Zr-modied CaO prepared by
Yoon et al.58 had small particle sizes of#2 mm, high CO2 uptake
of 73.2 wt% (93.3 mol%) (compared to 54 wt% (69 mol%) of the
sorbent prepared by physical mixing). In addition the CO2

uptake capacity sustained at �70.5 wt% (89.8 mol%) over 10
cycles.58 Sultana et al.59 prepared nano-CaO coated with ZrO2 by
sol–gel, wet impregnation, and hydrolysis methods. They found
that sol–gel synthesis gave the most stable CaZrO3 protective
layer on the surface of the nano-CaO, with excellent CO2 uptake
of 65 wt% (83 mol%) aer 20 cycles, as shown in Fig. 5.59

Similarly, Gao et al.60 synthesised CaO supported on charcoal by
physical mixing, sol–gel, and wet impregnation and found that
the CaO supported on charcoal by sol–gel method showed
a high CO2 capture capacity of 66.5 wt% (84.7 mol%).60 In both
studies, the sol–gel methods produced sorbents with the higher
pore volumes, surface areas, CO2 uptake and cyclic stability
than sorbents prepared by other methods.

2.2.2 Core–shell structured sorbents. One special type of
stabilised CaO based sorbents is core–shell structured sorbents,
where the stabilising oxides form shells encapsulating the CaO
cores. In effect, the inert shells form continuous physical
barriers, preventing the cores from fusing into each other. Han
et al.61 synthesised the CaO@Al2O3 core–shell structure sorbent
and observed 41 wt% (52 mol%) of CO2 uptake aer 20 cycle
with Al2O3 shell thicknesses of between 4 to 8 nm. The covered
cores (CaO) have resisted sintering over CO2 capture cycles.61

The thickness of the shell can be one of the factors determining
the overall CO2 capture performance. Armutlulu et al.62

prepared CaO@Al2O3 core–shell sorbents, with three different
shell thicknesses. The thickness around 2.75 nm reported
relatively good stability and CO2 uptake capacity of �55 wt%
(70 mol%) aer 30 cycles, whereas thicker Al2O3 layers lead to
lower initial CO2 uptake.62 In addition to the CaO@Al2O3

design, Peng et al.63 added TiO2 as a secondary stabiliser. The
resulting CaO@TiO2–Al2O3 showed high stability and CO2
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 XRD patterns of the Ca–Al mixed oxides (Ca2+/Al3+ ¼ 3) syn-
thesised at room temperature (RT), 60 �C and 80 �C. Reprinted with
permission66 copyright 2021 Elsevier.
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uptake of 46 wt% (59 mol%) aer 104 cycles.63 Using a 2.7 nm
Al2O3 coating on CaO nanoparticles, Kurlov et al.54 demon-
strated a 140% improvement in CO2 uptake over a limestone
reference and excellent cyclic stability (41 wt% (52 mol%)
uptake aer 10 cycles). They found the addition of the Al2O3

layers induced the formation of inert Ca12Al14O33 and Ca3Al2O6

on the surface of CaO nanoparticles, produced by the calcina-
tion of calcite obtained by sacricial template synthesis, with an
average particle size of 350 nm and a BET surface area of 16 m2

g�1. Consequently, the shell layer consisting of Ca12Al14O33 and
Ca3Al2O6 acts as an effective thermal stabiliser.54

2.2.3 Effect of synthesis parameters. It is well established
that the CO2 uptake performance, including kinetics and cyclic
stability, are functions of the sorbents' starting structures,
which are in turn determined by the synthesis parameters used
during sorbent preparation. For early literature on the synthesis
of CaO based sorbents, we refer the reader to the reviews by Liu
et al.64 and Kierzkowska et al.29 Here, we focus on recent studies
(last �5 years) investigating the effects of key synthesis
parameters, as discussed in the following.

Precursors. Although the exact roles and effects of the various
chemical precursors may differ, they are nonetheless critical to
the performance of the synthesised sorbents. Azimi et al.65

demonstrated that different combinations of Ca and Al
precursors yield sorbents with noticeably different particle
sizes, surface areas and morphologies. For instance, for the sol–
gel synthesis of a CaO based sorbent, highly soluble nitrate
precursors such as calcium nitrate (CN) and aluminium nitrate
(AN) form inert phases such as Ca12Al14O33 and Ca9Al6O18 more
easily than the nitrate-free precursors. The insoluble precursors
such as nano-structured alumina (nA) formed a more compact
structure than the ones prepared from aluminium nitrate
(AN), which yielded a “uffy structure” with a surface area of
13 m2 g�1 and a mean particle size �16.9 nm. Overall, the Al-
supported CaO sorbent synthesised with soluble nitrate
precursors showed the highest CO2 uptake (91.7 wt%
(117 mol%), with 28 wt% loss aer 21 cycles) than sorbents
synthesised from other types of precursors.

Synthesis and calcination temperatures. Temperature is
a factor that can be used to control the surface area and particle
size of CaO based sorbents. Kou et al.66 observed that high
synthesis temperature promoted crystal growth and particle
aggregation in Ca–Al mixed oxides. The average particle size of
the samples also increased from 29.5 nm for the synthesised at
RT to 42.1 nm for the sorbent synthesised at 80 �C. In fact, the
crystallinities of CaO, Ca–Al spinel and CaCO3 all increased with
increasing synthesis temperature, as shown in Fig. 6. On the
other hand, the increase in particle size is accompanied by
a decrease in CO2 capture capacity.

Apart from the temperature of the wet-synthesis, the calci-
nation temperatures also affect the surface areas and pore
volumes of the sorbents. Wang et al.67 observed during the
synthesis of CaO/CaZrO3 hollow spheres that the heating rate of
calcination signicantly affected the cyclic stability of the
sorbent – a slow heating rate of 5 �C min�1 resulted in a stable
(capacity decreased by <5 wt% aer 30 cycles) compared to
a sorbent prepred with a calcination rate of 20 �C min�1
This journal is © The Royal Society of Chemistry 2022
(capacity decreased by <20 wt%).67 Antzara et al.68 performed the
calcination of ZrO2 promoted CaO at 750 and 800 �C and found
that low calcination temperature (750 �C) reduced sintering
during carbonation and resulted in CaO with high surface area
and pore volume compared to CaO/ZrO2 sorbents calcined at
800 �C.68

Template. The templated synthesis of CaO based sorbent has
been adopted for morphology control and to introduce macro
porosity to the sorbent. Carbon based template is one of themost
commonly used for the synthesis of structured CaO sorbents.
Ping et al.69 found that the cage-like CaCO3 hollow spheres syn-
thesised using Ca(NO3)2, urea and polysaccharide spheres
template showed an excellent CO2 uptake of up to 78.6 wt%
(100.2 mol%) in the rst cycle, 45 wt% higher than the same
composition synthesised without the template. Colloidal carbon
spheres derived from glucose were used as the template for the
synthesis of CaO/CaZrO3 and CaO sorbents.67,70 Wang et al.67

found that CaO/CaZrO3 hollow spheres synthesised with
Ca(NO3)2 and Zr(NO3)4, templated with carbon sphere (from
glucose) had improved cyclic stability over 100 cycles. In a similar
study, Wang et al.70 prepared CaO based meshed hollow spheres
by urea hydrolysis with carbon sphere (from glucose) template
and demonstrated a high CO2 capacity of �75 wt% (96 mol%) in
the rst cycle, with a moderate capacity decrease of 12 wt% over
28 cycles. The authors suggested that the hollow sphere struc-
tures could produce porous CaO particles with improved CO2

uptake.70 In other similar studies, Naeem et al.71 incorporated
a carbon template, prepared by poly-condensation of resorcinol
with an aqueous formaldehyde solution, to the sol–gel synthesis
of a Al2O3 and Y2O3 supported CaO sorbent. The resulting
structure consisting of interconnectedmicrospheres of supported
CaO had an uptake of CO2 of 61 wt% (78 mol%), which remained
unchanged aer 10 cycles.71

Surfactants. Previous studies have shown the use of surfac-
tant to be an effective way to control the particle size of CaO
based sorbents. In a number of cases, such as Jamrunroj et al.72
J. Mater. Chem. A, 2022, 10, 1682–1705 | 1689
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Fig. 7 The role of the MgO sorbent with nitrate salts for improving
CO2 capture capacity.
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and Chen et al.,73 there is an optimal amount of surfactant that
is required to produce high performance sorbents. Jamrunroj
et al.72 found that 2 mM of gemini (GS: 12-carbon hydrophobic
chains and 3 carbon alkyl spacer, 12–3–12) yielded the best CO2

capture performance. The resulting CaO–GS-2 mM sorbent,
having small particles of (�37 nm) and high surface area
(16 m2 g�1), showed the highest CO2 uptake (29 wt% (37 mol%))
amongst all the CaO–GS sorbents tested.72 Similarly, Chen
et al.73 concluded that the best performing CuO/CaO sorbent
was obtained with a low H2O : cetyltrimethyl ammonium
bromide (C19H42BrN, CTAB) molar ratio of 23 : 1. This low CTAB
ratio is important for producing small particles (46.5 nm) with
a CO2 uptake of 13 wt% (17 mol%), which decreased to 10 wt%
(13 mol%) aer 19 cycles.73 These studies exemplify that
optimal levels of surfactant are crucial for producing sorbent
materials with small particle sizes and high capture perfor-
mance. However, in the case of CaO synthesised with sulphonic
single chain (SDS), 40 mM of SDS yield the smallest particles
with the lowest CO2 uptake of 18 wt% (23 mol%) compared to
other SDS doping amount.72 Therefore, the surfactant effect
cannot be easily generalised. In addition, factors such as the
micellar structures and the interfacial adsorption ability of the
surfactant should also be thoroughly understood and carefully
considered during synthesis.

2.3 Summary and knowledge gap

CaO based CO2 sorbents are promising for capturing CO2 at
high temperatures. These sorbents show high CO2 uptake
capacities with rapid uptake kinetics. Signicant advances have
been made to improve the performance of the sorbents through
carefully tuned synthetic procedures and formulations.
However, major challenges remain for the efficient, robust, long
term, cost-effective application of CaO based sorbents. Besides
steam injection and sorbent reactivation, there are a number of
synthetic approaches to enhance the uptake and cyclic stability
of CaO sorbents, primarily involving supporting CaO with
thermally stable support materials and optimising synthetic
parameters. Challenges lie in gaining an in-depth under-
standing of the effectiveness of each approach, and how they
can be synergistically combined to enhance the performance of
the CaO sorbents. On that front, we nd the use of surfactant in
the synthesis of CaO sorbents a particularly interesting avenue
for further research. Making good use of surfactants' surface
chemistry could hold the key to producing stable, small and
porous CaO particles.

3 MgO based sorbents

Magnesium oxide (MgO) captures CO2 by:

MgO(s) + CO2(g) # MgCO3(s); DH298 ¼ �118 kJ mol�1 (4)

The reversible CO2 capture can be carried out over the
temperature range between 200 and 400 �C, making it suitable
for heat integration with processes where abundant low-grade
heat is available. Although the maximum theoretical CO2

uptake by MgO sorbent is high (110 wt%, 101 mol%), the
This journal is © The Royal Society of Chemistry 2022
practically accessible uptake capacity is no more than 10 wt%,
owing to the formation of an impermeable layer of MgCO3,
which effectively stops the encapsulated MgO from further
carbonation. On the other hand, the low operating tempera-
tures could mitigate sorbent deactivation by sintering. There-
fore, the majority of the research efforts in developing synthetic
MgO based sorbents focus on improving the CO2 uptake
capacities through physical and chemical modications,
including (i) introducing dopants to promote the reaction with
CO2 or (ii) preparing nanostructured MgO with very large
specic surface areas to minimise the encapsulation of MgO by
MgCO3. A recent review by Hu et al.82 focuses on the develop-
ment of MgO sorbent for CO2 capture and provides a detailed
insight in this topic. Here, we present a focused discussion on
the synthesis and performance of these MgO sorbents. A list of
recently developed MgO sorbents and their CO2 capture
performance is shown in Table 3, with key papers discussed in
the following sections.

3.1 Promoted MgO sorbents

Recently, the used of alkali metal nitrates has been in the
spotlight as a means to improve CO2 capture performance of
MgO based sorbents. The use of alkali metal nitrates exploits
the fact that they melt during the CO2 capture process. The
molten nitrate prevents the formation a solid MgCO3 layer on
the surface of MgO. Fig. 7 illustrates the function of the molten
nitrate to promote the carbonation of MgO. The most
commonly used nitrate promoters are NaNO3 and KNO3.
Because these nitrates do not directly react with CO2, the CO2
J. Mater. Chem. A, 2022, 10, 1682–1705 | 1691
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Fig. 8 CO2 capture capacity of promoted MgO by alkali metal nitrates
((Li–Na–K)NO3) and nitrate/nitrite (LiNO3–(Na–K)NO2) salt. Reprinted
with permission86 copyright 2021 American Chemical Society.
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capture capacity is governed by the amount of active MgO
available in the solid.83 In addition to alkali metal nitrates,
alkali metal carbonates could also enhance the performance of
MgO sorbents, rendering both faster kinetics and higher uptake
capacity. Further enhancements can be achieved when
carbonate and nitrate promoters are used concomitantly. These
different approaches to promote MgO sorbents are discussed
below.

3.1.1 Sodium nitrate (NaNO3). The simple use of NaNO3 as
a promoter for MgO sorbent has been explored by a number of
researchers. Studies using NaNO3 as the only promoter have
demonstrated effective promotional effects, reporting that
doping �7–11 mol% NaNO3 by impregnation is the most
effective in enhancing CO2 uptake by MgO, despite the vari-
abilities in CO2 uptake report by different studies; the vari-
abilities are likely to be results of the different synthesis
procedures used.52,84,85 Zhao et al.84 studied calcined meso-
porous MgO, synthesised by hydrothermal process (using
Mg(CH3COO)2 and urea), and reported the highest CO2 uptake
of 66.90 wt% (61.3 mol%) on MgO promoted with 7 mol% of
NaNO3; this is over 40 times the CO2 uptake by pure MgO
1.28 wt% (1.2 mol%). The promotional effect was associated
with the formation of triple phase boundaries between the
MgO, the promoters and the gas phase.84 With too little NaNO3,
the reaction at the phase boundaries and at the outer layer of
the carbonate would be limited. In contrast, too much NaNO3

would reduce the solubility of CO2 as well as the contact
betweenMgO and CO2, thus limiting the CO2 capture capacity.84

3.1.2 Mixed metal nitrates. Mixed metal nitrates can also
be used to create analogous promotional effects. Harada et al.86

showed that 15 mol% (Li–Na–K)NO3 on colloidal MgO nano-
clusters prepared by sol–gel exhibited a high CO2 uptake
capacity of 69.10 wt% (63.3 mol%) at 340 �C. Dal Pozzo et al.85

obtained promoted MgO by wet mixing commercial MgCO3

with metal salts, followed by calcination at 450 �C. They showed
that (Li, Na)NO3, (Li, K)NO3 and (Li, Na, K)NO3 all promoted
MgO sorbents in a similar manner to when NaNO3 was the only
promoter, reporting CO2 uptake �38–43 wt% (35–39 mol%).
Additionally, the MgO promoted by (Li, Na, K)NO3 showed
relatively stable performance over 10 cycles.

3.1.3 Nitrites. The use of nitrites can be an alternative or
complement to nitrate promoters. In addition to using nitrates,
Harada et al.86 promoted colloidal MgO nanoclusters with
LiNO3–(Na–K)NO2. The nitrite-promoted MgO sorbent had
a CO2 uptake of 68.2 wt% (62.4 mol%) at 340 �C, with better
cyclic stability than the MgO promoted by (Li–Na–K)NO3

(Fig. 8). Zhao et al.84 showed that using a mixture of nitrate and
nitrite promoters can further enhance the performance of the
hydrothermally synthesised MgO sorbents.84 When 0–8 mol%
NaNO2 was doped to NaNO3-promoted MgO (with molar ratio of
MgO : NaNO3 ¼ 1 : 0.07) the CO2 uptake increased from
66.9 wt% (61.3 mol%) to over 87 wt% (80mol%), whilst showing
stable performance over 15 cycles.

3.1.4 Carbonates. The presence of a carbonate promotor
facilitate easier melting and faster CO2 transport through the
carbonate layer. Kwak et al.87 employed a triple eutectic alkali
carbonate (TEC) design, in which the MgO sorbent was
1692 | J. Mater. Chem. A, 2022, 10, 1682–1705
promoted by a TEC mixture consisting of Li2CO3, Na2CO3, and
K2CO3 (with a molar ratio of Li : Na : K of 0.435 : 0.315 : 0.250).
They classied the CO2 capture process into two steps: (1) “fast
and large”, and (2) “slow and small”. The amount of TEC used
affects the kinetics of these two steps differently – the rate of
step 1 increases with increasing amount of TEC; but this was
not observed for step 2. The optimal TEC amount was found to
be 60 mol% (sample 60-TEC/MgO), which gave a CO2 uptake of
43.4 wt% (39.7 mol%) in step 1 and an additional 33.9 wt%
(31.0 mol%) in step 2. It was also found that MgO with low TEC
content (20–40 mol%) had better cyclic stability than those with
high TEC content (60–100 mol%).

3.1.5 Carbonates with nitrite or nitrate. Co-Doping of
carbonates and nitrates has been a popular approach for devel-
oping promoted MgO based sorbents,83,88–91 with key studies
summarised in Table 3. Here, we discuss key synthetic parame-
ters governing the performance of the co-doped sorbents. Hwang
et al.83 investigated the doping of K2CO3 to NaNO3 and KNO3-
promoted commercial MgO and found the K2CO3 : nitrate ratio
to be important. Co-doping 30 wt% K2CO3 with 10 wt% of NaNO3

or KNO3 both worked well, rendering 44 wt% (40 mol%) uptake
at 300 �C in 20 atm CO2.83 Vu et al.91 promoted the performance
of mesoporous MgO aerogels with double sodium salts
(MgO$Na2CO3$NaNO3). During operation, Na2CO3 and NaNO3

facilitate a high concentration of O2� in the molten salts, which
would enhance the CO2 capture capacity by accelerating the
formation of MgCO3. Furthermore, the molten salts hinder the
This journal is © The Royal Society of Chemistry 2022
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formation of the rate-limiting carbonate surface layers, whilst
accelerating the production of CO3

2�. Therefore, it is important
to dope MgO with an optimal amount of alkali salts to maximise
the benet of eutectic formation. Specically, the amount of
Na2CO3 should be equal to or less than the amount of NaNO3 for
optimal CO2 capture performance. According to Vu et al., the
highest CO2 uptake of 56 wt% (51 mol%) was achieved at 325 �C
(1 atm, pure CO2) when the molar ratio of MgO : Na2CO3-
: NaNO3 was 1 : 0.05 : 0.2.91Wang et al.92 also showed the benet
of having both nitrate and carbonate doped onMgO nano-sheets
through a series of experiments and found that the optimal
sorbent composition to be [(LiNO3, KNO3)2–(Na2CO3, K2CO3)]0.15/
MgO, which showed a high CO2 uptake of 73 wt% (67 mol%)
(350 �C, 1 atm, 100%CO2). They proposed a reactionmechanism
between CO2 and the sorbent, involving the following steps:

NO�
3 + K2CO3 + CO2 / NO�

2 + K2C2O6 (5)

K2C2O6 + MgO / K2Mg(CO3)2 + 0.5O2 (6)

Na2CO3 + MgO + CO2 / Na2Mg(CO3)2 (7)

The nding of Wang et al.92 was in agreement with Ding
et al.,88 who revealed that the reaction between CO2 and MgO
promoted with 10 mol% [(Li0.44K0.56)NO3]2[(Na0.5K0.5)CO3] takes
place in three stages: (1) the formation of carbonate in the rst 7
minutes – at this stage, CO2 is dissolved in the molten salt and
then reacts with MgO and formed a layer of carbonate (CO3

2�),
producing K2C2O6 and K2Mg(CO3)2. (2) The restriction of the
rigid carbonate layer and the formation of the high concentra-
tion of oxygen ion within 10 minutes – oxygen ions (O2�) are
produced by the dissolution of MgO and the decomposition of
the molten alkali nitrates and nitrites. (3) The nucleation of
magnesium carbonate occurs between 10 and 60 minutes aer
contacting the CO2.
Fig. 9 CO2 uptake capacity and BET surface area according to the
various structure of MgO sorbents. The data points entries are ob-
tained from ref. 84, 92, 95, 96, 98 and 99.
3.2 Structured MgO sorbents

Morphological features, such as surface area, pore volume, size
and thickness of the particle are all critical to the performance of
MgO sorbents.93 Therefore, researchers have explored various
synthetic approaches to improve the morphological properties of
MgO sorbents to enhance their CO2 uptake.94–96 In general, the
CO2 uptake correlates well to the sorbent's surface area. Guo
et al.94 showed that solid state chemical reaction (SR) method
produced MgO with, smaller particle sizes, higher BET surface
area (100 m2 g�1), smaller pore sizes and higher pore volume
(0.67 cm3 g�1) than those produced by other synthesis methods,
such as direct calcination (DC), direct precipitation (DP) and sol–
gel (SG) – when MgCl2 was used as the Mg precursor in all the
synthesis methods. As a result, MgO synthesised by SR showed
higher CO2 uptake (10.5 wt%, 9.6 mol%) than those by the DC,
DP and SG methods, which yielded CO2 uptakes of 2.95–6.8 wt%
(2.7–6.2 mol%). In addition, the CO2 capture capacities are also
correlated to the sorbents' basicity, which are classied as weak,
medium and strong. Accordingly, the SR method yielded the
highest number of medium and strong basic sites (responsible
for 2.54 and 1.24 mmol CO2 per g of uptake, respectively) as well
This journal is © The Royal Society of Chemistry 2022
as the highest total amount of basic sites (with a total uptake of
5.49 mmol CO2 per g). The abundant basic sites enhanced the
CO2 uptake of the SR sorbent. Similarly, Ding et al.95 showed that
MgO synthesised from magnesium acetate tetrahydrate
(Mg(CH3COO)2) and oxalic acid (C2H2O4) dihydrate solution
(MgO–MO) had a high BET surface area of 252 m2 g�1, high pore
volume of 0.763 cm3 g�1 and CO2 uptake capacity of 7.59 wt%
(7.0 mol%) at 50 �C. The CO2 uptake capacity of MgO–MO was
superior compared to MgO synthesised by calcining magnesium
carbonate (MgO–BMC), the rehydration of MgO–BMC (MgO–RF)
and commercial MgO (MgO–CA).95 Hanif et al.96 found that MgO
obtained by ammonia precipitation (AC) showed higher surface
area (362 m2 g�1, 0.701 cm3 g�1) and CO2 uptake 7.53 wt%
(6.9 mol%) than those by urea hydrolysis (UC) and thermal
degradation (TC).

Researchers have also developed porous MgO with structural
regularities as a means to control the morphologies of the
synthetic sorbents. The performance of the various MgO
sorbents with well-dened morphologies is summarised in
Fig. 9. Notable morphologies are discussed in details below
(Fig. 10).

3.2.1 Sheets. Wang et al.92 synthesised sheet-like [(Li, K)2–
(Na, K)]0.15/MgO having a sheet thickness of �40 nm. The MgO
nanosheets showed higher CO2 uptake than granular MgO
because the former had more surface MgO, which can readily
react with CO2. This advantage is corroborated by the nano-
sheets' larger BET surface area (56 m2 g�1), larger pore volume
(0.24 cm3 g�1) and larger mean pore diameter than the granular
MgO. Additionally, the sheet-likeMgO sorbents showed relatively
stable performance over 20 cycles. CO2 uptake capacity is sum-
marised by the morphology with the surface area in Fig. 9.

3.2.2 Platelets. Hanif et al.96 prepared both platelet, sheet-
like and octahedra structured MgO sorbents. They found that
platelet morphology shows larger BET surface area (362 m2 g�1),
higher pore volume (0.701 cm3 g�1) and relatively higher CO2

uptake of 7.53 wt% (6.9 mol%) than the other two morphologies.
3.2.3 Rods. Zhao et al.84 and Tuan et al.97 found rod-like

MgO to perform better than other tested shapes such as MgO
spheres (they are described as ‘ball-like’ in the original paper).
J. Mater. Chem. A, 2022, 10, 1682–1705 | 1693
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Fig. 10 SEM images of the structure of MgO sorbents: plate,96 rod,97

and fuzz-like structure of MgO sorbents95 and TEM image of the
flower-like plate,98 Reprinted with permission copyright 2021 Amer-
ican Chemical Society.96 Reprinted with permission copyright 2021
Royal Society of Chemistry,95 Reprinted with permission copyright
2021 John Wiley and Son, Inc.97,98

Fig. 11 Theoretical and experimental CO2 uptake capacities of various
Li-, Na-, K-, Sr- and Ba- based CO2 sorbents. The hollow bars
represent the stoichiometric capture capacities, whereas the solid bars
represent the range of experimentally measured CO2 uptakes. The
sorbents are classified according to the chemical composition of the
active components, i.e. excluding the formulation of the support.
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Both teams attributed the enhanced CO2 uptake by the rod-like
MgO to their high BET surface area (230–331 m2 g�1), larger
pore volume (0.49–0.58 cm3 g�1) as well as small particle sizes
(�7 nm in both studies). CO2 uptake capacity of rod-like MgO
are drawn in Fig. 9.

3.2.4 Cubes. Cubic morphology may not be a trivial
morphology that is typically associated with high specic
surface areas. However, Ding et al.95 reported a sorbent con-
sisting of cube-like MgO grains with high BET surface area and
pore volume (252 m2 g�1, 0.76 cm3 g�1). The MgO microcubes
showed a CO2 uptake capacity of 7.59 wt% (7.0 mol%), out-
performing the plate-like MgO 6.44 wt% (5.9 mol%) prepared in
the same study. Both of CO2 uptake capacity are added in Fig. 9.

3.2.5 Flower. Li et al.98,99 synthesised MgO/C composites
with ower-like morphology. The large surface area and pore
volume (295 m2 g�1, 0.94 cm3 g�1)98 of the ower-like
morphology facilitated efficient mass transport and improved
the CO2 uptake capacity of the MgO sorbents. Experimentally,
the MgO/C nanocomposite showed a high CO2 uptake of
30.9 wt% (28.3 mol%) at 27 �C, 1 bar. Using a similar synthetic
strategy, Li et al.100 combined the owerlike MgO/C with the
sheet-like graphene oxide and produced a sandwich-like struc-
ture with surface area (478 m2 g�1) and pore volume (1.22 cm3

g�1) even higher than the graphene oxide-free MgO/C nano-
composite. The sandwich-like structured showed an apparent
uptake capacity of 31.5 wt% (28.8 mol%),100 also plotted in Fig. 9.

3.3 Summary and knowledge gap

MgO based materials are promising CO2 sorbents for applica-
tions at moderately high temperatures. When low-grade heat
(<400 �C) is abundantly available on-site, using MgO to capture
CO2 may be more advantageous than calcium looping.101 Addi-
tionally, MgO has the potential to become a highly effective CO2
1694 | J. Mater. Chem. A, 2022, 10, 1682–1705
sorbent if its stoichiometric capture capacity can be fully
exploited. In practice, the performance of MgO based sorbents is
signicantly hindered by its unfavourable carbonation mecha-
nism and sluggish rates. Many different approaches have been
studied to promote the uptake of CO2 by MgO. Whilst high
surface area, morphologically well-dened MgO sorbents could
signicantly improve CO2 uptake, the experimentally accessible
capacities are still substantially lower than the CaO based
sorbents. Also, carbonation–calcination cycles could induce
drastic morphological changes to the sorbents, making the
morphologies of the freshly-prepared materials less relevant to
the long-term performance.102 Alternatively, the doping of alka-
line metal salts to form low-melting eutectics is a much more
effective to tackle the issue of the slow CO2 uptake kinetics.
However, the underlying science governing the promotional
effects, including the interaction between the different salts in
the eutectics, the interplay between different phases (e.g.molten
salt, MgO and MgCO3) and the mechanisms of ionic diffusion in
the molten salt, must be further studied and better under-
stood.103 Lastly, many MgO sorbents suffer from poor cyclic
stability. Therefore, further development is required to improve
the effectiveness of the MgO based sorbents.
4 Li, Na, K, Sr and Ba based sorbents

As briey discussed in Section 1, the carbonation of Li2O, Na2O,
K2O, SrO and BaO is practically irreversible. However, irrevers-
ible CO2 sorbents are economically unattractive as they cannot
be recycled and reused in continuous processes. Therefore, Li,
Na, K, Sr and Ba based sorbents are oen formulated as ternary
oxides consisting of (i) at least one alkali metal or alkaline earth
metal and (ii) at least one transition metal or semi-metal. The
presence of transition metals and semi-metals introduces
acidity to the ternary oxides and modulates the overall basicity
of the sorbents, making them thermally regenerable at practi-
cally achievable temperatures. This section discusses the recent
This journal is © The Royal Society of Chemistry 2022
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Fig. 12 (a) Schematic illustration of the “double shell” model describing Li4SiO4 carbonation. Reprinted with permission114 copyright 2021 John
Wiley and Son, Inc. (b) Temperature-programmed carbonation of Li8SiO6 in a TGA. Reprinted with permission115 copyright 2021 American
Chemical Society. (c) Illustration of synthesis of Li6WO6 NWs and its morphological change 30 min of carbonation at 700 �C. Reprinted with
permission91 copyright 2021 American Chemical Society. (d) Schematic illustration of CO2 capture and release on Li6WO6 NWs under dry andwet
conditions. Reprinted with permission1 copyright 2021 American Chemical Society.
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development in the formulation, synthesis and the CO2 capture
performance of synthetic Li, Na, K, Sr and Ba based sorbents.
Fig. 11 summarises the stoichiometric and experimental CO2

uptake capacities of the Li, Na, K, Sr and Ba based sorbents
reported in the recent literature. A more elaborated summary is
provided in Table 4.

4.1 Li based sorbents

4.1.1 Lithium silicates. Lithium silicates, including Li4SiO4

and Li8SiO6, are considered to be the most studied lithium
based sorbents. The carbonation mechanism of these ternary
oxides are fundamentally different from the CaO and MgO
based ones, as more than one solid phases will form during
carbonation. Li4SiO4 reacts with CO2 between 450 and 700 �C
with a stoichiometric CO2 uptake capacity of 36.7 wt% accord-
ing to:

Li4SiO4(s) + CO2(g) # Li2CO3(s) + Li2SiO3(s) (8)

The two solid products arrange themselves following
a double-shell model, in which Li2CO3 and Li2SiO3 form an
outer shell and an inner shell, respectively, as depicted in
Fig. 12a.114 The inner Li2SiO3 shell encapsulates the unreacted
Li4SiO4 core. Once the shells have fully developed, further
1696 | J. Mater. Chem. A, 2022, 10, 1682–1705
carbonation requires the migration of CO2 inward through the
Li2CO3 layer, and the migration of Li+ and O2

� ions outward
through the Li2SiO3 layer. Therefore, the interface between
Li2CO3 and Li2SiO3 is regarded as the reaction front, where new
Li2CO3 forms. As both shells grow thicker, the diffusion resis-
tance increases and slows down the rate. It is believed that the
diffusion of CO2 through the Li2CO3 layer is the rate limiting
step, because the diffusion of CO2 through the carbonate is
considered slower than the diffusion of Li+ and O2

� through the
silicate. Owing to the product layer diffusion resistances, the
experimentally accessible uptake capacities are always lower
than the stoichiometric values. For the chemically unmodied
lithium silicates, the surface area of the sorbent becomes the
effective rate limiting factor, which subsequently determines
the practically achievable uptake capacity.

Using a lithium-richer compound such as Li8SiO6 could
potentially improve the CO2 uptake to 98 wt%. The carbonation
of Li8SiO6 consists of 3 steps, as illustrated in Fig. 12b and
conrmed by in situ synchrotron powder X-ray diffraction
(SPXRD):115

Steps 1 and 2 involve the uptake of CO2 by Li8SiO6 on the
surface and in the bulk:

Li8SiO6(s) + 2CO2(g) # 2Li2CO3(s) + Li4SiO4(s) (9)
This journal is © The Royal Society of Chemistry 2022
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Step 3 involves the uptake of CO2 by the formed Li4SiO4:

Li4SiO4(s) + CO2(g) # Li2CO3(s) + Li2SiO3(s) (10)

Lithium silicates can be easily synthesised by solid-state
reactions. A typical synthesis involves mechanically mixing
lithium and silicon precursors with desired stoichiometric
ratios, followed by drying and calcination (at 800–900 �C).
Typical lithium precursors include Li2CO3,116,117 Li2O (ref. 118)
and LiNO3,119 whereas the silicon precursor is almost always
SiO2. Regardless of the precursor used, solid-state synthesised
lithium silicates exhibit low specic surface areas (<1 m2 g�1)
and low experimental CO2 uptake capacities: 28–35 wt% (76–
95 mol%) for Li4SiO4 (ref. 116 and 117) and 42 wt% (43 mol%)
for Li8SiO6.115 In addition, the poor sintering resistance of the
solid product, Li2SiO3, results in rapid performance decay over
CO2 capture cycles.117

Given the dependence on product layer diffusion during
carbonation, it is intuitive to prepare Li4SiO4 sorbents with high
surface areas using wet chemistry methods such as impregna-
tion suspension,114,120 which involves mixing an aqueous solu-
tion of lithium precursors (e.g. lithium acetate and lithium
lactate) with a SiO2 sol suspension, which is subsequent dried
and calcined.114 Indeed, the resulting Li4SiO4 samples exhibit
higher surface areas (1.6–2 m2 g�1), higher CO2 uptake (up to
36 wt%, i.e. 98mol%) and better cyclic durability (over 40 cycles)
than those synthesised by solid-state reactions.114

Alternatively, the performance of Li4SiO4 can be improved by
doping. Inert dopants (e.g. CaCO3) can increase the sorbents'
specic surface area and sintering resistance.117 Low melting-
point dopants, e.g. Na2CO3, K2CO3, NaNO3 and KNO3, can
accelerate the transport of CO2 through the Li2CO3 product
layer, analogous to the case of alkali metal salt doped MgO
sorbents.119–121 Lastly, redox-active dopants, such as Fe3+, can
improve the transport of O2� ions through the Li2SiO3 product
layer.118 Synthetically, doping can be achieved by including
dopant precursors during the solid state synthesis of the Li4SiO4

sorbent,116,117 impregnating the solid-state synthesised Li4SiO4

with soluble dopants (e.g.Na2CO3, K2CO3, NaNO3 and KNO3), or
performing a secondary solid state reaction between the as-
synthesised Li4SiO4 and the dopant precursor. Two-step solid
state synthesis was used for the synthesis of Li4+xSi1�xFexO4

sorbents from Li4SiO4 and Li5FeO4.118 As an economic and
sustainable alternative, Wang et al. used acid-leached blast
Table 5 Summary of carbonation reactions of Li-transition metal-oxide

Active sorbent Carbonation reactions

Li4TiO4 Li4TiO4 + 4CO2 ¼ 4Li2CO
Li5FeO4 Li5FeO4 + 2CO2 ¼ LiFeO2

LiFeO2 + CO2 ¼ Li2CO3 +
Li6CoO4 Li6CoO4 + 3CO2 ¼ 3Li2CO
Li2CuO2 Li2CuO2 + CO2 ¼ Li2CO3

Li6WO6 Li6WO6 + CO2 ¼ Li4WO5

Li4WO5 + CO2 ¼ Li2WO4

Li2WO4 + CO2 ¼ WO3 + L

This journal is © The Royal Society of Chemistry 2022
furnace slag, which contains TiO2, Fe2O3, Al2O3, CaO and K2O,
as the silicon precursor for the solid-state synthesis of
Li4SiO4.116 The inherent presence of dopants in the silica
precursor offers a cost-effective means to prepare high perfor-
mance Li4SiO4 sorbents. In all cases, the dopant-promoted
Li4SiO4 showed increased specic surface area (from 0.06 to
0.3 m2 g�1), improved CO2 uptake (up to 35 wt%, i.e.
95 mol%),117 improved cyclic stability (up to 250 cycles)121 and
faster rate of carbonation at low reaction temperatures in low
CO2 concentrations (in 20% CO2 at 200 �C).118

4.1.2 Other Li based sorbents. Lithium zirconate (Li2ZrO3)
is the second most studied lithium based sorbent with a stoi-
chiometric uptake capacity of 28.7 wt%:

Li2ZrO3(s) + CO2(g) # Li2CO3(s) + ZrO2(s) (11)

The experimentally reported carbonation temperatures are
in the range of 450–650 �C. Similar to lithium silicates, the
carbonation of Li2ZrO3 also proceeds via a double shell model,
in which the inner and outer product layers are ZrO2 and
Li2CO3, respectively. The CO2 diffusion through the Li2CO3

inner layer is considered to be the rate limiting step. Li2ZrO3 can
be simply synthesised by solid-state reaction from Li2CO3 and
ZrO2. However, solid-state synthesised Li2ZrO3 show slow
carbonation and low uptake capacities (5.9–10 wt%, i.e. 20.6–
34.8 mol%).122,123 Therefore, synthetic methods used to improve
the performance of Li4SiO4 have also been adopted to promote
the Li2ZrO3 sorbents, such as (i) doping low-melting point salts
to improve the CO2 mobility through the carbonate product
layer,123 (ii) doping redox-active Fe3+ to improve the O2

�–CO3
2�

bi-ionic diffusivity through the Li2CO3 product layer,122 and (iii)
preparing Li2ZrO3–Na2ZrO3 solid–solution sorbents by impreg-
nation suspension.124 Methods (i) and (iii) appear to be more
effective in enhancing CO2 uptake (20–22 wt%, i.e. 70–
77 mol%), whereas the improvement by Fe-doping is marginal
(7.0–9.2 wt%, i.e. 24.4–32.1 mol%).

Ternary oxide phases containing Li and transition metals
have also been prepared, primarily by solid-state synthesis, as
CO2 sorbents.125–130 A summary of the carbonation chemistries
of these Li-transition metal oxides is presented in Table 5.
Amongst these ternary oxides, Li6CoO4 has both the highest
stoichiometric CO2 uptake and the highest experimental CO2

uptake of 80.0 and 74.5 wt%, respectively,127 whereas Li6WO6

nanowires showed the ability to rapidly capture CO2 at ambient
materials

Stoichiometric
CO2 uptake capacity (wt%)

3 + TiO2 41.5–47.3
+ 2Li2CO3 71.2
Fe2O3

3 + CoO 80
+ CuO 40.2
+ Li2CO3 41.1
+ Li2CO3

i2CO3

J. Mater. Chem. A, 2022, 10, 1682–1705 | 1697
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temperatures in the presence of moisture (relative humidity ¼
58 � 3%). The high performance of Li6WO6 nanowires at
ambient temperatures is attributed to the hydration and acti-
vation of the surface of the nanowires for accelerated carbon-
ation, as illustrated in Fig. 12d.127 For sorbents containing
redox-active metals, e.g. Co and Fe, the redox environment
during carbonation will also affect the CO2 capture perfor-
mance. For instance, the presence of O2 promotes CO2 uptake of
Li5FeO4 by enhancing the ionic diffusion through the product
layer.118 In contrast, the performance of Li6CoO4 deteriorates
quickly over cycles (76.4 wt%, i.e. 95.5 mol%, in the rst cycle to
30.5 wt%, i.e. 38.1 mol% aer 10 cycles), owing to the irre-
versible oxidation of Co2+ to Co3+ by the O2 present under the
testing conditions.127

The cyclic stability of Li-transitionmetal oxides is either poor
or unreported. Doping a second transition metal (e.g. Mn, Fe or
Ni)128 and alkali metal nitrates (MNO3, M ¼ Li, Na, K)129 has
been proven effective for improving the capture capacity (from
23 wt% to 35 wt%, i.e. 57 to 87.1 mol%) and cyclic stability of
Li2CuO2. Again, the improvement is by virtue of improving the
ionic conductivity of the product layers.

Lastly, trilithium borate (Li3BO3) has been synthesised by
precipitation using LiOH and H3BO3 as the precursors.131

Li3BO3 captures CO2 with a stoichiometric uptake capacity of
41.4 wt%:

4Li3BO3 + 3CO2 # 3Li2CO3 + Li6B4O9 (12)

With a reported experimental CO2 uptake of 35.4 wt%
(51.2 mol%), measured aer 4 h in pure CO2 at 580 �C. The poor
cyclic stability of Li3BO3 could be improved by NaNO2 or KNO2

doping, which signicantly accelerates product layer diffusion
as the dopant salts form a molten layer. Interestingly, the
10 mol% (Na–K)NO2 doped Li3BO3 showed an experimental
uptake of 47.2 wt% (68.3 mol%), exceeding the stoichiometric
maximum capacity predicted by eqn (16). This was because the
alkali metal nitrites promoted the deep carbonation of lithium
borate:

4Li3BO3 + 5CO2 # 5Li2CO3 + Li2B4O7 (13)

Li3BO3 + CO2 # Li2CO3 + LiBO2 (14)

Resulting in improved stoichiometric uptake capacities of
69.1 and 55.4 wt%, respectively.
Fig. 13 (a) Scheme of the CO2 uptake on Na2ZrO3 at different
temperatures. Reprinted with permission134 copyright 2021 American
Chemical Society (b) SEM image of growth of ZrO2 and Na2CO3 after
the carbonation of Na2ZrO3. Reprinted with permission134 copyright
2021 American Chemical Society (c) Scheme of the CO2 and sodium
diffusion in the sorbent under fresh and sintered state. Reprinted with
permission135 copyright 2021 Elsevier.
4.2 Na based sorbents

Na based sorbents have similar chemical formulae as the Li
based ones (see Section 4.1). Because sodium is earth-
abundant, Na based sorbents are potentially more econom-
ical. On the other hand, sodium is heavier and therefore, the
stoichiometric CO2 uptake capacity of Na based sorbents are
generally lower than that of the Li equivalents in terms of wt%.
Experimentally, sodium orthosilicate, sodium zirconate and
other sodium metal oxides have shown promising CO2 capture
performance over a wide temperature range (from near-ambient
temperatures to 850 �C):
1698 | J. Mater. Chem. A, 2022, 10, 1682–1705
Na4SiO4 + CO2 # Na2CO3 + Na2SiO3 (15)

Na2ZrO3 + CO2 # Na2CO3 + ZrO2 (16)

These compounds generally exhibit good cyclic stability,
with the exception of undoped Na2CoO2:

Na2CoO2 + CO2 # Na2CO3 + CoO, (17)

which shows limited experimental CO2 uptake (3.3–5.0 wt%, i.e.
22.0–33.3 mol%) that is substantially below the stoichiometric
capacity of 15 wt%.132

Similar to Li based sorbents, Na based sorbents can be
prepared by solid-state reactions between metal precursors, e.g.
Na2SiO3 + NaOH,133 Na2CO3 + ZrO2,134 and Na2CO3 + CoCO3,132

as well as by wet-chemistry methods such as sol–gel
synthesis.135,136

Na4SiO4 was found to perform well above 750 �C, showing
a maximum uptake of 19.2 wt% (80.3 mol%, with a stoichio-
metric uptake capacity of 23.9 wt%) at 840 �C.133 One approach
to improve the low-temperatures performance of Na4SiO4 is
doping alkali carbonates (M2CO3, M ¼ Li, Na, K), which
promotes the diffusion of O2

� through the molten carbonate
layer. The promotional effects follow the order K2CO3 > Na2CO3

> Li2CO3, probably because of the increased basicity from Li to
K.133 Although the dopants decrease the mass-based CO2 uptake
capacity of the Na4SiO4 sorbent, doping signicantly improved
carbonation rates even below 700 �C. In particular, K2CO3-
doped Na4SiO4 showed 4.7 wt% (19.7 mol%) CO2 uptake at
300 �C, doubling that of undoped Na4SiO4.

During the carbonation of Na2ZrO3, the solid products could
form a mesoporous layer with high gas permeability, as depic-
ted in Fig. 13a and b. As a result, the Na2ZrO3 sorbents do not
This journal is © The Royal Society of Chemistry 2022
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experience signicant product layer diffusion resistance, as
long as the product layer does not sinter.137 Nevertheless,
increasing the initial porosity of Na2ZrO3, e.g. by synthesising
the sorbent using sol–gel method, could still render improve-
ments in CO2 uptake and cyclic stability during high tempera-
ture operations.135 The best performance was achieved by the
Na2ZrO3 prepared from sodium oxalate and Zr(NO3)4, showing
an uptake of 22.6 wt% (95.0 mol%, with a stoichiometric uptake
of 23.8 wt%), which was largely maintained over 5 successive
cycles. Ji et al. attributed the high performance to the partly
sintered product layer, which facilitates fast sodium diffusion
as a form of mass transfer enhancement, as depicted in Fig. 13c.

For NaCoO2, substitutionally doping the Co sites with Fe
could substantially improve the redox activity, ionic conductivity
and therefore CO2 capture performance of the ternary oxide. For
instance, NaCo0.7Fe0.3O2 showed improved capacity of 10.6 wt%
(70.7 mol%) in 20% CO2 at 700 �C (cf. 3.3 wt%, 22.0 mol%
without doping).132 The CO2 uptake could be further improved to
11.1 wt% (74.0 mol%) in the presence of 5% O2 at 800 �C,
because the presence of O2 would stabilise the NaCoO2 phase.

4.3 K based sorbents

Unlike lithium and sodium based sorbents, whose functional
forms are mixed oxides, potassium based sorbents primarily
function in the form of K2CO3 and take up CO2 by forming
bicarbonate in the presence of moisture with a stoichiometric
CO2 uptake capacity of 31.8 wt%:

K2CO3 + CO2 + H2O # 2KHCO3 (18)

Experimentally, the carbonation and regeneration of K2CO3

occur at 50–60 �C and around 200 �C, respectively. This makes
Fig. 14 (a) SEM images of coarse and fine SrO particles before (A & C) a
Sr0.95Ca0.05Fe0.5Co0.5O3�d perovskite with a layered structure and its pha
Co sites are considered to be the preferential sites for CO2 absorption. Re

This journal is © The Royal Society of Chemistry 2022
K2CO3 an excellent candidate for CO2 capture at near-ambient
temperatures. The practically achievable CO2 uptake by K2CO3

is as high as 28.7 wt% (90.3 mol%).138 However, the cyclic
stability of K2CO3 is limited.

To improve the cyclic stability, researchers have impregnated
K2CO3 on various types of high melting point supports. The
most readily available support material is alumina.139 However,
the interaction between Al2O3 and K2CO3 would form the
thermally stable KAl(CO3)(OH)2:140

K2CO3 + Al2O3 + CO2 + 2H2O # KAl(CO3)(OH)2, (19)

which results in drastic capacity loss (9.6 wt%, to 4.8 wt%, i.e.
30.2 mol% to 15.1 mol%) aer only 3 cycles.141 One way to avoid
KAl(CO3)(OH)2 formation is to restrict the operation to ambient
temperatures and perform pressure swing cycles instead.142

However, the cost-benet of doing pressure swing CO2 capture
must be further justied, as pressure swing processes are oen
associated with high energy penalties and additional costs
arising from gas compression.

Alternatively, support materials that do not react with K2CO3

can be used, such as silicates (e.g. Al6Si2O13, CaSiO3, ZrSiO4,
which inert towards K2CO3),141 ZrO2 (ref. 139) and porous
carbon.143 In all cases, stable performance over 10 cycles can be
achieved at the expense of reduced CO2 uptake (6.5–11.8 wt%,
i.e. 20.4–37.1 mol% cf. the stoichiometric maximum of
31.8 wt%). Most interestingly, Yang et al.143 impregnated K2CO3

on carbon aerogels, which possess extremely specic high
surface areas (350 to 450 m2 g�1) and provide additional phys-
isorption sites for CO2. As a result, they reported the highest
CO2 uptake of 9.2–11.8 wt% (28.9–37.1 mol%), amongst the
highest of all supported K2CO3 sorbents. Nevertheless, the
nd after five cycles (B & D) of carbonation�calcination at 1100 �C (b)
se segregation to a Fe-rich and a Co-rich phase. The undercoordinated
printed with permission144 copyright 2021 American Chemical Society.
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application of the carbon based supports for CO2 capture must
be further validated under realistic operation conditions,
considering the lack of CO2 selectivity by the physisorption
process and the lack of stability of carbon in the presence of
oxygen, a common component in combustion ue gases.

4.4 Sr based sorbents

SrO can function by itself as a high temperature (>1000 �C) CO2

sorbent with relatively high initial CO2 uptake. Indeed, Miccio
et al.144 prepared SrO sorbents withmean particle size of 0.5 mm
and 5.0 mm by calcining SrCO3 and wet-granulation (Fig. 14a).
The SrO sorbents with mean particle size of 0.5 mm and 5.0 mm
had specic surface areas of 1.3 and 2.2 m2 g�1, respectively.144

Both the ne, low surface area and coarse, high surface area SrO
particles showed high initial CO2 uptake capacities of 37.1 and
30.5 wt% (87.3 and 48.2 mol%), respectively, when tested in
50% CO2 at 1100 �C. However, the uptake capacity rapidly
dropped over cycles due to sintering. The attempt to support
SrO2 on Al2O3 by mechanical mixing resulted in the formation
of Sr3Al2O6 and SrAl2O4, both appeared benecial to the
sorbent's cyclic stability, at the expense of reducing the capture
capacity to 8.7–9.3 wt% (20.5–21.9 mol%).

Alternatively, Sr-containing perovskites, in which Sr occupies
the A sites in the ABO3 lattice, can be used directly as CO2

sorbents. These perovskite structured sorbents are typically
prepared via sol–gel synthesis.145 The A site and B site occupan-
cies of the perovskites can be exibly adjusted by varying the
compositions of the metal precursors during the sol–gel
synthesis. The site occupancies in turn inuence the CO2 capture
performance. For example, La0.1Sr0.9Co0.5Fe0.5O3�d was found to
capture more CO2 (17.3 wt%, i.e. 83.6 mol%) than Sr0.95Ca0.05-
Fe0.5Co0.5O3�d (4.48 wt%, i.e. 18.3–33.2 mol%).146,147 However,
further increasing the Ca occupancy in the A site (replacing more
Sr) to Sr0.5Ca0.5Fe0.5Co0.5O3�d could improve the uptake to 17 wt%
(62.3 mol%).147 Such improvement was attributed to the fact that
Sr0.5Ca0.5Fe0.5Co0.5O3�d with d z 0.53 corresponds to a brown-
millerite structure (see Fig. 14b) with ordered oxygen vacancies,
which are regarded by many to be benecial to CO2 uptake:146,148

2(Sr, Ca)(Fe, Co)O2.5 + CO2 # (Sr, Ca)CO3 + (Sr, Ca)(Fe,

Co)2O4 (20)

Adjusting the B-site occupancies could also inuence the
capture performance. Lu et al.149 synthesised SrCo1�2x(Fe,
Nb)xO3�d with equimolar amount of Fe and Nb by solid-state
reactions between SrCO3, Co3O4 (or Co2O3), Fe2O3, and Nb2O5.
For x ¼ 0.05 and 0.10, the freshly synthesised sorbents showed
CO2 uptake of 13.1 wt% (55.5 mol%) and 11.1 wt% (47.0 mol%),
respectively, when evaluated in 75% CO2 at 925 �C. Here, the
increased B site occupancy by Nb enhanced the acidity and
reduced the activity of the perovskite towards carbonation.150

Beyond the cubic-perovskite structure, a Ruddlesden–Popper
(RP) structured (A0

2[An�1BnO3n+1]) Li2SrTa2O7 sorbent was
prepared by Galven et al. by solid state synthesis.151 This RP
phase achieved 4.90 wt% (96.1 mol%) uptake (with a stoichio-
metric uptake of 5.11 wt%) aer 15 h in humid CO2 at 140 �C, 30
bar pressure:
1700 | J. Mater. Chem. A, 2022, 10, 1682–1705
Li2SrTa2O7 + 0.5CO2 + 0.5H2O# LiHSrTa2O7 + 0.5Li2CO3(21)

In addition, the Li2SrTa2O7 sorbent exhibited excellent
cyclability with negligible capacity loss over 6 cycles of
isothermal carbonation at 140 �C and regeneration up to 700 �C.
Such performance merits further development and
investigation.
4.5 Ba based sorbents

Like Sr based sorbents, most studies on Ba based sorbents focus
on the use of perovskite-type oxides with Ba occupying the A
sites. These Ba based perovskites can be prepared by either sol–
gel synthesis148 or solid state reactions.152 Likewise, the perfor-
mance of the Ba based sorbents also depends on the site
occupancies. For example, Nomura et al.148 found that changing
the Fe occupancy in (Ba0.95Ca0.05)(Co1�xFex)O3�d from 0.2 to 0.9
resulted in a reduction in CO2 uptake from 10.0 wt%
(52.5 mol%) to 8.7 wt% (45.3 mol%). Given that BaFeO3�d (0 <
d < 0.5) type materials are capable of reversibly changing phase
between perovskite (ABO3) and brownmillerite (A2B2O5), facili-
tated by oxygen uptake and release, their CO2 capture perfor-
mance would also dependent on the oxygen partial pressure
and the temperature. In general, unstable BaFeO3�d structures
correspond to improved CO2 capture performance. For
example, carbonating Ba0.95Ca0.05Co0.8Fe0.2O3�d in the absence
of oxygen renders an improved capture capacity of 12 wt%
(62.5 mol%), owing to the thermal decomposition of perovskite
to brownmillerite, which appeared as a better sorbent; this
nding is in agreement with Lu et al.149 and Fujishiro et al.153 Yi
et al. doped the B-sites of BaFeO3�d with Nb,154 and reported low
CO2 uptake (1.3 wt%, 6.9 mol%) of the doped perovskite. We
suspect that the Nb dopant donates electrons to the perovskite
structure, which becomes chemically stabilised and unreactive
towards CO2. The most outstanding Ba based sorbents is
perhaps the 6H-perovskite Ba4Sb2O9 reported by Dunstan
et al.155 The authors prepared the sorbents by solid-state reac-
tion between BaCO3 and Sb2O3. Ba4Sb2O9 reacts with CO2 with
a stoichiometric CO2 uptake capacity of 14.1 wt%:

Ba4Sb2O9 + 3CO2 # BaSb2O6 + 3BaCO3 (22)

Experimentally, near-stoichiometric CO2 uptake of
13.75 wt% (99.3 mol%) was observed upon carbonation at
750 �C. During long-term cyclic operation, Ba4Sb2O9 showed
>10 wt% (70.9 mol%) CO2 uptake over 100 uptake–regeneration
cycles (Fig. 15a). The excellent cyclic stability of Ba4Sb2O9 orig-
inated from the sorbent's ability to fully regenerate its complete
pore structure in each cycle, despite the fact that the fully
carbonated sorbent showed virtually no porosity (Fig. 15b). The
same authors also found Ba4Nb2�xTaxO9 materials to be poor
CO2 sorbents, showing uptake <0.07 wt% in 100% CO2 at up to
1000 �C.156
4.6 Summary and knowledge gap

Compared to the CaO andMgO based sorbents, Li, Na, K, Sr and
Ba based sorbents are less commonly studied. Owing to the
This journal is © The Royal Society of Chemistry 2022
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Fig. 15 (a) CO2 uptake by 6H perovskite Ba4Sb2O9 over 100 carbonation–calcination cycles in at TGA. (b) Surface morphology Ba4Sb2O9 as it
evolves over carbonation–calcination cycles. Reprinted with permission155 copyright 2021 American Chemical Society.
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high alkalinity of the metal sites, Li, Na, K, Sr and Ba based
oxides require chemical modications to function as reversible
CO2 sorbents at reasonable temperatures. These chemical
modications refer to a large pool of candidate sorbent
compositions. Whilst many of these sorbents behave similarly
during CO2 uptake (e.g., the double shell model for lithium
silicates, lithium zirconates, sodium silicates and sodium zirc-
onates), signicantly more research is needed to fully under-
stand and rationalise the behaviour of these mixed oxide
sorbents in relation to their chemical composition, structure
and synthesis methods. Following the discussion above, we
summarise the following knowledge gaps for Li, Na, K, Sr and
Ba based sorbents:

� The effect of strain development on the product layers
during carbonation (e.g. following the double shell model
depicted in Fig. 12a) is not well understood.

� Most of the sorbents discussed in this section have not
been tested under practical CO2 capture conditions, i.e.
carbonation in 5–15% CO2 (in the presence of moisture) and
calcination in pure CO2.

� The test conditions employed by different studies are
inconsistent, making it difficult to make fair comparisons.

� Most CO2 uptake tests were done in TGA, whilst some
sorbents have only been studied for 1 carbonation cycle or by
temperature programme carbonation.

� The synthesis parameters have not be sufficiently explored
to identify optimal synthesis procedures.

� The cost-benet of synthesising sorbents with complex
structures and compositions must be justied.
5 Challenges and opportunities

This review discusses the recent advances in developing
synthetic oxide sorbents for CO2 capture. The CO2 uptake ability
of these sorbents originates from the alkalinity of the group 1
and group 2 metals. Because of reasons associated with cost,
natural abundance and the performance of the natural mineral-
This journal is © The Royal Society of Chemistry 2022
derived sorbents, different classes of solid oxide sorbents have
received varying extents of research attention and have reached
different levels of technological maturity. Specically, CaO
based sorbents can be produced at large quantities from low-
cost Ca sources (e.g. limestone), and have been extensively
tested over a wide range of scales (from TGA to pilot plants) in
realistic ue gas compositions. In contrast, all non-CaO based
sorbents require specic chemical modications to achieve
improved CO2 capture kinetics and capacity. Furthermore, the
lack of testing standards for the non-CaO sorbents makes it
difficult to have meaningful comparisons between different
studies, even if they report similar chemical formulations.
Addressing the lack of testing standards with priority will allow
the eld to develop faster and more efficiently.

There is also much commonality between different classes of
sorbents. For instance, the carbonation of almost all solid oxide
sorbents depends on the porosity and the mass transfer through
the carbonated product layer. However, maintaining the porous
structure of a solid material while it undergoes many cycles of
phase changes (i.e. between oxides and carbonates) is technically
challenging. Indeed, much research has been devoted to
improving the cyclic stability of the solid oxide sorbents through
synthetic approaches. One of the key methods involves mixing
the active sorbent phases with thermal stabilisers such as Al2O3

and ZrO2. Here, the chemical interaction between the active
component (solid bases) and the thermal stabilizer phases
(typically acidic oxides) must be understood and taken into
consideration, as these interactions could potentially form inert
phases (e.g. Ca12Al14O33 and KAl(CO3)(OH)2) to dilute the CO2

uptake capacity of the composite sorbents.
The synthetic approaches to improve the CO2 uptake kinetics

are also equally applicable across different classes of sorbents.
For example, doping the sorbent surface with low-melting point
salts could result in the formation of a molten salt layer during
high temperature operation. Consequently, the mass transfer of
CO2 through the carbonate product layer can be drastically
improved. Doping redox activemetals such as Fe3+ could further
J. Mater. Chem. A, 2022, 10, 1682–1705 | 1701
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enhance the mass transfer, which is governed by ionic diffusion
through the molten layer, thereby achieving fast CO2 capture
and high CO2 uptake capacity. For sorbents that do not rely on
the functioning of the molten salt layer, it is generally benecial
to prepare sorbents with high specic surface area and high
porosity. To this end, the knowledge in preparing CaO based
sorbents, e.g. the effect of synthesis parameters on the
morphological properties of the nal products, can be adapted
for improving the performance of other types of oxide sorbents
for a wide range of process applications.

For applications where the capturing and regeneration
should take place at moderate to low temperatures, there is also
an opportunity to hybridise metal oxides with membranes,
polymers, and carbon-based materials to yield synergistic
effects and enhanced sorbent performance.157–159 For instance,
it has been reported that doping membranes with metal oxides
resulted in improved CO2 uptake. Doped membranes with polar
–OH group on the surfaces can increase the membrane
sorbent's reactivity with CO2 molecules – as CO2 molecules and
metal oxide act as electron acceptors and donors, respectively,
the selectivity and permeability of the oxide-doped membrane
towards CO2molecules can be effectively increased.160–162 On the
other hand, more research effort is required to improve the
cyclic regenerability and durability of these composite sorbent
materials.

Beyond experimental approaches, the emerging of compu-
tational chemistry has offered opportunity to accelerate sorbent
formulation with unprecedented efficiencies. In fact, compu-
tational approaches have been widely adopted by chemists
developing solid sorbents based on MOFs, zeolites and carbon
materials,163–166 including high-throughput screening studies
that explored candidate sorbent materials in computational
databases.167–170 For solid oxide sorbents, ab initio computa-
tional studies would in the rst instance rely on density func-
tional theory (DFT) calculations to predict the properties of the
oxides and the active sites for CO2 uptake. Dunstan et al. has
conducted a pioneering high throughput screening of oxidic
CO2 sorbent materials using the Materials Project database and
identied Na3SbO4 and Li5FeO4 to be promising CO2 sorbents.19

Similarly, the computational screening by Gaultois et al. found
Li5SbO5 as a potential sorbent, which showed satisfactory CO2

uptake performance (�72% of its stoichiometric uptake
capacity) over 25 cycles.130 At present, there remains a gap
between the thermochemical material properties that are
computationally predicted and those experimentally measured.
Such gap could potentially hinder the effective of the compu-
tational approaches to discover and develop new sorbents.
However, with the rapid advancement in computational
methods to simulate detailed chemical and physical
phenomena, we anticipate computer-aided materials design
methods to play major roles in the future development of solid
oxide CO2 sorbents.
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22 M. Reitz, M. Junk, J. Ströhle and B. Epple, Int. J. Greenhouse
Gas Control, 2016, 54, 272–281.

23 J. A. Duffy, J. Am. Ceram. Soc., 1997, 80, 1416–1420.
24 J. A. Duffy, Geochim. Cosmochim. Acta, 1993, 57, 3961–3970.
25 J. Wang, L. Huang, R. Yang, Z. Zhang, J. Wu, Y. Gao,

Q. Wang, D. O'Hare and Z. Zhong, Energy Environ. Sci.,
2014, 7, 3478–3518.

26 M. T. Dunstan, F. Donat, A. H. Bork, C. P. Grey and
C. R. Müller, Chem. Rev., 2021, 121, 12681–12745.

27 A. Perejón, L. M. Romeo, Y. Lara, P. Lisbona, A. Mart́ınez
and J. M. Valverde, Appl. Energy, 2016, 162, 787–807.

28 M. C. Romano, I. Mart́ınez, R. Murillo, B. Arstad, R. Blom,
D. C. Ozcan, H. Ahn and S. Brandani, Energy Procedia,
2013, 37, 142–150.

29 A. M. Kierzkowska, R. Pacciani and C. R. Muller, J. Mater.
Chem. A, 2013, 6, 1130–1148.

30 T. Xu, X. Wang, B. Xiao andW. Liu, Chem. Eng. J., 2021, 425,
131522.

31 IEA, The challenge of reaching zero emissions in heavy
industry, IEA, Paris, 2020, https://www.iea.org/articles/the-
challenge-of-reaching-zero-emissions-in-heavy-industry.

32 S. Gardarsdottir, E. De Lena, M. Romano, S. Roussanaly,
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