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Abstract 

Carbon dioxide capture and mitigation forms a key part of the technological response to combat 

climate change and reduce CO2 emissions. Solid materials capable of reversibly absorbing CO2 

have been the focus of intense research for the past two decades, promising stability and low 

energy costs to implement and operate compared to the more widely used liquid amines. In this 

Review, we explore the fundamental aspects underpinning solid CO2 sorbents based on alkali 

and alkaline earth metal oxides operating at mid- to high temperature: how their structure, 

chemical composition and morphology impact their performance and long-term use. Various 

optimization strategies are outlined to improve upon the most promising materials, and we 

combine recent advances across disparate scientific disciplines including materials discovery, 

synthesis, and in situ characterization to present a coherent understanding of the mechanisms 

of CO2 absorption both at surfaces and within solid materials.  

 

1 Introduction and objectives - CO2 capture by metal oxides 

Humankind faces an urgent challenge to rapidly reduce greenhouse gas emissions in order to 

reach a carbon neutral society by 2050, the point at which environmental changes caused by 

climate change may become irreversible [1], [2]. Amongst the many technologies being 

developed towards this goal, it has been argued that carbon dioxide capture, utilization and 

storage (CCUS) is a necessary component, being both a mature and relatively inexpensive 

measure that can support other initiatives in electrochemical storage, renewable energy 

conversion and improving industrial efficiency [3]–[6]. Not only is CCUS an environmental 

necessity, but it also represents a significant economic opportunity [7], [8]. Recent 

governmental and industrial white papers highlight its vital role in “Power to X” (P2X) schemes 

that seek to harness electricity to synthesize various energy-dense fuel sources by utilizing H2 

from electrolysis combined with CO2 from capture [9]–[13]. P2X represents just one of several 
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proposed industrial processes aiming to use CO2 as a feedstock [14]–[20], underlining the need 

for efficient CCUS implementation. 

Within the area of carbon dioxide capture, liquid amines have seen the most use at scale in pilot 

plants designed to reversibly capture CO2 and yielding a purified stream of CO2 for subsequent 

sequestration [18], [21]–[23]. However, amines and especially their regeneration incur a 

relatively high energy cost, and there exist concerns regarding their toxicity [24], motivating 

research over the past two decades to develop alternative materials. CO2 capture by metal 

oxides has been of industrial relevance for more than 150 years, ever since Tessié du Motay 

and Marechal [25] used CaO to absorb the CO2 generated in a gasification process to increase 

the purity of H2. The use of oxides for CO2 capture has emerged only recently when Silaban 

and Harrison suggested using CaO to capture CO2 from emissions in 1995 [26]. In 1999, 

Shimizu et al. [27] proposed a post-combustion CO2 capture process composed of two 

interconnected fluidized bed reactors, in which CO2 is continuously absorbed from a flue gas 

stream by CaO, forming CaCO3, followed by its thermal decomposition to CaO to obtain a 

stream of sufficiently pure CO2 (> 96 %) for sequestration (R1 in Table 1) [28]. This process, 

termed calcium (or carbonate) looping (CaL), formed the basis for research on CO2 capture by 

metal oxides at mid- to high temperatures (> 200 °C) to the present day. The higher operating 

temperatures of metal oxides compared to liquid amines gives the promise of a lower energy 

penalty incurred if implemented into power plants, driving interest in their further development 

[29], [30]. There has been a great deal of research aimed at understanding various aspects of 

the CO2 absorption reaction at elevated temperature, including the materials that are of potential 

interest, and various modifications and optimizations that can be performed to achieve 

benchmarks set by governments and industry. 

This review aims to focus on the chemistry, engineering and material science aspects that 

underpin mid- to high temperature CO2 capture using solid oxide materials (e.g. CaO, MgO and 

Li4SiO4) in order to consolidate the current state of understanding of the parameters that drive 

capture performance; for general overviews of solid sorbents suitable for CO2 capture at low 

temperature (< 200 °C), e.g. carbon-based materials, zeolites, metal-organic-frameworks 

(MOF) or hydrotalcite-like compounds, which all do not necessarily form thermodynamically 

stable carbonates, we refer to relevant review papers [31]–[39]. The different disciplines 

concerned in the development of metal oxide sorbents can offer complementary insights into 

CO2 absorption, but their communities are often disparate; this review aims to bring together 

the contributions of each field, and to encourage more interdisciplinary studies and 

experimental approaches. 
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CaO-based sorbents are by far the most widespread in terms of research literature, much of 

which is focused on the optimization of the archetypal CaO on an industrial process scale; for 

summaries of this work, we refer to a number of review papers [40]–[50] and also to papers 

covering specifically Mg- [51], [52] and Li-based [53], [54] sorbents. In contrast, this review 

will investigate questions at a much more fundamental level, including the influence of material 

structure, ionic conduction and particle morphology on CO2 absorption, and how the structural 

and operando analysis of a wide range of Ca, Mg and Li containing materials reveals trends 

tying performance to these chemo-physical properties. This includes theoretical approaches 

utilizing screening methodologies based on first principle analysis using density functional 

theory (DFT), as well as large-scale experimental screening which can guide the rational design 

of novel materials. This review also covers work applying new analytical techniques to study 

CO2 capture materials including in situ X-ray diffraction (XRD), Raman spectroscopy, nuclear 

magnetic resonance (NMR) and synchrotron-based techniques, attempting to uncover causal 

links between performance and the various chemical and physical features to a material. 

The hope is to offer researchers in this field a broad survey of the underlying problems inherent 

in solid oxide CO2 capture, and to highlight the most advanced research efforts in material 

synthesis, structural manipulation and material characterizations to present common findings 

across different fields providing advances in fundamental understanding. 
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2 Fundamentals of the carbonation and calcination reactions 

The following sections discuss fundamental aspects of the carbonation and calcination reactions 

for the most widely used sorbents for CO2 at elevated temperature, i.e. CaO and MgO, including 

their structural transformations and kinetics. Further, the role of the gas environment and 

reasons for sorbent deactivation are assessed. In order to simplify the analysis, we chose to 

focus solely on unmodified CaO-CaCO3 and MgO-MgCO3 as model systems, given that the 

majority of previous research has involved these materials or modifications thereof, and that 

they represent the basis of the most advanced systems in terms of practical implementation. 

2.1 Thermodynamic properties of alkali metal oxide sorbents 

The applicability of any material for CO2 capture at elevated temperatures (> 200 °C) is driven 

by the requirements of the process in which the material is to be used. For post-combustion CO2 

capture, CO2 concentrations in the off-gas from industrial processes typically range from 

~ 3 – 15 vol.% CO2 depending on the type of fuel used, but can reach as high as 35 – 40 vol.% 

in cement plants or in the iron and steel industry [55]–[58]. Ideally, CO2 is removed completely 

from the respective gas stream before it is released to the atmosphere. In pre-combustion CO2 

capture, e.g. for integrated gasification combined cycle (IGCC) power plants, partial pressures 

of CO2 from coal gas can range from 0.5 to 10 bar [59]–[61]. 

Figure 1 plots the equilibrium partial pressure of CO2, pCO2,eq, as a function of temperature T 

for various single metal oxide sorbents. Combinations of T and pCO2 above the respective 

pCO2,eq-curves imply the material exists as carbonate, whereas below the curve the material’s 

thermodynamically stable state is its oxide form.  
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Figure 1. Equilibrium partial pressure of CO2, pCO2,eq, as a function of temperature for alkali (green) and alkaline earth (blue) 

metal oxide-carbonate systems. Horizontal grey lines indicate pCO2 of 0.05, 0.15 and 1 bar, respectively. Note that the pCO2,eq 

for the systems K2O-K2CO3, Rb2O-Rb2CO3 and Cs2O-Cs2CO3 are < 10-3 bar for temperatures 100 – 1500 °C and are thus not 

seen in the figure. The curves were computed using thermodynamic data provided by the NASA Glenn Research Center [62]. 

The blue dashed line indicates the pCO2,eq for the system MgO-MgCO3 reported in [63], [64]. The inset plots the maximum CO2 

capture efficiency as a function of temperature for the system CaO-CaCO3 for different pCO2; for a CO2 capture efficiency of 

zero the temperature for the transition between CaO and CaCO3 is obtained for the given pCO2. 

Taking the system CaO-CaCO3 and a gas stream containing 15 vol.% CO2 (equivalent to 

pCO2 ≈ 0.15 bar at atmospheric pressure), the maximum CO2 capture efficiency at 600 °C is 

(pCO2 – pCO2,eq)/pCO2 = (0.15 – 0.0032)/0.15 = 97.9 %, but decreases to 

(0.15 – 0.0358)/0.15 = 76.1 % at 700 °C. The removal of almost all (99.9 %) CO2 from the gas 

stream is thermodynamically feasible up to temperatures of 570 °C. We note that the 

thermodynamic properties of the CaO-CaCO3 system enable also the capture of CO2 from 

ambient air (pCO2 = 4·10-4 bar) [65]–[67]. Turning to the release of CO2 from the sorbent (i.e. 

the decomposition of CaCO3), temperatures greater than ~ 900 °C are required to obtain a pure 

stream of CO2 (pCO2 ≈ 1 bar). 

Surprisingly, the thermodynamic data for the system MgO-MgCO3 is inconsistent; for 

temperatures up to 520 °C, the pCO2,eq differ by at least one order of magnitude from references 

[63], [64] and standard thermodynamic tables (NASA, NIST or HSC Chemistry 6 and later) 

[68]. The thermodynamic data provided by NASA suggests that CO2 capture using MgO is 
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unfavorable at atmospheric pressure at temperatures > 300 °C, while references [63], [64] imply 

it is unfavorable > 400 °C in 1 bar of CO2. Experiments have shown that MgCO3 can indeed be 

formed from MgO at temperatures > 300 °C in 1 bar CO2 (see Table 6 in Section 3.2) when 

promoters are added. Although promoters will not affect the thermodynamics of MgO, this 

suggests that either the thermodynamic data from references [63], [64] are a better predictor of 

the operation temperature of MgO or that the standard thermodynamic data may practically not 

be relevant when promoters are added; this is discussed in Section 3.2 where the role of molten 

salts is elaborated upon. Further, it is worth noting that capturing 99.9 % of the CO2 in a gas 

stream containing 15 vol.% CO2 is thermodynamically unfavorable at temperatures greater than 

165 °C or 235 °C, respectively, when using MgO.  

The high reaction temperatures required for the decomposition of SrCO3 and BaCO3 in CO2-

rich atmospheres render them unsuitable for post-combustion CO2 capture, but they are 

potential candidates for energy storage applications owing to their relatively high energy 

densities (reaction enthalpy per mass of alkali oxide) [69], [70].  

The monometallic oxides involving the alkali metals Li, Na and K have not been considered 

often as sorbents for large scale CO2 capture, but do play an important role in altering the CO2 

sorption mechanisms of CaO and MgO (Sections 3.1.1 and 3.2). In their hydroxylated forms, 

they are important for direct air capture (in aqueous solution) [71]–[74] or in specialized 

applications such as scrubbing CO2 within a spacecraft (Li(OH)2) [75], [76]. Monometallic Li-, 

Na- and K-carbonates do not decompose completely in CO2-rich environments at practically 

feasible temperatures (up to ~ 1200 °C) and can thus not be employed as sorbents in a cyclic 

reaction scheme with CO2 being the only gaseous reactant [77]. However, CO2 capture of these 

carbonates is feasible in the presence of steam [78] and there have been promising experimental 

investigations where Na2CO3 or K2CO3 was reacted with equimolar amounts of CO2 and H2O 

to form NaHCO3 or KHCO3 at temperatures < 100 °C [79]–[86]. Li is typically investigated in 

ternary metal oxide systems [54], e.g. Li2ZrO3 or Li4SiO4, as is discussed in Section 5.3. 

Important physical and chemical properties of the alkali and alkaline earth metal oxides and 

their respective carbonates are summarized in Table 1; these properties inform the following 

analysis of mechanistic aspects of the carbonation and calcination reactions in Sections 2.2 and 

2.3.  
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Table 1. Overview of important physical and chemical properties of alkali and alkaline earth metal oxides and their carbonates. If not stated otherwise, the properties were obtained from [68]. 

Metal oxide / 

carbonate 

Molecular 

weight 

(g mol-1) 

Gravimetric 

CO2 uptake 

capacity 

(gCO2 gMeO
-1) 

Gibbs free 

energy at 

298 K 

(carbonation) 

(kJ mol-1) 

Enthalpy of 

reaction at 

298 K 

(carbonation) 

(kJ mol-1) 

Specific heat 

capacity at 

298 K 

(J K-1 mol-1) 

Equilibrium 

temperature 

for pCO2 = 

0.15 / 1.00 

bar (°C) 

Melting point 

(°C) 

Molar 

volume 

(cm3 mol-1) 

True density 

(kg m-3) 

Crystal ionic 

radius of 

cation (Å) 

[87] 

Trivial name / 

Mineral name 
Carbonation reaction 

MgO 40.304 
1.094 -48.55 -100.89 

37.24 (255/340)/ 

(305/395)
1

 

2825 11.29 3570 
0.86 

Magnesia 
MgO + CO2 → MgCO3 (R1) 

MgCO3 84.314 76.11 990 28.01 3010 Magnesite 

CaO 56.077 
0.786 -130.44 -178.17 

42.05 
770/885 

2900 16.74 3350 
1.14 

Calcia, lime 
CaO + CO2 → CaCO3 (R2) 

CaCO3 100.087 83.47 1330 36.93 2710 Calcite 

SrO 103.619 
0.426 -190.18 -241.49 

45.25 
1070/1225 

2530 20.68 5010 
1.32 

Strontia 
SrO + CO2 → SrCO3 (R3) 

SrCO3 147.629 82.42 1495 38.45 3840 Strontianite 

BaO 153.326 
0.288 -220.73 -272.49 

47.02 
1335/1560 

1973 25.26 6070 
1.49 

Baria 
BaO + CO2 → BaCO3 (R4) 

BaCO3 197.336 85.98 1555 45.79 4310 Whitherite 

Li2O 29.881 
1.476 -174.65 -222.71 

54.1 
1150/1395 

1455 16.24 1840 
0.90 

Lithia 
Li2O + CO2 → Li2CO3 (R5) 

Li2CO3 73.891 98.32 730 35.70 2070 - 

Na2O 61.979 
0.712 -270.60 -321.11 

69.12 
> 1500 

1130 28.43 2180 
1.16 

- 
Na2O + CO2 → Na2CO3 (R6) 

Na2CO3 105.989 112.30 860 41.56 2550 Soda ash 

K2O 94.196 
0.468 -350.31 -396.29 

72.00 
> 1500 

740 40.08 2350 
1.52 

Potash 
K2O + CO2 → K2CO3 (R7) 

K2CO3 138.206 114.43 900 61.73 2239 - 

Rb2O 186.935 
0.236 -354.17 -401.09 

74.00 
> 1500 

505 46.39 4030 
1.66 

- 
Rb2O + CO2 → Rb2CO3 (R8) 

Rb2CO3 230.945 117.60 875 70.63 3270 - 

Cs2O 281.810 
0.156 -348.44 -394.99 

76.00 
> 1500 

495 59.71 4720 
1.81 

- 
Cs2O + CO2 → Cs2CO3 (R9) 

Cs2CO3 325.820 123.85 795 76.66 4250 - 

 
1 For the system MgO-MgCO3, conflicting thermodynamic data has been reported [64], [68]. 
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From a practical point of view, there is a trade-off between thermodynamics and kinetics when 

identifying the optimum reaction conditions for CO2 capture applications (e.g. for post-

combustion or pre-combustion CO2 capture). The Arrhenius term of any kinetic expression 

increases with temperature, while the thermodynamic driving force for carbonation 

(pCO2 – pCO2,eq) decreases; the latter determines the maximum theoretical CO2 capture efficiency 

of the process, as is shown for the system CaO-CaCO3 in the inset of Figure 1. The rates at 

which CO2 is captured by the sorbents need to be sufficiently high for the carbonation reaction 

to be limited only by thermodynamics and ensure high process efficiencies. Even when a 

sorbent is observed to transition rapidly between its oxide and carbonate state in experimental 

test equipment, this does not automatically entail the efficient removal of CO2 from a gas stream 

(see Section 6).  

2.2 Carbonation 

2.2.1 CaO-CaCO3 system 

The carbonation reactions (R1 – R9 in Table 1) are exothermic and thus generate a significant 

quantity of heat that can be utilized within the carbon dioxide capture process. Being a 

(theoretically) reversible reaction, the decomposition of the carbonate (the calcination step) is 

equally endothermic and is favored at higher temperatures (Figure 1). The heat of reaction 

increases with the molecular weight of the alkaline earth metal oxide used as the sorbent, but 

the energy density decreases. 

Computational studies have suggested that during carbonation the nucleation of calcite 

(CaCO3), occurs on the (111) surface of CaO with CO3
2- groups spreading laterally layer-by-

layer [88]; note that of the three CaCO3 polymorphs aragonite, vaterite and calcite, only calcite 

is thermodynamically stable under typical carbonation conditions (but also has the lowest 

adsorption preference for CO2 of the three polymorphs [89]). At temperatures < 300 °C, 

amorphous CaCO3 can be formed, which crystallizes exothermally > 300 °C [90]. The initial 

surface reaction is fast and measuring intrinsic kinetics requires precise control of the reaction 

conditions [91]–[93]. Gradually increasing rates of carbonation that would imply the formation 

and growth of nuclei have seldomly been observed [94]–[96]. The intrinsic rate constant for the 

CaO-CO2 reaction has been found to be first order with respect to pCO2, but changes to a zero-

order dependence for (pCO2 – pCO2,eq) > 0.1 bar [91]. Reported activation energies for the 

carbonation reaction are low and typically < 30 kJ mol-1, often ~ zero [97]–[99]. Various 

conceptually different reaction models were found suitable for the kinetic modelling of the 

carbonation reaction [46], [96], [100], including shrinking core, pore and grain models. Similar 

to many gas-solid reactions, the observed rate of carbonation decreases once all readily 
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available surface CaO has been covered with a product layer of CaCO3. As is shown in Table 

1, the molar volume of CaCO3 is roughly twice that of CaO. The concept of a critical product 

layer thickness of ~ 20 – 90 nm [101]–[104] has been widely adopted to explain the transition 

from a fast (i.e. kinetically-controlled) to a slow (i.e. diffusion-controlled) carbonation regime 

that is typically observed when investigating the sorbent’s long-term cyclic stability (i.e. 

repeated cycles of carbonation and calcination). Biasin et al. [97], [105] measured the crystallite 

size of CaCO3 using synchrotron X-ray diffraction (XRD) and showed that the increase in 

crystallite size correlated with the observed transition from the fast to slow carbonation regime. 

They showed that both the reaction temperature and the initial CaO crystallite size affect the 

critical CaCO3 crystallite size (when the observed rate of carbonation decreases substantially), 

which varied between 12 nm (at low temperature and/or for large CaO crystallite sizes) and 282 

nm (at high temperature and/or for small CaO crystallite sizes); the final crystallite size of 

CaCO3 was thus not necessarily greater than the initial crystallite size of CaO. These results 

agree well with atomic force microscopy (AFM) studies on single CaO crystals by Li and Cai 

[106], who observed that (i) the surface of CaO is not covered uniformly with CaCO3 product 

during carbonation, and (ii) CaCO3 grows as islands on the CaO surface, with the island density 

decreasing with increasing temperature while their size increases. Grain boundary diffusion 

dominates the initial product layer diffusion when the average CaCO3 crystallite size is small, 

whereas lattice diffusion becomes more dominant as the product layer diffusion continues 

[107], [108]. Through inert marker experiments, Sun et al. [109] confirmed the hypothesis made 

by Bhatia and Perlmutter [110] that product layer diffusion is dominated by the inward counter-

current diffusion of CO3
2- anion groups (and not individual C, O or CO2 [111], [112]) and 

outward current of O2- anions; gaseous CO2 thus reacts with O2- anions on the solid surface to 

form CO3
2- anion groups, which then diffuse inward through the CaCO3 layer to the 

CaO/CaCO3 interface where new CaCO3 is formed.  

The idea that a critical product layer thickness causes the drop in carbonation rate ignores the 

fact that the solid-state diffusion – grain boundary or lattice diffusion or both – of CO2 (or more 

precisely, CO3
2- anion groups) through the CaCO3 product layer is several orders of magnitude 

slower than the diffusion of CO2 through a narrow pore inside a sorbent particle [107], [113], 

[114]. What is therefore considered as product layer diffusion is, on a particle scale, rather the 

diffusion of CO2 through the pore network to the nearest unconverted CaO site, possibly also 

between existing islands of CaCO3 product. True product layer diffusion becomes rate limiting 

typically much later into the carbonation reaction [107], and the transition period between 
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surface kinetic control and product layer diffusion is characterized by a mix of pore diffusion 

and the gradual blocking of small pores by the CaCO3 product [115], [116].  

Figure 2 illustrates four exemplary cases of how the carbonation reaction proceeds, as observed 

often in laboratory testing using thermogravimetric analyzers (TGA). Such measurements give 

a good indication of the structure of the pore network of the sorbent particle, and do not 

necessitate any N2 sorption or Hg porosimetry measurements that would quantitatively yield 

pore volume and surface area as a function of the pore dimension. Note that if only the final 

CO2 uptake is compared for different sorbents, there is typically no clear correlation with the 

initial pore volume and surface area of the material [117].  

 

   

   
Figure 2. (a) – (d): Illustration of conversion profiles of CaO typically observed for different pore size distributions. The 

carbonation time of 5 min is used for illustration purpose only and the true carbonation time depends on the actual amount of 

sorbent used. The dashed grey line represents the maximum rate of carbonation under kinetic control. Cartoons in the bottom 

right corner of each plot illustrate qualitatively the differences in the size of the pores; red color indicates CaCO3 product. 

Note that to put emphasis on the pores, the grey CaO skeleton is drawn unrealistically thick. (e) Conversion of CaO measured 

in the TGA using natural limestone as the sorbent under very harsh reaction conditions (calc. at 950 °C in pure CO2) over 100 

cycles; original, unpublished data. (f) Illustration of the cyclic decrease in CO2 uptake of CaO-based sorbents over 1000 cycles. 

The data was computed using the correlation given by Grasa and Abanades [118] (Section 2.5.1) with values reported for 

limestone (k = 0.73 and Xr = 0.075). The inset focuses on the first ten cycles, during which the decrease in CO2 uptake is most 

significant. 

Figure 2a presents an ideal case where almost all CaO is immediately converted to CaCO3. The 

sharp transition from a fast to a slow carbonation regime suggests a rapid change in the rate-
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limiting step from kinetic control to product layer diffusion control. Figure 2b shows a similar 

trend in conversion of CaO with time, but the conversion value at which the sharp transition 

from a fast to a slow carbonation regime occurs is much lower [119]–[121]. This implies that a 

relatively large fraction of CaO is inaccessible to CO2, e.g. because it can only be reached 

through small pores that become blocked with CaCO3. Figure 2c shows a case where only a 

small fraction of CaO is converted under kinetic control. The carbonation reaction proceeds at 

a slower rate than in the other three cases due to diffusion limitations and CO2 moving through 

a network of narrow pores, but reaches near completion within a reasonable time [122]. Lastly, 

Figure 2d shows a case which is most frequently observed with natural CaO-based sorbents 

[99], [123]. A reasonably large amount of CaO is accessible for CO2 under kinetic control, 

followed by a gradual decrease in the observed rate of carbonation due to increasing diffusional 

transport resistance within the pore network. Eventually, the smallest pores are blocked with 

CaCO3, leaving some unconverted CaO inaccessible for CO2, and the observed rate of 

conversion is governed by product layer diffusion.  

Based on our knowledge of the carbonation reaction, the implications for a CO2 capture process 

with CaO are the following: (i) Intrinsic surface kinetics of pure CaO are extremely fast and are 

usually not rate-limiting at temperatures > 500 °C; measuring and determining the intrinsic 

kinetics becomes important if the CaO is modified for other reasons, e.g. when improving the 

cyclic stability which might have a negative effect on the surface reaction kinetics in the fast 

regime. (ii) Small CaO crystallites allow for a higher conversion of CaO within the fast reaction 

regime than do large crystallites. (iii) Diffusional transport of CO2 through the pore network 

lowers the rate of carbonation with time. CaO associated with large mesopores or macropores 

is accessible for CO2 for a longer time and is less likely to be blocked with CaCO3 product; this 

requires the size of the pores to be approximately twice the diameter of the typical critical 

product layer thicknesses that tend to increase with temperature. (iv) The greater the porosity 

of a CaO-based sorbent is, the smaller is the average thickness of the CaO skeleton, which 

ensures higher effective CO2 uptakes (provided that most of the pore volume is within the 

mesoporous/microporous range). (v) The rate of diffusional transport of CO2 increases with 

increasing temperature and enables higher conversions of CaO, but lowers the CO2 capture 

efficiency (Figure 1). (vi) True product layer diffusion is of little practical relevance as the rate 

of carbonation under solid-state diffusion control is near zero.  

2.2.2 MgO-MgCO3 system 

Magnesium oxide (MgO) is another alkaline earth oxide that has gained considerable attention 

for CO2 capture [31], [51], [77], [124]–[130] (see Table 1). Pure MgO adsorbs CO2 at lower 
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temperatures than CaO, i.e. between 25 – 400 °C, and is regenerated at temperatures between 

450 – 500 °C under a N2 atmosphere. The cyclic operation temperature is defined by the 

equilibrium thermodynamics of the reaction MgO + CO2 → MgCO3 as shown in Figure 1. The 

lower energy requirement for regeneration (Table 1) makes the use of MgO attractive compared 

to CaO due to its potentially lower energy consumption for the entire system [31], [51], [131]. 

In addition to its low operating temperature, magnesium oxide is abundant, low cost and has a 

high theoretical maximum CO2 uptake of 110 wt% [51]. Recent work published on various 

aspects of MgO used in CCUS include a comprehensive summary of performance 

enhancements and optimization of MgO sorbents [51], a review of the kinetics of carbon 

dioxide capture of solid sorbents including MgO [49] and a critical analysis of the mechanisms 

of CO2 interaction with the MgO surface [31]. In this review, we provide an updated review of 

papers that have brought new insight into the fundamental understanding of CO2 capture by 

MgO and elaborate on which questions still remain unanswered.  

Table 2. Selected porous MgO sorbents adapted from [51]. 

Sorbent Surface area 
Instrument 

(cycles) 

Carbonation 

conditions 

Decarbonation 

conditions 

Capacity last 

cycle 

(gCO2 g-1) 

Ref. 

MgO 250 m2 g-1 TGA (5) 25 °C, 100 % CO2 500 °C, N2 0.01-0.02 [127] 

MgO 1073 m2 g-1 TGA (5) 25 °C, 100 % CO2 500 C, N2 0.08 [127] 

MgO 373 m2 g-1 TGA (20) 
200 °C, 20 % 

CO2/N2, 30 min 

450 °C, 

N2, 30 min 
0.022 [129] 

MgO 130 m2 g-1 TGA (6) 
25 °C, 100 % CO2 

60 min 

600 °C, Ar, 60 

min 
0.093 [128] 

MgO 306 m2 g-1 TGA (19) 
80 °C, 100 % CO2 

90 min 

600 °C, N2, 30 

min 
0.201 [130] 

 

Although magnesium oxide has a high theoretical capacity, the actual CO2 uptake of 

commercially available MgO (surface area of ~ 250 m2 g-1) is < 2 wt% [127]. The low CO2 

uptake has been ascribed to a low basicity, a high lattice enthalpy and a surface unidentate 

carbonate layer creating a high CO2 diffusion resistance towards unreacted MgO [132]–[134]. 

For reference, the surface basicity of alkali oxides increases in the order 

MgO < CaO < SrO < BaO [135] and MgO has a lattice energy of 3795 kJ mol-1 which is in fact 

only slightly higher than the lattice energy of CaO (3414 kJ mol-1). MgO is the more sensible 

choice for carbonation at low temperature (< 400 °C) because the temperature for regeneration 

is comparatively lower than for CaO, SrO and BaO (Figure 1). The high lattice energy implies 

that the activation barrier for ion detachment from MgO is high and it is only the outer layer of 

atoms that react with CO2. Molecular modelling has furthermore shown that CO2 adsorption on 

MgO is more likely to occur at an edge or corner site than on flat terraces, which is similar for 
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CaO [136]–[139]. That the carbonation reaction of MgO is limited to its surface has been 

substantiated experimentally by the strong correlation between CO2 uptake and surface area 

[140]. It is possible to improve the CO2 uptake of MgO by fabricating materials with a high 

surface area of up to 1000 m2 g-1, achieving capacities of 20 wt% at temperatures between 

25 – 400 °C [59], [127]–[129], [140]–[142]. In Section 5.1, we describe how infrared 

spectroscopy has been used to gain further insight to how CO2 is adsorbed on the surface of 

pure MgO. 

The fact that MgO can capture CO2 at low temperatures, even reaching 80 mgCO2 g
-1 at room 

temperature, may prove useful for applications such as separation of CO2 in aircraft, submarine, 

train and spacecraft technologies [127]. Unfortunately, the uptake appears to be too low for 

application as sorbent in pre- or post-combustion CO2 capture technologies, especially 

considering the low CO2 concentrations found in many CO2-emitting processes, which implies 

a lower quantity of adsorbed CO2 [31], [143]. Section 3.2 describes the research efforts aimed 

at modifying MgO to overcome its surface-limited adsorption in order to have both adsorption 

and absorption reaching capacities of 40 – 65 wt% at higher temperatures of 300 – 400 °C. In 

addition, we assess critically the hypotheses that seek to explain the mechanisms underpinning 

this significant improvement.  

2.3 Calcination 

2.3.1 CaO-CaCO3 system (calcite) 

The endothermic decomposition of calcite (CaCO3), termed the calcination reaction, occurs if 

the pCO2 falls below the respective pCO2,eq for a given temperature (Figure 1) and proceeds 

typically very rapidly with an activation energy roughly equivalent to its reaction enthalpy 

(Table 1) [144]. Impurities in CaCO3 can lower its decomposition temperature slightly [145]. 

Temperature and pCO2 affect the rate of decomposition, but do not affect the topotactic 

decomposition mechanism of CaCO3 (i.e. there is a preferred crystallographic orientation 

between the carbonate and the oxide product) [146], [147]. Calcination is initiated by the loss 

of CO2 at the surface of the calcite – the rate limiting step – which, due to strain accumulation, 

undergoes a diffusionless collapse to form a mesoporous structure made up of rod-shaped, 

metastable CaO nanocrystals. Stress release causes the ejection of the remaining CO2 that 

diffuses outwards and induces porosity, and results in the oriented aggregation of the metastable 

CaO nanocrystals to form crystal bundles [148]. Further aggregation and sintering leads to a 

reduction in surface area and porosity, the closing of mesopores and the development of 

micrometer-sized pores. The structural transformation of the metastable CaO nanocrystals 

during calcination is exothermic, which may explain the overall negative activation energies 
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for the calcination reaction that have been observed at high decomposition temperatures 

(> 850 °C) [149], [150]. For further information on the origin of the metastability of the CaO 

phase we refer to a detailed experimental study by Dash et al. [151].  

The reaction conditions during calcination (e.g. temperature, pCO2, reaction time) and the 

impurities present in the sorbent have a direct impact on the structural and morphological 

properties (e.g. crystallite size, surface area, porosity) of the nascent CaO, which in turn 

determine its subsequent sorption properties for CO2 [148], [152]–[154]; this is elaborated in 

Section 2.5.1. On a plant level, the high endothermicity of the calcination reaction requires the 

co-combustion of a fuel, e.g. natural gas, which was shown to be feasible also under oxy-fuel 

combustion conditions [155]–[157].  

2.3.2 MgO-MgCO3 system (magnesite and dolomite) 

Naturally, magnesium carbonate exists in the form of hydromagnesite 

(Mg5(CO3)4(OH)2·4H2O), huntite (Mg3Ca(CO3)4) or dolomite (CaMg(CO3)2), and studies have 

mostly investigated the decomposition mechanism of these compounds due to their industrial 

importance [158]. Once decomposed to the metal oxides and gaseous CO2 (and H2O), these 

types of carbonates do not re-form within reasonable timeframe under typical carbonation 

conditions. Hydromagnesite has often been used as a precursor for MgO-based sorbents for 

CO2 capture [134], [159], [160], whereas dolomite has been used as an alternative sorbent to 

limestone with only the CaO component (but not the MgO component) being active for cyclic 

CO2 sorption [161]–[166].  

Dolomite decomposes topotactically in one (“full decomposition”) or two (“half 

decomposition) steps, subject to the specific combination of T and pCO2 [167]. The 

combinations of T and pCO2 corresponding to these two modes of decomposition behavior of 

dolomite are in good agreement with the thermodynamic properties of its individual 

(hypothetical) components MgCO3 and CaCO3 (Figure 1). Thus, under conditions at which 

CaCO3 is predicted to be stable (e.g. for T = 750 °C and pCO2 = 0.5 bar), only the “Mg 

component” of the dolomite undergoes decomposition to MgO (“half decomposition”). 

Rodriguez-Navarro et al. [167] note that the term “half decomposition” (or “half calcination”) 

is misleading, because it does not reflect the actual structural transformations occurring within 

the material. Using 2D-XRD and transmission electron microscopy (TEM), they observed that 

CaMg(CO3)2 decomposes first to a cubic mixed oxide (Ca0.5Mg0.5O), which then rapidly 

undergoes de-mixing into oriented crystals of Mg-poor CaO and Ca-poor MgO solid solutions 

[167]–[169]. Eventually, pure CaO and MgO crystals are formed during coarsening via oriented 

aggregation and sintering. CaO nanocrystals form as a solid solution with up to ~ 9 mol% Mg, 
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as the solubility of Ca in Mg (and vice versa) is relatively low [170]. Performing the 

decomposition under conditions that predict CaCO3 to be thermodynamically stable, these CaO 

nanocrystals react readily with the CO2 released from the dolomite decomposition to form Mg-

calcite (similar observations were made for the decomposition of the triple carbonate 

(Ba,Sr,Ca)CO3 [171]). Upon increasing the temperature further (such that thermodynamically 

CaO is favored over CaCO3), the Mg-calcite transforms into CaCO3, which then undergoes 

decomposition as described in Section 2.3.1.  

Turning to pure MgCO3, its topotactical decomposition yields MgO with multiple orientational 

relationships; there has been no evidence for any preferential alignment of MgO with respect 

to MgCO3 [170], [172]. This is different from the decomposition of Mg(OH)2, which has shown 

to yield a single orientational relationship between Mg(OH)2 and MgO [172]. The actual 

decomposition mechanism of MgCO3 is similar to that of CaCO3 (and also SrCO3): Upon 

heating, the CO2 released from the CO3
2- layers induces strain that leads to a rearrangement of 

the rhombohedral cell into a cubic configuration [173]. Metastable MgO nanocrystals are 

formed, followed by their aggregation and sintering. Comparing the crystallite size of the oxides 

derived from the decomposition of carbonates under vacuum, the size increases in the order 

magnesite < dolomite < calcite and thus follows their decomposition pressure and temperature 

[170], [174]. The decomposition of MgCO3 is largely irreversible [175], as is discussed above 

in Section 2.2.2.  

The transformation from MgCO3 to MgO is endothermic, yet, sometimes an exothermic peak 

has been observed at the onset temperature of this transformation under certain conditions 

[158], [176]. The exotherm is typically observed when hydromagnesite (and not crystalline 

MgCO3 or dolomite) is heated up; hydromagnesite undergoes several morphological transitions 

when CO2 and H2O are released upon heating, including the crystallization of amorphous 

magnesium carbonate at ~ 200 °C [177]. As soon as crystalline MgCO3 is formed, the 

decomposition occurs, and so the exotherm coincides with a sharp decrease in sample weight. 

Further, grinding (i.e. surface activation) of MgCO3 [178], the addition of Na-salts [179], [180], 

and the presence of steam (Section 2.4.3) were all found to lower the decomposition 

temperature.  

2.4 Role of the flue gas environment 

Fuel gas or flue gas from combustion processes is composed of many species, the quantity of 

which vary with the nature and the origin of the fuel. Besides the effects of SO2 and steam, 

which have been extensively studied in the context of CaO-based sorbents, few other gaseous 

species have been reported to influence the cyclic carbonation-calcination reaction. There has 
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been no evidence that unburnt fuel gases (e.g. CH4, H2 or CO) or O2 affect the cyclic CO2 uptake 

capacity of CaO-based sorbents; this is expected because neither CaO nor CaCO3 react with 

these species chemically. The inert gas He has been shown to increase the rate of decomposition 

of CaCO3 over air, N2, O2 or CO2 atmospheres, and lower the temperature at a given pCO2 for 

the calcination reaction to be initiated [181], [182]. The enhancement effect of He was ascribed 

partially to its higher thermal conductivity that improves heat transfer, but mostly to an 

enhanced CO2 diffusivity in He. 

2.4.1 Effect of SO2 on CaO 

Up to 2005, far more literature has dealt with the sulfation of CaO than its carbonation because 

the emission of SO2 from fossil fuel-fired boilers was an important environmental problem 

[183]–[185]. In high-temperature flue gas desulfurization, limestone is added to the combustion 

zone of a boiler, where it decomposes to CaO and CO2. CaO reacts with SO2 and O2 to form 

CaSO4 in an exothermic reaction during the combustion process and so prevents the release of 

SO2 into the atmosphere. 

CaO + SO2 + 0.5 O2 → CaSO4 ΔH850°C = -481.4 kJ/mol (R10) 

If SO2 is present in a CO2-rich flue gas stream, both species compete for reaction with CaO 

[186], [187]. Rates of carbonation are typically faster than are rates of sulfation at temperatures 

of 600 – 700 °C, but the rate of R10 increases with temperature and is thermodynamically 

feasible also under CaCO3 decomposition conditions [188], [189]. The molar volume of the 

sulfation product CaSO4 is ~ 25 % higher than that of the carbonation product CaCO3, which 

increases the diffusion resistance for CO2 when carbonation and sulfation occur simultaneously. 

An interesting consequence of the difference in molar volumes is that deactivated CaO-based 

sorbents for CO2 often possess a higher reactivity for SO2, because the optimal pore size for 

sulfation is greater than for carbonation [190]–[192]. Thus, the reactivity of the sorbents 

towards SO2 increases upon carbonation-calcination cycling. An additional problem with SO2 

present in a flue gas is that the sulfation product CaSO4 is thermodynamically stable under 

typical calcination conditions, which lowers the effective CO2 uptake capacity over repeated 

cycles.  

2.4.2 Effect of steam on CaO 

It is well-established that the presence of steam enhances the extent of the carbonation reaction 

within a given time, for both natural, synthetic and chemically modified sorbents [193]–[219]. 

Similar to He, steam was found to accelerate the calcination reaction and to lower the 

thermodynamic driving force for its initiation [181], [220]–[225]. Unlike He, steam does affect 

the physical (i.e. structural and morphological) properties of the CaO formed [182], [225], 
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[226]. Champagne et al. [227], [228] observed that the CO2 uptake was improved when the 

subsequent carbonation was performed under dry conditions.  

The main experimental works dealing with the influence of steam have been summarized by 

Zhang et al. [229]. The enhancement during carbonation becomes apparent in the diffusion-

controlled regime [230]–[232] and is usually not noticeable in the fast, kinetically-controlled 

regime. Remarkably, only small amounts of steam present during carbonation, < 1 vol.%, are 

sufficient to improve the rate of conversion significantly [193], [205], [212]. Furthermore, the 

driving force (pCO2 – pCO2,eq) needed for carbonation to commence is lowered substantially in 

the presence of steam, suggesting that steam potentially affects the reaction pathway for 

carbonation [193]. Morphological analyses of sorbents collected after repeated cycles of 

sorption and desorption of CO2 revealed that samples cycled in the presence of steam possessed 

a greater surface area and pore volume in the pore diameter range 10 – 100 nm [193], [211], 

[233]–[235]. Larger pores lower the diffusional resistance when CaCO3 forms and permit 

higher CO2 uptake capacities over a given time; however, very high steam concentrations 

(> 20 vol.%) present during calcination accelerate sintering and pore growth to an extent that 

the sorbent’s activity is affected negatively [236], see Section 2.5.1. 

It has been reported that steam has a “catalytic” effect (both on the carbonation [209], [214], 

[237] and calcination reaction [221], [223], [238]–[240]). Indeed, both experimental [238] and 

computational [240] studies found substantially lowered activation energies for the calcination 

reaction in the presence of as little as 0.015 % steam, which provides an alternative pathway 

for CaCO3 decomposition involving the dissociative adsorption of steam on the CaCO3 surface. 

Turning to the carbonation reaction, it was proposed that steam is dissociatively adsorbed on 

the surface of CaO through oxygen vacancies, forming H+ and OH- [241]–[243]. H+, given its 

small size, diffuses easily through the CaCO3 product layer to the CaO/CaCO3 interface and 

reacts with O2- to form OH-. OH- diffuses outward to the CaCO3/gas interface and reacts with 

CO2 to form CO3
2- anion groups, which eventually diffuse inward through the CaCO3 layer to 

the CaO/CaCO3 interface where new CaCO3 is formed. The faster diffusion of OH- over O2- is 

believed to enhance the carbonation reaction, but experimental proof is yet to be provided. As 

mentioned above, the beneficial morphology formed during calcination in the presence of steam 

contributes to a synergistic effect of a higher CO2 uptake when steam is present during both the 

carbonation and calcination stages. 

Lastly, it has been suggested that CaO and steam could form Ca(OH)2 as an intermediate 

species, which improves the formation of CaCO3 [244]–[246]. Under typical carbonation 

conditions (> 650 °C) employed for the calcium looping cycle, Ca(OH)2 cannot exist stably 
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from a thermodynamic point of view, making this pathway an unlikely reason for the improved 

CO2 uptake in the presence of steam [237]. However, for carbonation performed at lower 

temperatures, e.g. for MgO to MgCO3, hydroxide species can be thermodynamically stable and 

affect the carbonation mechanism on the metal oxide; this is discussed in the following section. 

It is worth mentioning that in a modification of the two-step calcium looping process, a reaction 

step is included in which the spent CaO is re-activated through the exothermic hydration 

reaction R11 [247]–[252].  

CaO + H2O → Ca(OH)2  ΔH400°C = -102.8 kJ/mol (R11) 

The Ca(OH)2 product reacts faster with CO2 than does CaO owing to morphological 

differences, but also tends to possess a lower mechanical strength [253]. 

2.4.3 Effect of steam on MgO 

Several experimental studies have shown that the reactivity of MgO-based sorbents increases 

in the presence of steam, introduced either via a pretreatment step or during carbonation [59], 

[64], [160], [254]–[258]. For example, Zarghami et al. [59] observed a 38 % higher uptake after 

100 seconds of carbonation when 10 % steam was added during carbonation and a 30 % higher 

uptake after 5 min of carbonation when a MgO sorbent was pretreated in 30 vol.% H2O/N2 at 

330 °C (Figure 3a and Figure 3b, respectively). Most of these studies have shown that it is 

necessary to use a steam concentration above 5 vol.% during carbonation in order to observe a 

beneficial effect [64], while the use of a lower concentration of 1 vol.% steam had no 

measurable impact [63], in contrast to CaO described above. MgO-based sorbents promoted 

with alkali metal salts show a similar behavior evidenced by a higher CO2 uptake and enhanced 

reaction rates with CO2 in the presence of steam [160], [254], [255]. Interestingly, introducing 

steam at strategic times during carbonation and calcination has also shown to be a suitable 

method to reactivate the capture performance of MgO-based sorbents after repeated cycling 

[64], [160], similar to what has been reported for CaO when including a steam hydration step 

in the process (Section 2.4.2). 
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Figure 3. (a) and (b): Influence of steam, either during carbonation or pretreatment, on MgO conversion at 20 bar. a) Initial 

stage of carbonation with a steam concentration of 0 mol% or 10 mol%. b) Comparison of MgO conversion for MgO and steam 

pretreated MgO; pretreatment at 330 °C, 20 bar using 30 mol% steam in N2 for 1 h. Figures (a) and (b) were reproduced with 

permission from [59], copyright (2015) American Chemical Society. (c) and (d): Equilibrium curves for reactions R12 – R14 

showing the thermodynamically most favorable reaction products in the presence of H2O and CO2. (c) The dark blue lines 

correspond to the equilibrium pressure and temperature for the reactions Mg(OH)2 ↔ MgO + H2O (solid) and 

MgO + CO2 ↔ MgCO3 (dotted), respectively. (d) Equilibrium curve for the reaction Mg(OH)2 + CO2 ↔ MgCO3 + H2O 

plotted as a function of pH2O/pCO2. Figures (c) and (d) were reproduced using thermodynamic data from [64]; lines in pale 

color are shown for comparison only and were computed using thermodynamic data from [68].  

The enhancement of the CO2 uptake of MgO has been associated with the formation of an 

intermediate reaction product, viz. Mg(OH)2, that reacts more readily with CO2 than MgO, and 

to changes in the morphology of MgO [59], [64], [259]. Zarghami et al. [59] found a higher 

activity of the MgO sorbent when it was pretreated in a mixture of H2O/N2 (30 mol% H2O) for 

1 h at 20 bar and 330 °C and then dried in N2. Although the pore size distribution was not 

measured it was speculated that the pretreatment in H2O provided a more “favorable” pore 
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structure as any formed Mg(OH)2 should decompose after drying in N2 at 330 °C. To investigate 

the influence of intermediate reaction products, Fagerlund et al. [64] compared the reactivity of 

MgO and Mg(OH)2 and found that Mg(OH)2 reacts ~ 50 % faster than MgO in the first 4 min 

of reaction although MgO had a smaller particle size and larger surface area. Reactions 

R12 – R14 describe the simplest reaction products of MgO and Mg(OH)2 in the presence of 

steam and carbon dioxide. 

Mg(OH)2 → MgO + H2O  ΔH400°C = -74.7 kJ/mol (R12) 

MgO + CO2 → MgCO3  ΔH400°C = -97.6 kJ/mol (R13) 

Mg(OH)2 +CO2 → MgCO3 + H2O ΔH400°C = -22.9 kJ/mol (R14) 

The thermodynamic equilibria for reactions R12 – R14 are shown in Figure 3c. Conditions 

(pressure and temperature) at the left side of the dotted equilibrium curve lead to the formation 

of MgCO3 in the presence of CO2. For instance, in a 1 bar CO2 atmosphere, MgCO3 is stable 

below 408 °C. The thermodynamic equilibrium curve for the dissociation of Mg(OH)2, R12, is 

similar to that of MgCO3, reverse reaction R13, albeit shifted by ~ 140 °C towards lower 

temperatures. Importantly, if the conditions are such that both MgCO3 and Mg(OH)2 are 

thermodynamically favorable, Figure 3d can be used to determine the most stable reaction 

product in the presence of both H2O and CO2 (given as the ratio pH2O/pCO2). In the area above 

the equilibrium line in Figure 3d, magnesium hydroxide is the most likely reaction product, 

while magnesium carbonate is most likely to form under the conditions that lie below the 

equilibrium line. Considering these two possible products in the presence of both steam and 

carbon dioxide, the steam partial pressure pH2O must be several orders of magnitude higher than 

pCO2 for Mg(OH)2 to be the most stable phase. This indicates that MgCO3 is likely to form from 

Mg(OH)2 under most relevant reaction conditions.  

It is worth mentioning that the curves in Figure 3d indicate the most stable product when the 

reaction has reached thermodynamic equilibrium and under the assumption that the only 

possible reactions are those considered in R12 – R14, while in practice other reaction products 

may form, including intermediates such as lamella oxyhydroxide Mgx+yOx(OH)2y [64][258], 

[260]. 

2.5 Deactivation 

2.5.1 CaO 

The dominant reasons for the observed decrease in the cyclic CO2 uptake of CaO-based sorbents 

are (i) the loss of pore volume and surface area associated with pores of 50 – 150 nm, and (ii) 

the increase of CaO crystallite size [101], [261], [262]. Consequently, the conversion curve for 

the carbonation reaction shifts towards lower values, as illustrated in Figure 2e, whereas the 
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rate of the calcination reaction is usually not affected. The closure of pores and the increase of 

the CaCO3 crystallite size during the carbonation reaction is shown in Figure 4. Deactivation 

curves (i.e. the plot of CO2 uptake as a function of cycle number, Figure 2f) are generally well 

approximated by simple mathematical expressions reminiscent of sintering theories describing 

the reduction of surface area with time [118], [263]–[267], e.g. XN = (1/(1–Xr)+k·N)-1+Xr, where 

XN is the conversion of CaO in cycle N and the two parameter k and Xr refer to the deactivation 

constant and the residual conversion, respectively. The conversion of CaO after thousands of 

carbonation-calcination cycles does not fall to zero, but levels off at Xr ≈ 5 – 10 % [118], [268]. 

In the absence of mechanical deterioration, ~ 100 cycles are sufficient in most cases for a good 

estimate on the long-term reactivity of the sorbent (Figure 2f). 

 
Figure 4: Scanning electron microscopy images of limestone-based sorbent (Havelock) exposed to 15 vol.% CO2 for different 

durations in a fluidized bed at 650 °C. The length of the red scale bar is 30 μm in the top row, and 500 nm in the bottom row. 

The images show the formation of a carbonate layer (10 % conversion), and the development and growth of carbonate grains 

due to sintering (40 % and 90 % conversion) [269]. 

Sintering of CaO and CaCO3 has been studied for decades owing to its relevance for the cement 

industry [270]–[273]. The smaller the CaO grains are and the higher the temperature is, the 

more pronounced the sintering is (i.e. the increase in grain size) [274]. Borgwardt found that 

CaO derived from Ca(OH)2 sinters faster than CaO derived from CaCO3 [275], and that the 

sintering of CaO is enhanced in the presence of steam and CO2 over a long period [276]. From 

a carbon dioxide capture process point of view, the sintering of the CaO phase (once formed) 

is insignificant and does not impair appreciably the sorbent’s long-term cyclic activity because 

calcination times are short (of the order of minutes rather than hours) [148], [152]. CaCO3 

possesses a lower sinter temperature than CaO (Table 1), and hence the conditions during which 

CaCO3 transforms to CaO determine its activity for CO2 sorption. High calcination 

temperatures, calcination times and CO2- or steam-rich atmospheres enhance sintering, or, more 

precisely, the aggregation of metastable CaO nano-/microcrystals that form during the 

decomposition of the CaCO3 [148], [277]. The faster the transition from CaCO3 to CaO occurs 
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(e.g. by using a higher heating rate), the larger is the surface area of the CaO produced, which 

in turn enables a higher CO2 uptake in the carbonation reaction [152], [278]. In contrast, high 

carbonation temperatures and long carbonation times were found to lower the rate of 

deactivation due to the formation of thicker product layers that yield a higher porosity after their 

decomposition [279]–[283].  

On the process scale, a further form of deactivation occurs when sorbent particles of low 

mechanical strength and abrasion resistance break or disintegrate into small pieces and dust; 

these small pieces are readily entrained from the reactor, requiring continuous addition of fresh 

sorbent particles to maintain the reactor inventory [284], [285]. The dominant reasons for the 

breaking up of sorbent particles are the high particle and gas velocities, collisions with other 

particles, the reactor walls and particle transfer equipment, thermal stress (due to the heating 

and cooling), and bulk phase changes (when transitioning between oxide and carbonate of 

different molar volumes). Various means to reduce the extent of deactivation and prolong the 

lifetime of CaO-based sorbents are discussed in Section 3. 

2.5.2 MgO 

Cyclic tests of pure MgO-based sorbents reveal a similar decay in the CO2 capture performance 

as for CaO, i.e. losing 30 – 45 % of their initial CO2 uptake capacity after 20 cycles. The 

mechanism of deactivation has mainly been attributed to the loss of surface area [128], [129], 

[141]. In the course of carbonation, MgO will change volume which has been shown to affect 

the pore size distribution [64] but its contribution to the decay has not been studied 

systematically so far. Concerning changes in surface area, Gao et al. [129] performed 

carbonation at 120 °C in 100 % CO2 and regeneration at 450 °C in N2 and found that the specific 

surface area of the sorbent decreased from 372 m2 g-1 to 197 m2 g-1 after 10 cycles which 

resulted in a decay of 30 %. This is in turn implies that there is not linear relationship between 

the reduced surface area and lower uptake. When the same authors tested for carbonation at 

200 °C and calcination at 450 °C in 50 vol.% CO2, they reported a progressive decline in the 

CO2 uptake from 48 mg g-1 to 26 mg g-1 over 20 cycles. Further reducing the CO2 concentration 

to 20 vol.%, the overall uptake was lower at 35 mg g-1, but also had a lower relative amount of 

decay to 22 mg g-1, but here the surface area and pore volume was not determined after the 

experiment. It is possible that the reduced rate of decay in CO2 uptake at diluted CO2 

concentrations stems from a lower MgO conversion, leading to a reduced extent of sintering, 

but finding the underlying explanation for this difference is missing. To understand this 

observation better, it would be valuable for future work to describe in detail how various CO2 
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concentrations affect the surface area over cycling and at which point the most severe sintering 

occurs as function of temperature and pressure. 
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3 Material optimization 

3.1 CaO-based sorbents 

Recent review articles by Liu et al. [47] and Salaudeen et al. [44] have summarized various 

approaches and techniques used to enhance the cyclic CO2 uptake of CaO-based sorbents, 

therefore these approaches are only described in brief here [44], [47], [247]. Generally, these 

attempts fall into three broad categories: (i) Process modifications, (ii) tuning of reaction 

conditions, and (iii) sorbent modifications. Recent results are summarized in Table 3. 

Table 3. Selected CaO sorbents modified with structural supports. 

Main 

sorbent 

Support 

(wt%) 

Instrument 

(cycles) 

Carbonation 

conditions 

Decarbonation 

conditions 

Capacity last 

cycle 

(gCO2 gsorbent
-1) 

Ref. 

CaO Al2O3 (9 %) TGA (30) 
750 °C, 55 % 

CO2/N2, 20 min 
750 °C, N2, 20 min 0.51 [286] 

CaO 
Ca12Al14O33 

(25 %) 
TGA (45) 

690 °C, 15 % 

CO2/N2, 30 min 
850 °C, N2, 10 min 0.26 [287] 

CaO SiO2 (35 %) TGA (13) 

800 °C, 15 % 

CO2/N2, ~ 40 

min 

800 °C, N2, ~ 40 min 0.21 [288] 

CaO ZrO2 (40 %) TGA (100) 
700 °C, 100 % 

CO2, 30 min 

700 °C, 30 % 

CO2/He, 30 min 
0.30 [289] 

CaO Y2O3 (86 %) TGA (100) 
740 °C, 25 % 

CO2/N2, 10 min 
740 °C, Ar, 10 min 0.08 [290] 

CaO MgO (26 %) TGA (50) 
758 °C, 100 % 

CO2, 30 min 
758 °C, He, 30 min 0.53 [291] 

CaO La2O3 (20 %) Packed Bed (11) 
850°C, 100 % 

CO2, 30 min 
850 °C, N2, 10 min 0.58 [292] 

CaO Li2CO3 (5 %) TGA (17) 765°C 765 °C 0.1 [293] 

 

Process modifications refer to changes of the principle, two-step (carbonation and calcination) 

layout of the calcium looping process to accommodate additional reactors for sorbent 

regeneration via hydration [294], [295] (Section 2.4.2) or improved heat integration using 

additional redox-active metal oxides (oxygen carriers) [296]–[298]. 

The reaction conditions can be tuned to maximize a sorbent’s cyclic CO2 uptake and/or lifetime 

based on the parameters discussed in Sections 2.1 – 2.5. Unfortunately, there has often been a 

tendency in the field to employ “mild” reaction conditions that would lead to higher reported 

cyclic CO2 uptakes (and thus ease advertising of a new material composition) than employing 

“harsh”, but more realistic reaction conditions. Such studies can be misleading in properly 

gauging the advancement of the technology itself, but may provide useful insights to better 

understand the inherent properties of the material being studied (see Section 5). Ultimately, 

sorbents need to perform well under the reaction conditions determined by the requirements of 

the CO2 capture process and the sorbent’s thermodynamic properties, leaving limited room for 

optimization. For certain applications of the cyclic CO2 capture and release process, e.g. 

thermochemical energy storage with a closed CO2 circuit, it may be beneficial to release the 
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CO2 from the sorbent at low temperature (< 800 °C) and low pCO2 (< 0.01 bar, possibly at 

absolute pressures ≪ 1 atm) to enable a high long-term cyclic stability of the sorbent material 

[299]–[302], but we note that closed CO2 circuit process designs are typically not considered 

to be part of CCUS. 

The most actively researched sorbent modifications are discussed in the following sub-sections. 

In Section 3.1.1 the subject of alkali metal doping of CaO-based sorbents is discussed, where 

the term “dopant” is used interchangeably with “promoter”. Strictly speaking, a dopant is 

located within the crystal lattice of CaO, which is not the case in most of the studies presented 

below. In Section 3.1.2, “stabilizers” are discussed, of which the main purpose is to stabilize 

the CaO skeleton. 

3.1.1 Alkali metal doping 

In one of the first systematic studies on the effect of alkali metal promotion of CaO sorbents 

for CO2, CaO was impregnated with up to 20 wt% of Li, Na, K, Rb or Cs using chloride and 

hydroxide precursors. The corresponding CO2 uptake was determined at 600 °C in pure CO2 

[303]. Doping with Cs improved the CO2 uptake significantly, while the other alkali metal 

dopants affected the CO2 uptake negatively. The performance of the sorbents followed the order 

Li < Na < K < Rb < Cs and thus improved with increasing electropositivity/atomic radii of the 

alkali metals. Florin and Harris found that doping CaO with 1 wt% Li2CO3 lowered the cyclic 

CO2 uptake capacity of CaO [304]. Similarly, the CO2 uptake capacity of Li2CO3-doped 

(8.6 wt%) CaO prepared by Derevschikov et al. [305] decayed at a faster rate than did pure 

CaO. After the isothermal TGA experiments over 18 cycles of carbonation and calcination at 

~ 760 °C, there was almost no Li left in the sorbent. Salvador et al. [306] observed that doping 

natural limestones with NaCl or Na2CO3 had a negative effect on the sorption performance in 

a pilot-scale fluidized bed combustor, whereas for some limestone-dopant combinations 

positive effects were observed in TGA experiments (e.g. for Havelock and Cadomin limestone 

doped with NaCl). Manovic et al. [282] doped natural limestone (Kelly Rock) with 5 wt% 

Na2CO3 to explain the poor cyclic performance of a Na-rich limestone (La Blanca) after thermal 

pretreatment, as observed in their previous work [261]; pronounced sintering facilitated by the 

presence of Na+ ions was identified as the main reason for deactivation. Using NaBr as the 

dopant of CaO, Xu et al. [307] found that the cyclic CO2 uptake capacity over 100 cycles 

increased with an increasing amount of NaBr added (up to 10 mol %). NaCl and KCl were also 

found to be effective performance enhancers, whereas NaOH and KOH did not improve the 

cyclic CO2 uptake capacity significantly and even accelerated the deactivation of the doped 

sorbent [308]. Seawater contains various dissolved Na- and K-salts and has been used in 
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attempts to improve the cyclic stability of CaO-based sorbents. Most studies concluded that 

doping by seawater affects the cyclic CO2 uptake capacity negatively owing to the enhancement 

of sintering [309], [310], however, an improvement in CO2 sorption has been observed when 

only small amounts of seawater were used [311]–[313].  

The examples above show that currently there is little consensus whether the addition of alkali 

species improves CO2 sorption or not. Common amongst the studies is a strong dependence of 

CO2 sorption on the reaction conditions, the synthesis method, and the type and amount of the 

alkali metal salt precursor. To predict the sorbent’s cyclic behavior upon doping, it is important 

to understand how the dopants transform physically and chemically under carbonation and 

calcination conditions and whether they react with the CaO host structure. 

Alkali metal hydroxides or nitrates used as dopant precursors decompose to the respective 

oxides under high calcination temperatures (~ 850 – 950 °C). From Figure 1 it is apparent that 

in the presence of small amounts of CO2, the oxides transform to their carbonate forms, i.e. 

their thermodynamically most favorable state. Once formed, the alkali metal carbonates 

Na2CO3 and K2CO3 are very stable and do not decompose, even in N2, until approaching their 

melting points [314], [315]. The melting points of Li2CO3, Na2CO3 and K2CO3 are relatively 

low (Table 1), and eutectic mixtures of the three components possess melting points as low as 

~ 400 °C [316]–[318]. Importantly, single alkali metal carbonates (specifically Na2CO3 and 

K2CO3) readily react with CaO and CO2 under typical carbonation conditions, forming alkali 

metal-Ca double carbonates (e.g. Na2Ca(CO3)2 or K2Ca(CO3)2) [319]–[321]. The very fast 

formation of such Na/K-Ca carbonates (the double salts or double carbonates) appears to 

depend on surface area to a much lesser extent than does the formation of CaCO3 from CaO. 

Double carbonates have similar melting temperatures as the single alkali metal carbonates, but 

possess different thermodynamic properties: in a N2 atmosphere, they decompose to CaO and 

the single alkali metal carbonate at temperatures similar to, or even lower than, CaCO3, whereas 

in a CO2 atmosphere, they do not decompose even when they reach their melting point (in 

contrast to many Mg-based double carbonates [322]–[325]). Double carbonates have therefore 

been used as sorbents for CO2 achieving higher cyclic CO2 uptake capacities than those that 

were observed for the reference CaO sorbent even at lower sorption temperatures [321], [326]; 

the regeneration of the sorbents was always performed under N2. Other studies utilized the low 

eutectic temperatures of the carbonate mixtures to fabricate sorbents coated with molten salts 

under reaction conditions [327] – a similar approach to what is typically employed to enable 

fast sorption rates for MgO-based sorbents (Section 3.2). 
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The rate and extent of CO2 uptake under pure CO2 was found to be highest when the binary or 

ternary alkali metal carbonates were molten at the carbonation temperatures > 600 °C. The 

optimum molar loading of alkali metal carbonates was 7.5 mol %, with loadings > 10 mol % 

resulting in a significantly reduced CO2 uptake [327]. Calcination was performed in N2 and the 

maximum calcination temperature that ensured a high subsequent CO2 uptake capacity was 

750 °C; at higher calcination temperatures the binary or ternary alkali carbonates were assumed 

to decompose and thus lose their ability to promote CO2 sorption. Clearly, such reaction 

conditions are unsuitable for CCUS schemes (see Section 6.3), and so the applicability of 

molten salt layers on CaO to enhance CO2 sorption may be limited to process optimization 

employing Le Chatelier’s principle, e.g. in the sorption-enhanced steam methane reforming 

(Section 6.3), where producing a pure stream of CO2 is usually not the primary goal. A follow-

up paper by Huang et al. [328] demonstrated that alkali metal salts can only promote CO2 

sorption when they are (i) in a liquid (i.e. molten) state, and (ii) possess high O2- and CO3
2- 

conductivities, consistent with the mechanism of the carbonation of CaO discussed in Section 

2.2.1. Most alkali metal chlorides investigated were thus no suitable promoters although they 

were molten. Furthermore, there was no experimental evidence that binary or ternary molten 

alkali metal carbonates react chemically with CaO to form a new phase, implying that the 

molten salts function only as gateway for CO2 to the CaO surface. Both CO2 and CaO were 

speculated to dissolve in the liquid molten salts, followed by CaCO3 formation which 

accumulates until saturation is reached within the solution. Eventually, CaCO3 precipitates out 

forming a layer that can be permeated by the molten salts [327]. In the presence of a molten salt 

layer, the carbonation reaction does therefore not become limited by diffusion through a CaCO3 

product layer. 

From the different studies using alkali metal salts to enhance the CO2 uptake capacity of CaO-

based sorbents, there is a consensus to several key findings. Firstly, alkali metal precursors that 

decompose to an alkali metal oxide under typical carbonation/calcination temperatures readily 

form double carbonates with CaO in the presence of CO2; these double carbonates have lower 

melting temperatures and enable higher diffusivities of CO3
2- ions than the single alkali or 

alkaline earth metal carbonates. Performing the calcination reaction in N2 results in the 

decomposition of the double carbonate. The alkali metal carbonate (e.g. Na2CO3 or K2CO3) 

tends to separate from the bulk CaO with cycling and accumulate on the surface, from where it 

can detach completely from the sorbent eventually [329]. Hence, the alkali metal content in the 

sorbent decreases with cycling [305].  
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Secondly, double carbonates form, but do not decompose in CO2 during calcination. Since the 

melting temperature of the double carbonates is lower than typical calcination temperatures 

(> 900 °C), they melt and thus contribute significantly to the sintering of the calcium species 

[330]. Under CO2, double carbonates do not undergo cyclic phase transformations and are less 

mobile within the sorbent. The alkali metal content in the sorbent hence decreases to a lesser 

extent than when calcined in N2 and as a consequence promotes sintering for a longer time.  

Thirdly, using binary or ternary alkali metal carbonates impregnated within CaO-based sorbents 

(or applied as coatings) can enhance CO2 transport within the sorbent, as the conductivity of 

CO3
2- increases significantly above the eutectic temperature [331], [332]. However, when the 

molten salts decompose under high calcination temperatures, there is a risk of double carbonate 

formation with Ca, leading to accelerated sintering which causes the deactivation of the material 

for CO2 sorption. It is well known from CO2 transport membranes that the immobilization of 

the molten alkali metal carbonate phases strongly depends on the microstructure of the host 

structure (here: CaO) and the physical properties of the molten carbonates, e.g. the wettability 

[333]. Capillary forces, which decrease with increasing pore diameter, need to be high to 

withhold the molten alkali metal carbonates, and so sintering is expected to contribute to the 

loss of the alkali metals [334].  

With these findings in mind, doping CaO with alkali metal salts will inevitably enhance 

sintering. An improvement in the cyclic CO2 uptake capacity is only feasible if the amount of 

alkali metal salt added is extremely low, < 1 mol %, and even then its effect will depend 

strongly on the CaO microstructure and the synthesis method employed. The sintering and 

growth of pores needs to occur in a way that it benefits the carbonation reaction and aspects 

related to the transport of CO2 (or CO3
2-/O2-) within the sorbent. In the context of sulphation, a 

clear increase in pore size was observed upon doping limestone with Na2CO3, which was more 

beneficial for the penetration of sulfur into the particles [335]–[337]. Similar effects were 

observed also for CO2 sorption [338], [339]. Alkali metal halides (e.g. NaCl or KCl) appear to 

enhance sintering more than do alkali metal carbonates [306], [340], [341]. Al-Jeboori et al. 

[342], [343] found that doping limestones with as little as 0.167 mol % hydrogen halides (HBr 

or HI) and other inorganic salts improved the cyclic performance significantly owing to an 

sintering-induced optimization of the pore structure, showing that different promoters can be 

beneficial provided they have an appropriate influence on the microstructure of CaO/CaCO3. 

This differs from structural stabilizers discussed in Section 3.1.2, which ideally remain entirely 

inert upon cycling. Sorbent modification via coating requires greater amounts of alkali metal 

salts (typically binary or ternary carbonates) to ensure the coverage of the entire sorbent surface. 
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The formation of mixed phases with CaO needs to be avoided by employing low calcination 

temperatures. 

Generally, the immobilization of dopants in the sorbent is difficult and the choice of dopants 

should thus consider the possibility of the formation of harmful by-products (e.g. chlorine 

species) that may be released to the atmosphere. Furthermore, species with low melting 

temperatures (such as alkali metal salts) that exist in the liquid or even gas phase under typical 

carbonation/calcination conditions may condensate and accumulate in downstream pipework 

or heat exchangers and accelerate corrosion and fouling [335], [336]. Experience from coal or 

biomass combustion may be helpful in predicting the possible interactions of the alkali metal 

salts with other components of the sorbent [344]–[346]. 

3.1.2 Structural stabilization  

Sintering is one of the dominant mechanisms responsible for the rapid decay in the activity of 

CO2 sorbents with increasing number of carbonation and calcination cycles [118], [160], [250]. 

In the simplest case of a single phase material, the driving force for sintering is the reduction of 

surface free energy of the sintered particles, which involves grain growth, densification and 

reduction in porosity [347]. Sintering of CaCO3 (upon calcining to CaO) cannot be prevented 

owing to the high temperatures required to recover the active CaO phase for CO2 sorption; note 

that CaCO3 has a Tammann temperature of only 533 °C. For reference, the Tammann 

temperature is defined as half the melting point of a solid in Kelvin and as a general rule of 

thumb can be used to predict the onset of rapid sintering [348]. Impurities in the sorbent that 

induce structural defects and/or interact chemically with the Ca phases may amplify sintering 

and accelerate the deactivation of the sorbent upon cycling.  

However, sorbents can be engineered such that the negative effects of the sintering of CaCO3 

are reduced and the sorbent’s long-term activity is improved. There are two principal strategies 

for modifying sorbents synthetically: (i) Stabilization of the active Ca phases through inclusion 

of species with high melting points (as opposed to doping with low melting point materials such 

as alkali metal salts that are discussed in Section 3.1.1) described in this section, and (ii) 

structuring of the CaO-based sorbent such that contact points between CaCO3 grains are 

minimized, which is covered in Section 3.1.3. 

A combination of the two strategies yields the most active synthetic sorbents that have been 

produced thus far [119], although they may not automatically be the most suited sorbents for a 

practical CO2 capture process. For any modification of CaO it is worth benchmarking against a 

sorbent derived from natural limestone that predominately consists of CaCO3. 
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When using stabilizers or support materials, the possibility of a chemical reaction with CaO (or 

CaCO3) must be considered. A prominent example is Al2O3, which reacts with CaO to form 

calcium aluminum oxides [185], [349]. Calcium aluminum oxides do not possess any capacity 

for CO2 sorption at high temperature and once formed remain inert under typical reaction 

conditions. Since active CaO is consumed to form the inert mixed oxide phase, the maximum 

theoretical CO2 uptake capacity decreases accordingly. Other oxides potentially forming mixed 

phases with CaO include the oxides of the elements Mn, Ti, Zr or Si [45], [350].  

In order to not compromise a sorbent’s maximum CO2 uptake capacity, inert support materials 

that do not react with CaO (or CaCO3) are more desirable. MgO is one of the most frequently 

used stabilizers, because it possesses a very high melting temperature (~ 2850 °C, Table 1). It 

does not react with CO2 nor forms a stable mixed carbonate or oxide with Ca under typical CaO 

carbonation calcination conditions [167], [351]. Also, the maximum degree of substitution 

between the oxides of Ca and Mg in solid solutions is relatively low (< 17 mol%) due to the 

large difference in cation radii (Table 1). Although the beneficial influence of stabilizers like 

MgO has been known for a long time from the comparison of the cyclic performances of natural 

limestones and dolomites [26], [118], [352], [353], synthetic sorbents with structural stabilizers 

were not been synthesized until the early 2000s [354]–[357] and have only been an active area 

of research since 2008 [358], [359]. 

The following two subsections – dealing with stabilizers that alternatively do not or do form 

mixed phases with CaO or CaCO3 – review recent works that have led to a better understanding 

of how stabilizers function within a sorbent; for a comprehensive list of works on synthetic 

sorbents we refer to some recent reviews on the topic [44]–[46], [360]. 

3.1.2.1 Inert stabilizers 

Conceptually, a stabilization of the cyclic performance of a CaO-based sorbent can be achieved 

with every type of metal oxide, provided its melting point is higher than that of CaCO3, its 

solubility in CaO is low and (ideally) it does not interact chemically with CaO. Accordingly, 

oxides of the elements Mg, Y, La, Ce, Pr, Yb and Nd have previously been investigated as 

potential stabilizers for CaO with varying success [163], [286], [291], [350], [361]–[365]. 

La2O3, for example, was found to stabilize CaO while being also active (to some extent) for 

CO2 sorption [359], [366]–[368]. Besides structural stabilization, metal oxides (e.g. CeO2) have 

also been observed to improve O2- transport within the sorbent and therefore enable faster 

carbonation rates [369], [370]. From purely geometrical considerations, ~ 80 % of the grains 

within a sorbent particle should be stabilizer and ~ 20 % CaO such that direct contact between 

CaO is prevented, assuming the grains are of similar size. Practically, the amount of stabilizer 
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used is much smaller (typically ~ 10 – 25 wt%) to avoid excessive loss in the theoretical, 

maximum CO2 uptake capacity; thus, contacting between individual CaO grains and sintering 

is never eliminated completely. For the support to be effective in acting as a physical barrier 

between CaO grains and to prevent subsequent sintering upon calcination, it needs to be 

dispersed uniformly within the particle. Wet chemistry methods (e.g. sol-gel or co-

precipitation) enable a much higher degree of dispersion than mechanical mixing or 

impregnation methods, which is reflected by the higher cyclic stability of stabilized sorbents 

when prepared through such methods [46]. One aspect that has not been given much attention 

yet is the potential segregation of the support and the active phases upon cycling, such that the 

stabilizer would no longer function as intended [371]. The melting temperatures of the phases 

are usually very different, corresponding to different strengths in their atomic bonding and 

hence different rates of atomic diffusivity – this is commonly known as the Kirkendall effect 

and has often been observed in the context of chemical looping using CuO-based materials 

[372], but also been exploited in the synthesis of hollow nanostructures [373] (see section 

3.1.3). Therefore, effective stabilizers do not necessarily possess the highest melting 

temperatures [43], [350], but rather they do not segregate from the active metal oxide phase 

upon repeated cycling [374]. The higher the porosity of the sorbent particle, the less pronounced 

the Kirkendall effect is. 

3.1.2.2 Reactive stabilizers 

Oxides of the elements Al, Mn, Ti, Zr and Si do potentially form ternary oxides with CaO upon 

cycling, or during the initial synthesis of the sorbent [375]–[377]. When the stabilizing ternary 

phase forms under reactive conditions, its dispersion within the sorbent particle is usually 

relatively uniform and thus less dependent on the synthesis method employed. Compared to 

inert stabilizers, the ternary phase does not typically segregate from the CaO phase and so 

naturally provides a better stabilizing function, as well as tending to have a higher mechanical 

stability. However, ternary oxides formed from reactive stabilizers and CaO, e.g. calcium 

aluminates or calcium silicates, often have lower melting temperatures than binary oxides and 

themselves may be more prone to sintering. Deactivation mechanisms may thus differ from that 

of binary oxide stabilizers and explain why no consistent trend between the cyclic performance 

and the melting temperature of the support has been observed [43], [350], [378]–[381]. Ternary 

(Ca-containing) oxides functioning as structural stabilizers can also be produced separately 

from the actual sorbent, and then combined with CaO during synthesis [354], [358], [382]–

[384]; this functions similarly to using inert binary oxides as stabilizers.  
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There exists some uncertainty whether the chemical composition of the sorbent is cyclically 

stable when relying on a reactive stabilizer. Taking Al2O3 as example, different calcium 

aluminate phases can form upon calcination, which may then transform into other, 

thermodynamically more favorable, calcium aluminate phases upon cycling: Kim et al. [385] 

synthesized a CaO-based sorbent in which Ca3Al2O6 was formed after the initial calcination at 

800 °C. Using in situ XRD and DNP-SENS 27Al NMR, the gradual transformation of Ca3Al2O6 

into Ca12Al14O33, was observed with cycling. During that transformation Al2O3 also formed, 

which segregated from the CaO and Ca12Al14O33 phases and accumulated on the surface of the 

sorbent particle. The cyclic CO2 uptake decreased accordingly. Interestingly, the Al2O3 phase 

did not react with CaO to form calcium aluminate, probably because the kinetics for this 

reaction were too slow (note that the calcination step at 900 °C lasted only 4 min before 

switching to carbonation at 650 °C). 

3.1.3 Nano- and microstructured morphologies  

Several researchers have been successful in improving cyclic stability using template-assisted 

techniques to obtain a highly porous sorbent that incorporates structural stabilizers. The 

overarching goal in these studies has been to synthesize nano- and micro-structured sorbents 

that exhibit reduced sintering during repeated carbonation-calcination cycles. First we describe 

morphologies achieved by template-assisted techniques, which may further be distinguished by 

the distribution of the stabilizer: (i) A homogenously distributed stabilizer to retard sintering in 

a nanostructured sorbent [119], [120], [378], [386]–[396] or (ii) a surface layer of the stabilizer, 

which acts as a physical barrier around the sorbent at the core, referred to as core-shell structures 

[120], [390], [397]–[400]. Secondly, we discuss the use of so-called polymorphic spacers, 

where the stabilizer is a second separate phase which undergoes a volume change during cycling 

[401]–[403]. An overview of the different approaches for morphology stabilization are shown 

schematically in Figure 5.  
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Figure 5. Schematic of nano- and microstructured morphologies to improve cyclic stability. The left and right 

column show the carbonated and calcined states, respectively. a) Hierarchical porosity obtained by template-

assisted techniques with a homogenous distribution of the stabilizer or a stabilizer coating providing a core-shell 

morphology, respectively, adapted from [119] and [120]. b) Polymorphic and monomorphic spacer used for a 

CaO sorbent, adapted from [401]. 

Sacrificial templates have been used to synthesize nanostructured sorbents with homogenously 

distributed stabilizers [119], [120], [378], [386]–[388], [390]–[396]. The resulting 

morphologies have been characterized as microspheres [119], [391], [394], [396], [397], [404], 

microtubes [393], cage-like structures [392], [405], and nanosheets [387]. The structures are 

principally a product of the shape of the templates such as carbonaceous spheres [286], [388] 

or hard templates of biomass including cotton [393], willow, straw and wheat [395], but there 

have also been examples where hollow structures were obtained without using carbonaceous 

templates by exploiting the Kirkendall effect [406], [407]. However, in the context of CO2 

capture, carbonaceous templates have been used much more frequently. For example, to ensure 

a homogenous mixing of the stabilizing phase, Broda et al. [286] used a one-pot synthesis 

method using aluminum and calcium nitrate precursors mixed with a gelating agent. At the end 

of the gelation step, carbonaceous spheres were produced covered with an amorphous Ca-Al-



34 

 

based film. Pyrolysis of the gel at 500 °C in N2 resulted in a crystalline film containing 

polymorphs of CaCO3, which was followed by a final step in which the carbon template was 

removed by calcination at 800 °C in air leaving a porous nano- and microstructured CaO-based 

crystalline film in the shape of a hollow sphere.  

Another approach to limit deactivation as a result of sintering is the fabrication of core-shell 

structures, [398], [400], [408]–[410]. Here, the template-assisted technique is likewise used to 

create a highly porous sorbent, but instead of a homogenous distribution of the stabilizer, the 

active sorbent material is covered with a thin layer of stabilizer material. The motivation for 

this particular morphology is to use a small amount of inert material to retain a high capacity, 

while sintering is impeded due to a thin physical barrier, the shell, which limits the contact 

between the calcium carbonate grains [411]. A brief summary of various approaches to achieve 

core-shell structures is provided in Table 4. Vapor phase deposition techniques such as atomic 

layer deposition (ALD) and chemical vapor deposition (CVD) offer the possibility to introduce 

a layer of stabilizer on the core sorbent material. The advantage of the ALD technique is that it 

enables control of the layer thickness at the atomic scale and can provide a thin conformal 

coating. The technique has been applied to layer coatings of thickness between 1 nm to 30 nm 

of stabilizer oxides on a porous CaO support to create core-shell structures for CO2 capture 

[119], [120], [378], [397], [399], [410]. It is worth mentioning that the core-shell structure is 

formed in the as-prepared materials but it also tends to collapse during multiple cycle operation 

[412]. Despite this collapse, the initial core-shell morphology provides a relatively higher CO2 

uptake stability compared to sorbents without ALD coatings. Han et al. [398] notes that while 

the ALD processing technique produces a sorbent with a high activity and excellent 

regenerability, it is a complex and expensive synthetic procedure. Instead, they proposed to use 

chemical vapor deposition as a relatively more scalable and inexpensive technique. The CVD 

technique was used to cover CaO particles of 60 – 80 µm in diameter with nanoparticles 

(4 – 8 nm diameter) of Al2O3. Although the cyclic capacity was improved by 300 % compared 

to the benchmark CaO, the capacity was not as high as for the material resulting from the ALD 

technique (Table 4). From these results, the question arises whether the benefit of the added 

capacity over numerous cycles in sorbents stabilized by ALD outweighs the higher cost and 

whether such sorbents can be practical (see Section 6.3). To that end, impregnation, wet coating 

or self-assembly template assisted techniques are promising alternatives providing high 

capacity at a lower cost. For example, the self-assembly template synthesis (SATS), Table 4, 

provides a high CO2 uptake capacity of 0.46 g g-1 over 104 cycles. Contrary to the other core-

shell materials, the core is made of Al2O3 while the outer shell is made of the active CaO. To 



35 

 

minimize the reaction between CaO and Al2O3, a third nano-sized TiO2 phase is introduced as 

a physical barrier. Here, self-assembly refers to the ordered structure that is achieved under an 

adjusted pH of 6 resulting in a core of Al2O3 which is completely coated in TiO2. Finally, the 

active CaO phase is added as calcium acetate monohydrate and is mixed with the excess nano-

sized TiO2.  

Table 4. Preparation techniques to achieve core-shell structures. (a) SATS: Self-assembly template synthesis; EISA: 

Evaporation-induced self- assembly; ALD: atomic layer deposition; CVD: chemical vapor deposition. (b) CO2 uptake capacity 

in the last cycle of the experiment compared to theoretical maximum 0.786 gCO2 gsorbent
-1 for CaO. 

Core 

material 

Shell 

material 

(a)Coating 

preparation 

technique 

CO2 capture 

equipment (cycles) 

(b)Capacity last 

cycle 

(gCO2 gsorbent
-1) 

Temperature 

Carbonation/ 

Calcination 

Ref. 

CaO SiO2/ZrO2 Impregnation TGA (20 cycles) 0.32 675 °C / 850 °C [408] 

Al2O3 TiO2/CaO SATS TGA (104 cycles) 0.46 700 °C / 900 °C  [400] 

CaO TiO2/SiO2 
Wet coating and 

EISA 
TGA (30 cycles) 0.22 675 °C / 850 °C [409] 

CaO Al2O3 ALD TGA (30 cycles) 0.55 650 °C / 900 °C [410] 

CaO Al2O3 CVD TGA (20 cycles) 0.41 650 °C / 950 °C [398] 

 

The term polymorphic spacers was introduced by Zhao et al. [401] to describe the stabilization 

of CaO by Ca2SiO4. In this case, “spacer” refers to particles of a second phase forming a 

physical barrier that inhibits sintering, while “polymorphic” refers to a phase transformation 

the stabilizing material undergoes during the temperature change between carbonation and 

calcination. Ca2SiO4 exhibits a reversible phase transition between the α’ and β polymorphs 

between 630 – 690 °C that results in a volumetric change of ~ 2 %, with the higher volume α’ 

phase forming at temperatures near that of the calcination of CaCO3. The authors proposed that 

this volume change results in microporous channels that enable CO2 to access CaO, leading to 

a higher stability over repeated cycling. While promising, a critique of the study points out that 

the testing conditions are not relevant for those used in an industrial context [402]. The material 

was tested in a TGA with calcination at 850 °C in pure N2 for 30 min, which is not 

representative of a commercial scale setup were the goal is to produce a concentrated steam of 

CO2. In response to this critique the authors performed thermogravimetric tests in pure CO2 and 

demonstrated a higher performance of the CaO modified by polymorphic spacers in this case 

as well [403]. Other studies contradict these results, showing CaO modified with Ca2SiO4 to 

still show the typical decay of unmodified CaO [402], [413], clearly highlighting the need for 

more analysis of these materials. 
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3.2 MgO-based sorbents 

Given the lower sorption temperatures of MgO compared to CaO, a popular approach to 

enhance the kinetics of CO2 uptake of MgO is its promotion with alkali metal nitrates such as 

LiNO3, NaNO3, and KNO3 [133], [414]–[418]. Webley and co-workers [419], [420] studied 

adsorbents based on double salts of MgCO3 with either K2CO3 and Na2CO3 prepared by wet 

mixing; others investigated also Cs2CO3 or Rb2CO3 [421], [422]. K-Mg double salts reached a 

CO2 uptake of 8 wt% at 375 °C in pure CO2 [420], while Na-Mg double salts showed higher 

CO2 uptakes reaching between 15 wt% [423] and ~ 20.7 wt% [419]. Zhang et al. [423] noted 

difficulties in reproducing the performance for these materials, and argued that a modified 

synthesis route must be developed in order to improve the reproducibility of the material and 

to allow scale up to larger quantities. Recent results in this area are shown in Table 5 and Table 

6, while Figure 6 shows the CO2 capture performance of MgO promoted with NaNO3 using 

thermogravimetric analysis. 

Table 5. Selected MgO sorbents modified with an inert support.  

Main 

sorbent 

Support 

(wt%)  

Instrument 

(cycles) 

Carbonation 

conditions 

Decarbonation 

conditions 

Capacity last 

cycle 

(gCO2 gsorbent
-1) 

Ref. 

MgO Al2O3 (56 %) TG-MS (6) 

200 °C, 10 % 

CO2, 10 % H2O, 

60 min 

600 °C, Ar, 60 

min 
0.131 [141] 

MgO TiO2 (86 %) TGA (7) 
25 °C, 100 % CO2 

200 min 

150 °C, N2, 200 

min 
0.022 [424] 

MgO CeO2 (30 %) TPD (1) 
200 °C, 100 % 

CO2, 30 min 
150 °C, He, -  0.024 [425] 

MgO CuO (18 %) U-tube reactor (1) 
200 °C, 14 % 

CO2, 2 sec 

200 °C, N2, 120 

min 
0.035 [426] 

 
Table 6. Selected MgO sorbents modified by alkali metal salt (AMS). For further comparison see [417]. 

Main 

sorbent 
Dopant (wt%) 

Instrument 

(cycles) 

Carbonation 

conditions 

Decarbonation 

conditions 

Capacity last 

cycle 

(gCO2 gsorbent
-1) 

Ref. 

MgO NaNO3 (20 %) TGA (9) 
330 °C, 100 % 

CO2, 45 min 

385 °C, N2, 30 

min 
0.267 [134] 

MgO KNO3 (34 %) TGA (12) 
325 °C, 100 % 

CO2, 20 min 

450 °C, N2, 30 

min 
0.078 [415] 

MgO 
LiNO3/NaNO3/KNO3 

(6/4/15 %) 
TGA (40) 

300 °C, 100 % 

CO2, 60 min 

350 °C, N2, 30 

min 
0.306 [133] 

MgO 

AMS:MgO (0.15:1 

molar ratio) 

CaCO3 (wt%) 

TGA (50) 
350 °C, 100 % 

CO2, 45 min  

400 °C, N2, 15 

min 
0.650 [427] 

MgO 
AMS:MgO (0.2:1) 

CeO2 (10 wt%) 
TGA (30) 

325 °C, 100 % 

CO2 60 min 

425 °C, N2 15 

min 
0.430 [142] 

 

Vu et al. [415] investigated MgO modified by various alkali metal salts and found that the 

highest CO2 uptake in the MgO/KNO3 system (molar ratio of MgO:KNO3 = 5:1) was 13.9 wt% 

at 325 °C in 100 % CO2 (120 min of carbonation). The morphology of MgO was modified by 

variations in the synthesis procedure. For example, the BET surface areas of the different MgO 
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materials produced ranged between 128 to 380 m2 g-1 and the BJH pore volume between 0.6 

and 1.9 cm3 g-1. Contrary to earlier works on MgO-based CO2 sorbents in which an increased 

CO2 uptake for an increasing pore volume was observed [428], [429], Vu et al. could not 

identify a clear relationship between the CO2 sorption capacity and the pore volume or surface 

area of MgO. Therefore, future studies of materials with well-defined pore structures would be 

very valuable to delineate accurately the effect of promoters while excluding effects due to 

differences in the pore structure and/or surface area.  

  

  

Figure 6. Thermogravimetric analysis of MgO powder with and without a NaNO3 promoter. CO2 uptake during (a) heating in 

CO2 and (b) isothermal CO2 absorption at 330 °C. (c) Multiple temperature-pressure swing cycles of MgO promoted with 20 

wt.% NaNO3 for carbonation at 330 °C in 1 bar CO2 and regeneration in N2 at 385 °C. (d) CO2 uptake and BET surface area 

of NaNO3-MgO as a function of NaNO3 weight percent. Figures (a) – (d) were reproduced with permission from [134], 

copyright (2014) Wiley-VCH. 
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There have been several theoretical studies aimed at understanding CO2 absorption at the 

surface of different promoted MgO sorbents. Kim et al. [430] calculated the absorption energy 

of various alkali oxide promoters on MgO surfaces, and the corresponding CO2 absorption 

energy. They found that absorption energies of promoters must exceed 0.52 eV in order to be 

thermally stable in binding to MgO, that the CO2 absorption energy must be lower than 1.86 eV 

to ensure regenerability, and that Li, Ca and Sr-promoted MgO best fits these criteria. A similar 

study on MgO-CaO(100) solid-solution surfaces found Li-promotion to result in CO2 binding 

that is too strong, and that Sr-promotion was optimal for sorbent regeneration [431]. Although 

there is consensus that alkali metal nitrates and carbonates promote the CO2 capture of MgO, 

there is an on-going debate regarding the mechanism(s) behind this promotional effect [133], 

[134], [160]. As discussed in Section 2.1, thermodynamic equilibrium considerations (Figure 

1) suggests that MgCO3 should not form at 1 bar CO2 for temperatures > 300 °C. Most of the 

experimental works on MgO-based CO2 sorbents that include alkali metal nitrate promoters 

contradict this prediction as MgCO3 undeniably forms above 300 °C at atmospheric pressure, 

implying that equilibrium thermodynamics of the simple MgO-MgCO3 system cannot be 

applied to predict the carbonation temperature of alkali metal nitrate promoted MgO. Figure 7 

highlights two mechanisms with different rate-limiting steps that have been proposed to 

describe the carbonation of promoted MgO. One hypothesis, Figure 7a, assumes that the 

promoter (i.e. the alkali metal nitrate) lowers the energy barrier to dissociate bulk MgO into 

[Mg2+ ···O2-] ionic pairs, which migrate to the triple phase boundary (i.e. MgO|NaNO3|CO2) 

and react with adsorbed CO2 on the surface of MgO to form [Mg2+ ···CO3
2-] ionic pairs that in 

turn form solid MgCO3 when reaching saturation. Since the triple phase boundary will have the 

highest concentration of [Mg2+ ···CO3
2-] ionic pairs it is reasonable to assume that it is the most 

favorable reaction site for the formation of solid MgCO3. However, it has been hypothesized 

that MgCO3 may also precipitate away from the original dissolution site as to not inhibit any 

further reaction [134]. The importance of the triple phase boundary was highlighted by showing 

that an intermediate content of NaNO3 (20 – 40 %) provides the highest CO2 uptake. Assuming 

this theory to hold, one would have to manufacture materials that have a very long triple phase 

boundary length in order to maximize the amount of favorable reaction sites for MgCO3 

formation. A large triple phase boundary length could be achieved e.g. by dispersing the 

promoter very finely on high surface area MgO. There are experimental observations that may 

contradict this hypothesis, and it was shown that solid MgCO3 forms even in the absence of a 

triple phase boundary, e.g. on a MgO(100) single crystal covered completely by NaNO3 [159].  
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A second hypothesis concerning the carbonation mechanism of promoted MgO was proposed 

by Harada et al. [133] and others [415], [432]. Here, it is argued that the molten promoter layer 

impedes the formation of a unidentate carbonate layer, which is CO2-impermeable, on the MgO 

surface. It is hypothesized that the molten promoter layer dissolves CO2 which can react with a 

high concentration of oxide ions (O2-) present in the nitrates (from the reaction NO3
- ↔ NO2

+ 

+ O2-) thereby generating carbonate ions (CO3
2-). To substantiate this model, the authors 

combined TGA with in situ FT-IR and XRD experiments. Non-promoted MgO displayed only 

surface unidentate carbonate in the entire duration of the experiment. Promoted MgO exhibited 

different carbonate species as function of time in a two-stage reaction process. In the first stage 

(<4 min), promoted MgO displayed FT-IR peaks indicative of surface unidentate carbonate, 

while strong peaks associated with carbonate ions (CO3
2-) and crystallized MgCO3 were 

detected in the second stage (> 4 min) by FT-IR and XRD respectively. Based on the insights 

from FT-IR and XRD, TGA measurements quantified the captured carbonate species as 

function of time. Here, promoted MgO displayed a plateau in the CO2 uptake of < 3 mg g-1 in 

the first minutes (< 4 min) of carbonation associated with the formation of unidentate carbonate 

layer on the MgO surface that is not covered in promoter. This CO2 uptake is lower than that 

of pure MgO (~ 15 mg g-1) under similar conditions. This indicates that promoted MgO has a 

lower coverage of CO2-impermeable unidentate carbonate. Further, in the second reaction 

regime (> 4 min), promoted MgO displayed a strong increase in the uptake >300 mg g-1 which 

could be related to the carbonate ions and crystalline MgCO3 compared to the non-promoted 

MgO which did not see a noticeable uptake above 15 mg g-1 related to the unidentate carbonates 

formed in the first minutes of carbonation. Based on previous work showing oxide ion (O2-) 

concentrations of 2·10-7 M in molten alkali metal nitrates [433], it is possible that the generation 

of carbonate ions (CO3
2-) is indeed a product of oxide ions and dissolved CO2 [434], but this 

has not been proven unequivocally by direct observation for the promoted MgO system. 

Alternatively, the oxide ions may have originated from MgO instead of the promoter. Further, 

this model is not very specific about where the carbonate ions generated react with the MgO 

surface to form crystalline MgCO3. An implication of this model is that the interface between 

MgO and the alkali metal salt is the most favorable reaction site and the reaction rate is limited 

by the diffusion of CO2 through the promoter layer. Assuming that this hypothesis is valid, a 

very active sorbent requires the maximization of the interface area between MgO and the 

promoter, e.g. by uniformly coating the surface of MgO by a promoter. Further, the thickness 

of the promoter layer should be thin to shorten the diffusion path. Assuming a full surface 
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coverage of MgO particles with a diameter of e.g. 500 nm, and a loading of 20 wt.% promoter 

would imply a coating thickness of 50 nm [133].  

 
Figure 7. Schematics of two proposed carbonation mechanisms of promoted MgO. a) The first mechanism is 

adapted from [134]. The main role of the promoter is to dissolve MgO and enhance the formation of [Mg2+···O2-] 

ionic pairs. Gaseous CO2 is adsorbed on the MgO surface and migrates to the triple phase boundary to form 

[Mg2+···CO3
2-] ionic pairs that precipitates as solid MgCO3 upon reaching saturation [134]. b) This mechanism is 

adapted from [133]. Here, the promoter has several roles. It reduces the surface area of MgO covered in a CO2-

impermeable unidentate layer. Further, it dissolves CO2 that can react with oxide ions (O2-) present in the alkali 

metal nitrate (i.e. NO3
- ↔NO2

++O2-) to form carbonate ions (CO3
2-). For this mechanism, there is no description 

or experimental evidence showing how and where the generated carbonate ions (CO3
2-) react with MgO to form 

MgCO3. For completeness, the formation of MgCO3 is depicted here as a product layer in the interface between 

MgO and NaNO3 to reflect the illustration in the original reaction scheme. 

Dal Pozzo et al. [160] critically assessed the validity of the two carbonation mechanisms 

sketched in Figure 7, by synthesizing and testing a wide range of MgO alkali metal nitrate 

systems. They found a direct correlation between the solubility of MgO in the molten nitrates 

and the CO2 uptake, and an inverse correlation between the melting point of the nitrates and the 

CO2 uptake capacity. These findings provide some evidence for the dissolution of MgO into 

the promoter to be the rate limiting step as proposed in the mechanism of Zhang et al. [134].  

To obtain a better understanding of the promotional mechanism of alkali metal salts on the CO2 

uptake of MgO, experiments that run over multiple carbonation and calcination cycles are also 
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informative. It has been reported that MgO promoted by alkali metal nitrates and carbonates 

display a decay in the CO2 uptake; often in the range of 30 – 60 % of the initial uptake over 10 

cycles [133], [435], [436]. In these works, deactivation has been associated to sintering similar 

to what has been observed for pure MgO and CaO-based sorbents [133], [255], [437]. However, 

more recent work suggests that changes in the morphology of MgO cannot explain fully the 

observed deactivation, instead also changes in the distribution of the molten salt promoters on 

the surface of MgO have to be taken into consideration [159], [160]. For example, Jo et al. [159] 

observed that in a N2 atmosphere NaNO3 had a lower contact angle (higher affinity) on a model 

MgO(100) surface compared to the same surface that has been exposed to CO2 (carbonated 

sample), Figure 8.  

 

Figure 8. Optical measurement of contact angle between a MgO wafer and droplet of molten (Li, Na, K)NO3. (a) before CO2 

absorption, (b) after carbonation, (c) after calcination. Note that two measurements were made for each set point after cooling 

the wafer with the molten droplet to room temperature. Figure reproduced with permission from [159], copyright (2017) PCCP 

Owner Societies. 

Hence, it is conceivable that a repulsive force between MgCO3 and the promotor would lead to 

segregation of the molten promoter away from the newly formed MgCO3. Following this, the 

deactivation observed with increasing cycle number would be a result of the segregation and 

agglomeration of the promoter leading to a reduced surface area covered by the promoter (i.e. 

MgO and NaNO3 interface). This hypothesis was supported experimentally by the work of Dal 

Pozzo et al. [160] characterizing the surface of an as-prepared MgO-NaNO3 sorbent and after 

10 cycles using energy dispersive X-ray (EDX) spectroscopy. Here, in the as-prepared sample 

NaNO3 was well-dispersed on the surface, which upon ten carbonation-calcination cycles 

agglomerated into larger particles. To which extent the agglomeration is driven by the repulsion 

from the MgCO3 surface or perhaps simple Ostwald ripening has not been quantified so far. 
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Further, it is worth noting that the particle size of NaNO3 and its surface coverage was 

characterized ex situ, which may differ from the actual morphology of NaNO3 under working 

conditions as the temperature of carbonation and calcination conditions exceed the melting 

point of NaNO3 of 308 °C. However, with an increasing degree of agglomeration of the 

promoter both the length of the triple phase boundary and the area of the interface between the 

promoter and MgO decrease, making it difficult to draw any conclusions about the prevailing 

carbonation mechanism from these experiments. Here, molecular dynamic simulations may 

prove helpful to understand the rheological behavior and coverage of the molten salt promoter 

on the surface of MgO and MgCO3, respectively, under operating conditions [438]. Recently, 

in situ TEM was utilized to observe directly the growth of MgCO3 at the triple phase boundary 

[435]. Although these results confirm that MgCO3 can grow at the triple phase boundary, it 

does not prove the hypothesis that the triple phase boundary is the only reaction site as the 

interface was inaccessible for TEM as it is buried under the NaNO3 promoter. 

Similar to the discussion in Section 2.4.3, the effect of water-based treatments on the CO2 

uptake capacity on alkali salt promoted MgO has been explored. For example, Dal Pozzo et al. 

[160] compared the potential of three methods to (partially) re-activate the sorbent, viz. 

mechanical grinding, hydration and filtration followed by re-coating the sample with fresh 

NaNO3. Grinding the MgO-NaNO3 sample after the 10th cycle resulted in a small improvement 

of the CO2 uptake in the 11th cycle, while immersing the sample into water, followed by drying 

in air at 80 °C, nearly doubled the uptake compared to the previous cycle. For these two 

experiments, the sample maintained its “original” NaNO3. In the last experiment, the water-

soluble NaNO3 was removed from the cycled MgO-NaNO3 sample by filtration and re-coated 

with “fresh” promoter, which had a similar impact on the CO2 uptake as hydration. Two 

possible explanations were proposed to rationalize the observation. Immersing the sample into 

water dissolves NaNO3, leading to a potentially more favorable redistribution of NaNO3 on the 

surface of MgO upon drying. However, it was found that hydration also affected the crystallite 

site of MgO. The as-prepared sample had an average MgO crystallite size of 24 nm, which 

increased to 39 nm after 10 cycles. After hydration, the crystallite size of MgO was decreased 

to 29 nm. The exact reason for the decrease in crystallite size upon hydration is unknown, yet 

it was hypothesized that the formation of Mg(OH)2 during hydration may be linked to the 

reduced size of MgO. To explore further the effect of steam on promoted MgO, a constant 

stream of 2 vol.% steam was introduced. The presence of a continuous flow of steam during 

carbonation and calcination improved the CO2 uptake in the first cycles, but the CO2 uptake 

decreased after the sixth cycle. Although the reason for the higher rate of the decay in the CO2 
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uptake in the presence of steam is currently not understood, the potentially promising effect of 

adding steam at strategic times should promote further works in this area. So far, the highest 

CO2 uptake of an MgO-based sorbent of 0.65 gCO2 g
-1 was obtained when adding alkali metal 

salt promoters and CaCO3 [427], Figure 9.  

 

Figure 9. CO2 absorption test of MgO powder promoted with alkali metal salt, (Na,Li,K)NO3 and varying content of CaCO3 

for 10 temperature-pressure swing cycles with carbonation at 350 °C in 1 bar CO2 for 45 min and regeneration at 500 °C in 

1 bar CO2 for 5 min. Figure produced using data from [427]. 

The optimum molar ratio of MgO/CaCO3 was found to be 0.95:0.05. The authors attributed the 

improved performance to (i) the promoting effect of the alkali metal salts, (ii) the rapid 

formation of a CaMg(CO3)2 double carbonate and (iii) a plate-like morphology of the material. 

The plate-like morphology was hypothesized to prevent the agglomeration of the promoter and 

thus stabilize the sorbent over multiple carbonation and calcination cycles. The acceleration of 

the carbonation kinetics was observed to correlate with the formation of a CaMg(CO3)2 double 

carbonate, as observed by in situ XRD in the initial 2 min of carbonation (i.e. the time period 

in which the three-phase material showed the most significant improvement over the material 

without CaCO3). Interestingly, Jo et al. [159] found that adding SrCO3 to NaNO3-promoted 

MgO also strongly accelerated the carbonation kinetics. However, under the experimental 

conditions employed in that study, SrCO3 is not expected to react with MgCO3 to form 

SrMg(CO3)2 [159], [439], which is different from group I alkali metal carbonates that can 

indeed readily form double carbonates with Mg at the beginning of the carbonation reaction 

[422]. Therefore, the authors reasoned that SrCO3 acted as a nucleation seed for MgCO3 

crystallization. Ex situ XRD confirmed the absence of any other Sr-phase besides SrCO3, which 

indicates that carbonates may also enhance the carbonation kinetics without the formation of 

double carbonates. An alternate approach to stabilize the cyclic uptake of AMS-promoted MgO 
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has been shown through the addition of hydrotalcites or TiO2. Here, the composite structure 

(e.g. MgO-TiO2) enhanced the growth of more but small crystallites of MgCO3, thereby 

reducing sintering. Although a stable cyclic performance was obtained, it came at the expense 

of a lower CO2 capture capacity of ca. 0.3 gCO2 gsorbent
-1 [440], [441].  

Overall, the reports summarized above show clearly that a better fundamental understanding of 

the mechanisms through which alkali-based promoters and carbonates enhance the uptake of 

CO2 in MgO and the influence of the morphology of both the MgO skeleton and the promoter 

is very much needed. An improved understanding of these aspects and the identification of the 

most active MgO sites will facilitate the formulation of more effective MgO-based CO2 

sorbents.   
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4 Sorbents beyond CaO and MgO  

Although CaO- and MgO-based materials have been the subject of most of the research in mid- 

to high-temperature CO2 sorbents, they are not the only systems that can undergo cyclic 

carbonation and calcination reactions. In fact, most other alkali and alkaline earth metal- 

containing oxides (Li, Na, Ba, …) are capable of some level of CO2 absorption as shown above 

and represent an underexplored parameter space compared to the more heavily investigated 

CaO and MgO systems. Thus, a different strategy for materials optimization is to widen the 

pool of explorable sorbent materials, both for improving the fundamental understanding of how 

CO2 absorption and desorption proceeds, and to find suitable materials for practical use. 

4.1 Experimental studies 

Iron oxide-based perovskites (AFeO3, where A is an alkaline earth metal such as Ca or Sr) and 

related structures have been used frequently as oxygen carriers in hydrocarbon conversion 

schemes (termed chemical looping), in which the materials undergo cyclic redox reactions 

[442]–[445]. Upon exposure to a strongly reducing gas, the perovskite (e.g. SrFeO3) transforms 

to metallic Fe and the respective alkaline earth metal oxide, which can readily carbonate in a 

CO2-containing environment if thermodynamically feasible [446], [447]. Surface area and pore 

volume of such materials are naturally low owing to the structural transformations and the high 

reaction enthalpies associated with the redox reactions; thus, the observed CO2 uptake capacity 

is typically relatively low (of the order of ~ 10 – 20 % of the theoretical capacity of the 

respective alkaline earth metal oxide). A positive aspect of these materials is that in an oxidative 

environment, where pCO2 < pCO2,eq, the CO2 is released and the perovskite structure is recovered, 

thereby avoiding the sintering of the Ca-phases and ensuring a high cyclic stability. 

Other, similar mixed oxides containing Ca include calcium cobalt oxide (Ca3Co4O9, Ca2Co2O5) 

and calcium copper oxide (Ca2CuO3, Ca3Cu7O10), which possess multiple functionalities. 

Calcium cobalt oxide has been used in the sorption-enhanced steam reforming of glycerol to 

produce hydrogen of high purity [448]. Under reforming conditions, the calcium cobalt oxide 

decomposes to cobalt (oxide) and CaO, which absorbs the CO2 co-produced and thereby 

enables higher yields of the reforming product hydrogen; the cobalt functions as a reforming 

catalyst. Subsequently, the calcium cobalt oxide phase is regenerated under oxidizing 

conditions while releasing CO2. Calcium copper oxide is present in CaO/CuO composites that 

have been investigated for schemes to reduce the energy requirements for sorbent regeneration 

of the conventional calcium looping process [122], [397]. Here, the exothermic reduction of 

CuO with a reducing gas such as CH4 is used to provide the heat required for the regeneration 

of CaCO3 in the same particle. The calcium copper oxide phase readily segregates into CaO 
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and CuO under carbonation conditions and does therefore not impair the theoretical CO2 uptake 

capacity of the sorbent.  

CaO and MgO already have high gravimetric CO2 absorption capacities, given the relatively 

low atomic mass of Ca and Mg and the fact they are simple binary compounds. Beyond these 

two oxides, the most studied materials for high-temperature CO2 capture, viz. Li2ZrO3 [449]–

[458] and Li4SiO4 [456], [459]–[461], suffer from an intrinsically lower capacity due to the 

presence of tertiary elements; the same applies to Na2ZrO3 [462], [463]. One approach to 

overcome this problem is to synthesize materials with a higher fraction of alkali metals. A 

number of such materials have been synthesized and subjected to thermogravimetric studies, 

including Li6WO6 [464], Li6Si2O7 [465], Li8SiO6 [465], [466], Li6Zr2O7 [455], [467], Li8ZrO6 

[467]–[469], Li5AlO4 [470], [471] and Li5FeO4 [472], [473]. Thermogravimetric studies have 

shown that these materials generally have relatively high CO2 gravimetric capacities and, in 

many cases, have stable cycling capacity, at least for the small number of cycles tested. An 

overview of these materials is shown in Table 7. 

Table 7. Overview of selected lithium-containing sorbents and their CO2 uptake capacities. For further comparison see [474]. 

Main sorbent 

solid solution 

Instrument 

(number of 

cycles) 

Carbonation 

conditions 

Decarbonation 

conditions 

Capacity last 

cycle 

(gCO2 gsorbent
-1) 

Ref. 

Li4SiO4 TGA (1) 
600 °C, 100 % 

CO2, ~ 1000 min 
Not regenerated 0.45 [459] 

Li8SiO6 TGA (1) 
650 °C, 100 % 

CO2, 120 min   
Not regenerated 0.52 [475] 

Li4SiO4 TGA (50) 
600 °C, 20 % 

CO2/N2, 60 min 

800 °C, N2, 60 

min 
0.07 [476] 

Li6Zr2O7 TGA (3) 
750 °C, 100 % 

CO2, 60 min 

850 °C, N2, 60 

min 
0.09 [467] 

Li8ZrO6 TGA (10) 
750 °C, 10 % 

CO2, 30 min 

900 °C, N2, 65 

min 
0.19 [469] 

Li6WO6 

nanowires 
TGA (4) 

710 °C, 60 % 

CO2/N2, 10 min 

 

710 °C, 60 % CO2 

+ water vapor, 10 

min 

730 °C, 60 % 

CO2, 10 min 

 

760 °C, 60 % 

CO2 + water 

vapor, 10 min 

0.10 

 

 

0.02 

[464] 

α-Li5AlO4 TGA (20) 
700 °C, 100 % 

CO2, 20 min 

750 °C, N2, 20 

min 
0.19 [474] 

Li5FeO4 TGA (1) 
800 °C, 20 % 

CO2/N2, 180 min 
Not regenerated 0.50 [473] 

Li3BO3 + 10 

mol% (Na-

K)NO2 

TGA (10) 
580 °C, 100 % 

CO2, 60 min 

650 °C, N2, 60 

min 
0.35 [477] 

Li4Si0.85Ge0.15O4 TGA (9) 
550 °C, 100 % 

CO2, 15 min 

550 °C, N2, 15 

min 
0.25 [478] 

Li3.7FeO0.1SiO4 TGA (5) 
650 °C, 100 % 

CO2, 60 min 

750 °C, He, 30 

min 
0.05 [479] 

 

Examples of such high-lithium content materials are Li8ZrO6 and Li6Zr2O7, with combined 

theoretical and experimental studies showing excellent initial CO2 uptake capacities [480]. 
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However, there remains the question of regeneration, which was found to not occur; at a 

calcination temperature of 600 °C, the only reaction with ΔG < 0 is the formation of Li2ZrO3: 

Li2CO3 + ZrO2 → Li2ZrO3 + CO2   ΔG600°C = -1.7 kJ/mol (R15) 

with all other reactions, including the regeneration of the initial Li8ZrO6 and Li6Zr2O7 sorbents, 

requiring a higher energy input to be reformed.  

 

Figure 10: Theoretical carbonation equilibrium curves for the various reactions in the Li8ZrO6 and Li6Zr2O7 systems. DFT 

calculations are a useful technique to assess sorbent utility in silico, in this case predicting that these Li-rich materials, while 

beneficial in terms of gravimetric capacity, do not regenerate after carbonation. At 600 °C and pCO2 = 1 atm the only 

equilibrium curve which predicts sorbent regeneration is the formation of Li2ZrO3 from Li2CO3 and ZrO2 (●). Figure 

reproduced with permission from [480], copyright (2015) PCCP Owner Societies. 

This raises the question as to whether the use of high lithium content materials is feasible as 

their full regeneration could lead to higher energy penalties incurred in their use. While it is 

beyond the scope of this review to fully explore all studies on Li and Na containing oxides, 

readers are directed to a number of excellent recent reviews that cover these materials in much 

more depth [54], [481]. 

4.2 In silico large scale theoretical screening 

There are several different approaches to searching the available chemical space for optimal 

CO2 absorption materials, with the two main ones being the sequential, experimental 

optimization within defined families of material (as exemplified by the various studies of 

modifications to CaO and MgO described in Section 3), and large-scale screening studies often 

driven by first-principles calculations. The benefit of the former is that by investigating fewer 
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materials, their performance can be characterized more thoroughly, and better inferences made 

about the influence of the chosen modifications. The latter sacrifices depth for the ability to 

sample the chemical space in more breadth, being better suited to materials discovery that can 

feed into further experimental investigations. These two approaches are complementary, and 

both fundamentally seek to correlate structure, morphology and chemistry with the CO2 capture 

performance in order to produce more effective materials.  

One of the main methods of calculating the ground state energy of materials is using density 

functional theory (DFT), which allows various properties including the enthalpy of carbonation 

(at 0 K), volume change and gravimetric capacity to be determined and compared for many 

different materials. The main difference between these studies is the source of the data, and the 

scope of materials considered in the screening. With a sufficiently rich data set, such materials 

discovery methods can be much more efficient than sequential experimental studies in finding 

new materials with favorable CO2 capture properties and can also elucidate overall principles 

or limitations such as targeting materials with intermediate carbonation temperatures which 

balance energy penalty and kinetic considerations [482], that can guide further studies. 

Lin et al. [483] generated their own database of potential zeolite-like structures that were 

subsequently analyzed via interatomic potentials to determine their thermodynamic stability. 

CO2 absorption isotherms were constructed using molecular simulations that allowed the 

calculation of the parasitic energy cost of the thermodynamically stable materials, 

corresponding to the penalty imposed on a power plant if fitted with a CCS process using the 

material. Their screening showed a theoretical limit to the minimum parasitic energy (~ 750 kJ 

kg-1 CO2
-1) that can be obtained with zeolite and zeolitic imidazolate framework (ZIF) type 

materials.  
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Figure 11: Large-scale in silico screening of theoretically predicted (●) and experimental (■) zeolite structures by Lin et al. 

The Henry coefficient can be obtained from the CO2 adsorption isotherm for each material; at sufficiently low pressure the 

Henry coefficient multiplied by the pressure gives the number of adsorbed molecules. The horizontal green line gives the 

parasitic energy of the current monoethanolamine (MEA) technology, i.e. the energy penalty imposed through their use in post-

combustion CO2 capture, and the black line is the minimal parasitic energy observed for a given value of the Henry coefficient 

in the all-silica structures. These results show how large-scale theoretical studies can optimize future materials design efforts. 

Figure reproduced with permission from [483], copyright (2012) Springer Nature. 

Several other studies have also been performed on similar framework materials, albeit on 

smaller sets, with some comparison between theoretical and experimental results for CO2 

uptake [484]–[486], along with high-throughput synthesis methods being used to find novel 

ZIF materials for CO2 capture [487]. The group of Duan et al. has focused on lithium-based 

oxide materials for high-temperature CCS applications, using density functional theory (DFT) 

and phonon calculations to determine the carbonation reaction thermodynamics of these 

materials, and comparing them to tabulated experimental data [78], [468], [488]. Another study 

looked at a set of potential magnesium-based ternary oxides Mg2BO4 (B = Si, V, Ge) for use in 

pre- or post-combustion CO2 capture, finding that the critical carbonation temperature 

decreased with the increasing electronegativity of the B site [489]. Other studies have also 

outlined a possible screening process based on theoretical DFT and phonon calculations to 

search for suitable materials with Tcarbonation < 300 °C given a large starting set, with screening 

performed on smaller sets of alkali-based oxides [490], [491]. The limitation of these studies is 

that they are applied to a relatively small number of materials, many of them already well known 
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experimentally as being promising compounds for CO2 capture. 

The recent creation of large, publicly accessible databases of DFT-calculated inorganic 

materials such as the Materials Project [492], OQMD [493], [494], AiiDA [495], AFLOW 

[496], the Computational Materials Repository [497] and others made larger materials 

discovery efforts possible for the first time, being able to consider tens of thousands of materials 

at a sufficiently advanced level of DFT accuracy to predict material properties in silico. The 

first screening to utilize such databases for CO2 capture was that of Dunstan et al. [498], where 

data from the Materials Project was used to simulate carbonation enthalpies of thousands of 

potential materials and subsequently to calculate the energy penalty that would arise from their 

use in an industrial CCS process. The study utilized the construction of open phase diagrams in 

the Materials Project, which considered the effect of a changing CO2 chemical potential 

(equivalent to changing temperature or CO2 partial pressure) on the phases present to efficiently 

enumerate all possible carbonation reactions, and select for energy penalty, stability with 

respect to pO2, and gravimetric CO2 uptake capacity. In total 640 compounds were found to 

reversibly react with CO2 in a temperature range suitable for high-temperature CO2 absorption, 

with several compounds chosen for further experimental testing which validated the CO2 

absorption properties output by the screening. This screening motivated further experimental 

studies [499] that found several new materials, such as Li5SbO5, which showed excellent CO2 

cycling stability, and the screening results are publicly available as a reference and starting 

point for future exploration. 
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Figure 12: Overview of results from the screening of the Materials Project database for compounds that undergo carbonation. 

Each data point represents the carbonation reaction for each distinct compound with the most negative ΔH. The calculated 

energy penalty, Ep, for each reaction is plotted against ΔHcarbonation (top), CO2 gravimetric capacity (middle) and volume 

change (bottom). The plots on the left are for the complete 640 distinct compounds in the screening, and the plots on the right 

are for specific compounds of interest. Figure published by The Royal Society of Chemistry [498]. 

Apart from theoretical databases, there are also many experimental data repositories such as the 

NIST-JANAF thermochemical tables [500], NASA Glenn Research Center [501] or Barin and 

Knacke’s tables [502], or commercial software packages [503], [504] to use as the basis for 

determining promising candidate materials for CO2 capture. Usually, these databases give very 

similar results, but in specific cases, such as for the MgO-MgCO3 system, can differ 

significantly (Section 2.1). Venkatramen et al. [505], [506] used the NIST ionic liquid database 

as the main source for a large screening of ionic liquids (ILs) for use in CO2 absorption, 

compiling properties for over 2600 ILs and finding a number of materials comparable in 
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performance to liquid amines for CCS and also for use in CO2/H2S gas separation [507]. 

Another study used experimental databases (as well as the Materials Project) as the input for a 

model chemical looping air separation (CLAS) power plant to perform a parameter sweep of 

relevant thermodynamic properties, identifying a number of previously unexplored oxide 

materials which were particularly promising for future use [508]. 

 

Figure 13: Overview of in silico screening process for novel CO2 absorption materials, based on the work of Dunstan et al. 

[498]. Firstly, materials data are extracted from relevant experimental and theoretical databases, discarding materials 

containing expensive or toxic elements. Then ternary phase diagrams are constructed for each of the remaining materials, 

open to CO2, which outputs predicted carbonation reactions. Once any unreactive materials are removed, a further round of 

phase diagram construction, this time open to O2, allows the prediction of any likely side reactions that would prevent the use 

of the material for CO2 absorption. Finally, the lowest reaction enthalpy (most negative) for each remaining material is 

selected, and ranked based on its corresponding gravimetric capacity and energy penalty. 
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5 Mechanistic insights into parameters influencing CO2 absorption and desorption 

In order to further improve and optimize materials for CO2 absorption, advances are needed 

both in the fundamental understanding and in the application of novel characterization 

techniques aimed at observing structural and morphological changes during carbonation. The 

first parts of this section explore a number of recent examples of in situ experimentation applied 

to CO2 absorption, while the latter parts explore important concepts linked to sorbent 

performance, including ionic conduction, crystallite size and facets and alternative reaction 

pathways. 

5.1 In situ experimental methods for new mechanistic insights 

The majority of experimental studies on CO2 capture materials use a handful of analytical 

methods, with thermogravimetric analysis, N2 sorption measurements and scanning electron 

microscopy being the most common ones. While these techniques are suitable for routine 

characterization, the observation of subtler structural and morphological features require 

additional techniques that have only started to be employed. However, ex situ studies are 

inherently limited as they cannot probe the structure and morphology of the sorbents in their 

active state (i.e. under reactive conditions). Hence, the development and use of in situ/operando 

methods is crucial to observe the evolution of the sorbent under real operating conditions. This 

section is intended as an overview of some of these recently introduced techniques to the fields 

of CCS and the insights they have uncovered when applied to CO2 capture materials aiming at 

connecting composition, structure, morphology and performance. 

5.1.1 X-ray diffraction and other synchrotron-based X-ray techniques 

Synchrotron radiation offers extremely intense X-rays, allowing them to penetrate a wide 

variety of materials to facilitate the practical use of a wide range of in situ sample environments, 

with the additional capability of selecting the incident radiation to a specific energy range. This 

allows a wide range of both ex and in situ analyses of the structure and morphology of potential 

sorbents for CO2. X-ray diffraction (XRD) is one of the most used techniques, with the 

brilliance of synchrotrons enabling high time resolution, in situ monitoring during CO2 

absorption and desorption. More recently, further synchrotron-based techniques, such as X-ray 

absorption spectroscopy (XAS) [509], X-ray total scattering/pair distribution function (PDF) 

analysis [177], [510], [511] or small angle X-ray scattering (SAXS) [512] have been applied to 

CO2 sorbent research (or relevant materials) to obtain structural information and mechanistic 

insights on phase transformations.   

The work of Cova et al. [472] has focused on using in situ XRD to track the carbonation 

reaction, observing a multi-step process for the carbonation of Li5FeO4. In the initial step, in 



54 

 

the temperature range 100 – 650 °C, Li5FeO4 and CO2 forms Li2CO3 and LiFeO2. Above 300 °C 

the carbonation of LiFeO2 to Li2CO3 and Fe2O3 was observed; the reverse reaction was 

activated above 550 °C, re-forming LiFeO2 and releasing CO2. Similar observations were made 

for the carbonation of Li4SiO4, where the intermediate carbonation products of Li2SiO3 and 

Li2CO3 first formed at ~ 645 °C before the complete conversion of Li4SiO4 to SiO2 and Li2CO3 

occurred only beyond ~ 700 °C [513]. Carbonation of Li8SiO6 initially results in the formation 

of Li4SiO4 and Li2CO3, before eventually converting to Li2SiO3 and Li2CO3 [514]. In situ XRD 

allows these complex multistep reactions to be observed, finding the specific carbonation 

temperature at which the total CO2 absorption is maximized. 

 

Figure 14. In situ XRD diffractograms tracking phase changes during the carbonation of Li5FeO4. Data was acquired using a 

wavelength of 0.15895 Å. The use high resolution synchrotron XRD data enables phase fractions to be tracked continuously in 

real time, even with several competing phases. Figure reproduced with permission from [472], copyright (2018) Elsevier. 

Molinder et al. [515] utilized in situ XRD in the temperature range 25 – 800 °C to analyze the 

effect of steam on the carbonation of CaO, Ca(OH)2 and partially hydrated CaO. Firstly, it was 

shown that Ca(OH)2 carbonates directly to CaCO3 without any oxide intermediate, and 

transforms more readily to CaCO3 than CaO. Using synchrotron radiation, it was possible to 

measure accurately the microstrain present in CaO/Ca(OH)2 mixtures from an analysis of peak 

broadening. Partially hydrated CaO was found to experience strain that is an order of magnitude 

larger than for pure Ca(OH)2. This increased strain was postulated to be the main driver for the 
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increased reactivity towards carbonation under steam, with the interfacial stress between the 

CaO and Ca(OH)2 phases possibly lowering the activation energy for carbonation. Further in 

situ synchrotron studies on the CaO system by Dunstan et al. [516] analysed the formed phases 

as a function of depth from the surface of a CaO pellet exposed to the reactant gas stream, 

showing that the addition of steam led to the formation of CaCO3 that was more evenly 

dispersed throughout the particle. This finding supported earlier results of Molinder et al. [515] 

in showing incomplete carbonation for CaO under dry atmospheres in the same time frame (see 

Section 2.4.2 for more details on the effects of steam on the carbonation of CaO).  

In situ XRD can also give insight to specific structural evolution during carbonation. Lundvall 

et al. [517] employed the technique to monitor CO2 absorption by dawsonite, NaAl(OH)2CO3, 

which forms a poorly crystalline intermediate phase upon carbonation at ~ 280 °C. Monitoring 

of key Bragg reflections revealed reversible shifts in peak position upon absorption and 

subsequent desorption, related to swelling and shrinking of the interlayer spacing in the crystal 

structure, their evolution corresponding to mass changes observed by TGA. These studies 

demonstrate that in situ XRD can provide complementary information to that of more 

commonly used techniques such as TGA, and provide insights that would not be possible 

without its use. 

Rietveld refinement of XRD data allows for not only a precise determination of particle size, 

but in situ XRD also enables tracking of the crystallite size during the carbonation reaction, a 

key concept that underpins the transition from a rapid surface reaction to a slower diffusion-

controlled process with increasing reaction time. Biasin et al. [97] used in situ synchrotron XRD 

to track the evolution of the CaCO3 crystallite size during carbonation, finding that a local 

maxima in particle size correlated with the change in the rate of carbonation. Furthermore, by 

conducting experiments under different conditions and with different starting CaO crystallite 

sizes, they were able to show that this critical crystallite size correlates directly with temperature 

(ranging from 12 – 282 nm for different carbonation temperatures between 450 – 750 °C), and 

inversely with the starting particle size of CaO. 

Small-angle X-ray scattering is particularly well suited to analyze microstructural properties of 

materials such as particle size and strain, and was recently applied for the first time to CaCO3-

based sorbents under carbonation and calcination conditions. Benedetti and co-workers [512] 

utilized small and ultra-small X-ray scattering (SAXS/USAXS) coupled with wide-angle X-ray 

scattering (WAXS) to observe changes in pore size distribution and surface area of a number 

of CaO-based samples calcined under vacuum at different temperatures and times, as well as 

observing the changes produced upon subsequent carbonation. Their results agreed well with 
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observations from more commonly used N2 sorption measurements, as well as showing that the 

coalescence of micropores is the primary process occurring during sintering of CaCO3 through 

measurement of pore correlation lengths as a function of calcination time and temperature. 

Their results show the power of this technique to extract microstructural information in situ, 

and it is hoped that these techniques will be applied more frequently to further materials in the 

future. 

5.1.2 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique, compared to the 

information about bulk phases obtained from XRD. It is able to identify both the identity and 

oxidation state of elements present, as well as giving further information about those elements’ 

bonding environments, making it perfectly suited to in situ observation of surface species 

formation during carbonation. It is also useful for materials with secondary metal oxides present 

that have catalytic activity, being able to track the change in oxidation state during reaction. 

Sun et al. used XPS to study the formation of oxygen vacancies in dual functional Ru/CeO2-

MgO materials designed for simultaneous regeneration and conversion of CO2 in a single 

reactor, finding that increases in Ru loading lead to increased catalytic activity [518]. Another 

study focused on core-shell materials composed of CaO, NiO and several calcium aluminate 

phases for use in sorption-enhanced steam methane reforming (SESMR), using XPS to identify 

which phases were present at the surface of the synthesized particles [519]. XPS was used to 

track the cause of higher CO2 absorption of CeO2-modified CaO/Ca12Al14O33 composites for 

SESMR [520]. The addition of CeO2 led to changes in the oxygen 1s orbitals, with a shift to 

the highest O 1s binding energy for the modified particles compared to the unmodified material 

denoting the connection between stronger oxidation ability at the surface (i.e. a higher binding 

energy) with increased CO2 absorption. Further studies of CaO/NiO particles for methane 

reforming also used XPS to identify two distinct Ni sites, one corresponding to NiO interacting 

with CaO, and one without interaction [521]. These two phases aligned well with the observed 

temperature-programmed reduction curves, which all showed the presence of two separate 

reduction peaks. 

5.1.3 Infrared and Raman spectroscopy 

Infrared (IR) and Raman spectroscopy can be complementary to XRD in their ability to 

distinguish between amorphous and crystalline phases, and their ability to identify structurally 

similar solid polymorphs of the same material, both of which are key to understanding sample 

composition both before and after carbonation. Both techniques are also sensitive to different 

surface species that form during reaction. The choice of which technique to use is dependent 
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on the specific chemical bonds within the species one wishes to observe, and whether the given 

bonds are IR or Raman active or inactive. 

FTIR, CO2-TPD, and molecular modelling have been applied to describe the interaction 

between CO2 and MgO [124], [126], [131], [136]–[138], [522], [523], but have not often been 

used to investigate CaO-based sorbents during CO2 sorption owing to the high carbonation 

temperatures involved (> 600 °C). During carbonation, the acidic CO2 molecule interacts with 

the active basic sites, i.e. undercoordinated oxygen atoms, on the MgO surface [31], [51], [127], 

[129]. Gregg et al. [124] studied adsorption capacities between -98 °C and 500 °C and 

measurements below room temperature revealed a fast initial uptake due to physisorption 

(assigned to the appearance of bands in the IR spectrum between 2300 – 2400 cm-1) followed 

by a slow uptake owing to chemisorption (corresponding to bands in the 1200 – 1700 cm-1 

region). At higher temperatures, physisorption decreased and a higher fraction of the uptake 

resulted from chemisorption. Several researchers have proposed that CO2 adsorption at room 

temperature was associated with the formation of a unidentate surface coverage on the sorbent, 

limiting further CO2 capture at low temperatures [31], [124], [524]. Meixner et al. [525] utilized 

laser-induced thermal desorption of a MgO single crystal to measure the CO2 surface area 

coverage on MgO(100) at temperatures between -173 °C and -140 °C to probe the validity of 

this theory. Their results showed that the coverage of MgO with CO2 did not increase further 

after a fast, initial uptake, owing to an equilibrium surface coverage. Their investigation 

confirmed further that the CO2 coverage decreased with temperature. FTIR has also been used 

routinely to characterize the formation of carbonates in alkali-promoted MgO [160], [436], 

[526], and in situ transmission FTIR was used to compare the relative formation of different 

species (bicarbonate or bidentate carbonate) on the surface of mesoporous MgO versus 

commercial MgO; whereby the mesoporous MgO sample was characterized by a higher number 

of acidic surface sites (determined from the comparison of the relative intensity of bands at 

1510 and 1410 cm-1 assigned to the interaction of gaseous CO2 with basic surface oxygen sites) 

[428]. In situ FTIR showed that the formed bicarbonate is stable up to 150 °C, while bidentate 

carbonate is removed at 300 °C. On the other hand, unidentate carbonate is more stable and is 

only removed at 500 °C [126]. An example of the use of ex situ Raman is the work by Fricker 

et al [527], who used Raman, XRD and TGA to study the effect of H2O on the carbonation of 

Mg(OH)2. While the XRD patterns showed an increasing disorder in the formed carbonates 

with increasing pH2O during carbonation, Raman spectroscopy of the same samples was used to 

quantify the ratio of the different magnesium carbonate polymorphs that formed. The disorder 
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was attributed to the formation of a mixture of magnesite and nesquehonite, while at the highest 

pH2O used only pure magnesite was observed.  

In situ Raman spectroscopy of various modified lithium zirconates [528] was able to directly 

observe the formation of molten carbonates during carbonation at 500 °C through the 

observation of a shift in wavenumbers for the CO3
2- stretching band. In the case of K-doped 

lithium zirconate the co-existence of a molten Li-K carbonate eutectic, alongside Li2CO3 in the 

solid phase was observed. The formation of a molten phase had been hypothesized to lead to 

an enhanced ionic mobility and in turn a higher CO2 absorption [450]. Very similar observations 

were made in (Li,Na)ZrO3 [529], and in K-doped Li4SiO4 [530]. A further study utilized in situ 

Raman spectroscopy to probe the crystallization of a range of relevant carbonate phases 

including calcite and magnesite. It was observed that both amorphous and crystalline phases 

can act as precursors for nucleation. In particular magnesite only appeared after the prior 

formation of other crystalline precursors such as hydromagnesite [531]. 
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Figure 15. Operando Raman spectroscopy of K-doped Li2ZrO3 during a complete carbonation and regeneration cycle. The 

unique advantage of Raman spectroscopy, its ability to distinguish between solid and molten phases, is clearly displayed in the 

data: The two peaks at 1064 and 1084 cm-1 that appear during carbonation indicate the formation of a molten K2CO3-Li2CO3 

mixture and solid Li2CO3, respectively. Figure reproduced with permission from [528], copyright (2016) The Royal Society of 

Chemistry. 

5.1.4 Solid state nuclear magnetic resonance (ssNMR) 

One technique that is particularly well suited to study the connection between atomic structure 

and ionic mobility of specific atomic species is solid-state nuclear magnetic resonance (ssNMR) 

spectroscopy [532]. The development of probes that are able to operate over the temperature 

range of interest for CO2 capture has meant that gleaning specific mechanistic information at 

realistic temperatures is possible [533], [534]. There have been a number of studies using 7Li 

ssNMR to elucidate mechanisms of Li ion mobility in different materials. Indris et al. [535] 

studied LiAlO2 using variable temperature ssNMR to probe Li+ ionic motion over a wide range 

of correlation times, validating earlier DFT calculations of rates of Li ion diffusion and 

activation energies (found to be ~ 1 eV in this case). These techniques were then applied to CO2 
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capture by Dunstan et al. [536] to study the lithium and oxygen ion dynamics in Li2CO3, a 

common component formed in all Li-based CO2 capture materials. Understanding Li ion 

dynamics in this phase is crucial, given that it forms on the surface of sorbent particles during 

initial carbonation and determines the rate of reaction during the slower diffusion-controlled 

stage. Enhanced Li ion mobility at high temperatures (550 – 650 °C) appeared to correlate with 

the onset of a more rapid CO2 absorption in the diffusion-controlled stage, and furthermore that 

this enhanced Li ion mobility relied on the activation of cooperative CO3
2- rotational motion at 

lower temperatures (100 – 200 °C).  

Later studies by the same authors sought to investigate the effect of aliovalent doping on the 

structure, ionic mobility and CO2 absorption, as discussed in the previous section. Samples of 

Li2ZrO3 were doped with 5 % Nb, Ta and Y and analyzed with both ssNMR and TGA [482]; 

doping with higher charge cations (Nb, Ta) led to the formation of Li ion vacancies and a 

comparable rate of Li ion hopping as evidenced by measurements of NMR linewidths and 

relaxation rates, while doping with lower charge cations (Y) saw an increase in activation 

energies for lithium ionic motion following the formation of Li ion interstitials, or O vacancies. 

However, all doped samples showed a reduced CO2 uptake capacity compared to pristine 

Li2ZrO3, underlining the importance of optimizing CO2 capture materials beyond only the 

single parameter of ionic mobility. 

For CaO- and MgO-based sorbents, (solid state) NMR has not been used very often, although 

it can be very helpful in identifying the nature of phases that are amorphous or exist in small 

quantities such that XRD techniques cannot be used. To understand the deactivation of their 

CaO-based sorbents, Kim et al. [385] used 27Al NMR and observed the dynamic transformation 

of the calcium aluminate phases during cycling (see also section 3.1.2.2). 23Na NMR helped to 

reveal the Na environment of Na2CO3-doped CaO when only very small amounts of dopant 

(i.e. 0.15 mol%) were used [329]. For AMS-promoted sorbents, Kwak et al. [422] used 23Na, 

25Mg, and 39K NMR to probe the state of the respective atoms in alkali metal carbonate-

promoted MgO sorbents and compared them with reference double carbonates. The formation 

of different Mg-double carbonates at the beginning of the carbonation reaction and their 

stability were found to play an important role in the two-step absorption of CO2.  

We thus expect NMR techniques to become increasingly important to probe the influence of 

dopants or promoters on CO2 sorbents where conventional characterization techniques fail to 

yield conclusive results. 
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Figure 16: Overview of some advanced experimental techniques for the characterization of CO2 sorbents. 

 

5.2 Effect of crystallite size, orientation and morphology 

The initial crystallite size and exposed facets play an important role on the carbonation of metal 

oxides. In the following, we review how modifications to crystallite size, orientation, exposed 

facets and overall morphology affects the CO2 capture.  

As noted in Section 2.2, several experimental works have reported an inverse proportionality 

between the crystallite size of CaO and its CO2 uptake [97], [101], [277], [281], [537]–[539]. 

For example, Valverde et al. [537] determined that modifications to the crystallite size of CaO, 

achieved by exposing CaO to pretreatment steps, lead to differences in its CO2 capture 

performance. Benchmarking with natural limestone, the authors found that ball-milled samples 

with a reduced crystallite size had a higher CO2 uptake compared to raw limestone and pre-

annealed samples with a large crystallite size. Further CO2 uptake measurements of ball-milled 

samples have also been performed under harsh calcination conditions of 900 °C, 70 % CO2/ 

30 % air (v/v) [539]. The ball-milled samples were observed to enhance the rate of calcination, 

but smaller crystallites also sinter faster (“melting-point depression”), leading to a worse 

performance over multiple cycles when the regeneration is performed in a CO2 atmosphere 

(Figure 17). It was concluded that overall obtaining small crystallites is beneficial, but new 

methods are required to modify CaO such that its nano-crystallinity is retained (e.g. through the 

addition of structural stabilizers [540], as is described in detail in Section 3.1.2, or regeneration 

steps [541]).  
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Figure 17. Crystallite size evolution estimated from in situ X-ray diffraction measurements of CaCO3 and CaO during 

regeneration in an atmosphere of (a) N2 or (b) CO2. A heating rate of 10 °C/min was used up to the isotherm at 925 °C. The 

raw untreated limestone is compared to milled limestone at high and low energy milling intensities. The grey vertical lines 

highlight the CaCO3 decomposition temperature in each case. Empty circles (○) indicate CaCO3 and filled circles (●) indicate 

CaO. Figures (a) and (b) were reproduced with permission from [539], copyright (2016) American Chemical Society. 

Different to that, thermal pretreatment of CaO has often been employed to improve the cyclic 

stability of the sorbents [268], [282], [542]; the principal idea behind this approach is that the 

morphology of the sorbent and the pore network obtained upon an extended initial calcination 

step at high temperature are largely maintained through cycling (“hard skeleton”), similar to 

metamorphic rocks such as marble [543], [544]. Thus, although the initial CO2 uptake is lower 

after the thermal pretreatment owing to the larger crystallites of the sintered CaO, the CO2 

uptake capacity after a large number of cycles may be improved [545]. The optimum conditions 

of the thermal pretreatment step depend on the chemical composition of the sorbent [546]. 

Considering the influence of surface orientation on the CO2 capture, MgO(111) has shown to 

have a higher CO2 uptake than MgO(100) and even nanosized (high surface area) MgO [547]–

[550]. In fact, the type of the exposed facet appears to overrule the effects of surface area. By 

controlling the orientation of the exposed facets, Mutch et al. [547] found a 65 % increase in 

CO2 uptake, which is surprising considering that the surface area of the better CO2 sorbent was 

30 % lower. The actual uptake was 56 mg g-1
 for synthetic MgO(111) with a surface area of 

154 m2 g-1 compared to 34 mg g-1 for nanosized MgO with a surface area of 227 m2 g-1. It is 

worth noting that the highest uptake of 56 mg g-1 obtained at 35 °C by MgO(111) is significantly 

lower than the CO2 uptakes achieved by promoted MgO, e.g. ~ 650 mg g-1 at 350 °C [427]. 

Nonetheless, the results confirm that the exposed facet plays an important role for the 

interaction between the CO2 molecule and the Mg and O atoms at the surface. The MgO(111) 

facet has alternating layers of O and Mg atoms at the surface, where acidic CO2 can react 
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favorably with the basic O2- [547]. On the other hand, CO2 shows little interaction with terraces 

of the MgO(100) facet, and reacts only favorably at edge or corner sites [137], [138]. These 

findings obtained for MgO model surfaces are worth considering when aiming to elucidate the 

promoting mechanism of molten salts on MgO. The ionic (charged) molten salts will have 

different electrostatic interactions with the MgO surface depending on the exposed facets [547], 

[551]. For this reason, new efforts utilizing molecular dynamics simulations that consider the 

interaction between MgO, CO2 and molten salts would be valuable to understand the promoting 

effect of molten salts of MgO-based CO2 sorbents.  

Specific crystal structures can impact directly ionic transport and hence the overall CO2 uptake 

rate. One such design is that of pseudo-one-dimensional materials, such as nanowires, which 

maximize the specific surface area. For example, Akram et al. [464] synthesized Li6WO6 

nanowires to yield a high surface area material and to reduce the limitations of the formation of 

a bulk layer of Li2CO3. The Li6WO6, nanowires showed a very rapid CO2 uptake at low 

temperatures (7.6 wt% at 30 – 40 °C in 1 min). Similarly, solvo-plasma techniques have been 

employed to synthesize Li4SiO4 nanowires that equally demonstrated very fast rates of CO2 

uptake reaching 0.22 g g-1 min-1 in the temperature range 650 – 700 °C [552]. Further studies 

utilizing a molten-shell and tailored microspheres in Li4SiO4 nanoparticles further showed how 

morphology can influence carbonation kinetics [553], [554]. 

Another approach to yield different morphologies of the sorbent particles is to use different 

precursors and precursor treatments. Early on, the CO2 uptake of CaO derived from different 

calcium-based precursors, including calcium hydroxide (Ca(OH)2), calcium propanoate 

(Ca(C2H5COO)2), calcium acetylacetonate hydrate (Ca(C5H7O2)2), calcium acetate 

(Ca(CH3COO)2), calcium d-gluconate monohydrate (Ca(C6H11O7)2·H2O), calcium L-lactate 

hydrate (Ca(C2H5O3)2·H2O), calcium citrate tetrahydrate (Ca3(C6H5O7)2·4H2O), calcium nitrate 

tetrahydrate (Ca(NO3)2·4H2O), calcium formate (Ca(HCOO)2), calcium oxalate (CaC2O4), and 

calcium 2-ethylhexanoate, has been compared [286], [361], [555]–[559]. Depending on the type 

of precursor used, the transition to CaO occurs in several steps; the transition route affects the 

morphology of the sorbent (including surface area and pore volume distribution) and the 

crystallite size of the CaO, which all influence the CO2 uptake performance of the resulting 

CaO. The combination of different precursors and pretreatment conditions (i.e. temperature, 

heating rate, pCO2 and pH2O) provide rich opportunities to tune the physical properties of the 

CaO. Another popular approach to enhance the cyclic CO2 uptake of CaO-based sorbents was 

to treat them with organic acids, e.g. citric acid or formid acid, which resulted in increased 

surface areas and pore volumes [560]–[564]. However, no significant long-term stabilization of 
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the morphology was achieved in most of these studies, and owing to the high cost of the acids 

this approach has not been followed up recently [565]. 

A peculiar, yet underexplored precursor for CaO is amorphous calcium carbonate (ACC), 

despite its high surface area (> 350 m2 g-1) and porosity [566]–[568]. Amorphous calcium 

carbonate (ACC) has been synthesized through different approaches, including 

mechanochemical methods (i.e. ball milling and stabilization by Na2CO3 [511] or MgO [569]) 

or solvochemical approaches [568]. 

Given the most technologically advanced CO2 capture system in use today is the liquid amine 

system [570], finding new CO2 capture sorbent materials that function as liquids during capture 

is particularly desirable as existing reactors can potentially be used. Typically, oxides stay as 

solids during carbonation and calcination, but there are some oxide-based systems that behave 

differently. The alkali metal borate system AxB1-xO1.5-x (where A is an alkali metal) presents an 

interesting example to understand the difference between solid to solid, liquid to solid and liquid 

to liquid carbon dioxide capture. Hatton and co-workers explored the effect of the choice of the 

alkali metal and the alkali:borate ratio on CO2 absorption [571]–[573]. A number of sodium 

borates such as Na0.75B0.25O0.75 that are liquid at ~ 650 °C were identified. The sodium borates 

were able to capture CO2 forming NaBO2 and Na2CO3, independent of reaction temperature or 

CO2 concentration. Adding an equimolar amount of lithium ((Li0.5Na0.5)0.75B0.25O0.75) to the 

sodium borate resulted in both the oxide and the resulting carbonate to be in the liquid state; 

yielding a sorbent with moderate kinetics (10 min for complete conversion) and high capacity 

(0.35 g CO2 g
-1). 

5.3 Connection between ionic conduction and CO2 absorption in lithium-based oxides 

Atomic structure is of fundamental importance when considering rates of ionic conduction in a 

given material and designing materials with improved kinetics can result in improved CO2 

absorption. The earliest work in this respect was by Nair et al. [574], who compared the relative 

rates of CO2 absorption for monoclinic and tetragonal phases of Li2ZrO3, the latter being stable 

only at temperatures below ~ 900 °C. They observed faster absorption rates for the tetragonal 

phase, citing its higher ionic conductivity, although they were unable to distinguish between 

the effects of crystallite size and atomic structure. Gomez-Garcia et al. [575] synthesized 

LiFeO2 and NaFeO2 (along with the Li-Na solid solution) in cubic (LiFeO2), orthorhombic 

(NaFeO2) and rhombohedral (LiFeO2 and NaFeO2) polymorphs, finding that the rhombohedral 

phases display the fastest carbonation rates at 750 °C. This corresponds to the structures where 

the alkali ions were in an octahedral coordination, whereas the phases with alkali ions in a 
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tetrahedral coordination displayed a stronger temperature dependence for carbonation, taking 

into account differences in composition.  

One of the earliest papers outlining the direct connection between the rate of carbonation and 

the rate of ionic mobility was for Li2ZrO3 by Ida and Lin [576], who proposed a double-shell 

model for the absorption of CO2. Firstly, a rapid surface reaction creates a solid layer of Li2CO3 

covering the original Li2ZrO3 particles before a slower absorption step occurs, which depends 

on Li+ and O2- ions moving through the carbonate layer to continue reacting with CO2. This 

model was used to extrapolate rates of O2- conductivity based on experimental CO2 absorption 

curves for K-doped Li2ZrO3, finding values in line with literature values in the region of 5·10-6 

– 5·10-8 Ω-1 m-1 [450].  

 

Figure 18. Double shell model of CO2 absorption on Li2ZrO3 as described by Ida et al. After the initial carbonation of Li2ZrO3 

(a), layers of Li2CO3 and ZrO2 form around an unreacted core of Li2ZrO3 (a ‘double shell’) (b). Further reaction of the core 

material requires the transport of Li+ ions from Li2ZrO3 through the outer layers, and subsequent O2- or CO3
2- transport from 

the atmosphere into the outer layer. Thus, the rate of reaction is limited by the rate of ionic conduction of the various ions 

through the component phases. The addition of a K2CO3 coating on Li2ZrO3 (c), after carbonation leads to the formation of a 

molten outer layer formed of a mixed potassium and lithium carbonate, enhancing CO2 transport through dissolution into the 

molten layer (d). Figure was reproduced with permission from [576], copyright (2003) American Chemical Society. 

 

Atomic substitution, either with other alkali ions or other elements, can produce a material with 

different thermodynamics of carbonation, lowering the operating temperature compared to the 

pristine material. Kwon et al. [577] synthesized samples of Li4SiO4 with Na substitution, 
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forming Li3NaSiO4 that was able to carbonate and regenerate at lower temperatures than 

unmodified Li4SiO4. Another study of doping of the Si site with Ge also found enhanced CO2 

absorption at temperatures < 450 °C, which was ascribed to lower barriers for Li ion diffusion 

caused by lattice expansion upon doping [478]. Similar effects have been seen for small 

amounts of alkali doping of the CaO-CaCO3 system leading to changes in the sintering 

behavior, with ionic mobility being enhanced through the creation of defects in the crystal 

lattice (Section 3.1.1). Coating with other active materials can also enhance reactivity and 

capacity retention, as seen in Li4SiO4 sorbent particles coated with Li2ZrO3 [578]. 

Rather than doping existing materials to increase ionic conductivity, some studies have 

specifically targeted materials with unique atomic structural features that allow high intrinsic 

conductivity. Galven et al. [579] reported a novel material, Na2TeO4, which has a one-

dimensional structure in which the Na atoms are located between [TeO4]n
2n columns allowing 

for fast Na diffusion during carbonation in which the first step is Na+/H+ exchange. Structures 

that allow atomic extrusion (i.e. the movement of ions out of a single crystalline phase to form 

a secondary phase) also extend to three-dimensional systems, such as the Ba-containing garnet 

Li6BaLa2B2O12 that subsequently reacts with CO2 to form BaCO3 and a secondary perovskite 

phase. Unlike other CO2 absorption materials that operate through Ba extrusion, such as 

Ba2Fe2O5 [580] and Ba4Sb2O9 [581], the garnet’s transformation is not reversible; however the 

work shows that novel structural types can be an approach to generate optimal conduction 

properties without the need for further modifications such as aliovalent doping. In contrast, the 

excellent carbonation capacity retention observed for Ba4Sb2O9 over 100 cycles [581] is in part 

attributed to a good O2- ionic conductivity facilitating fast and reversible movement of Ba and 

O within a network of [SbOx] polyhedra, which remains a stable framework throughout the 

entire reaction cycle. 

In contrast to the lack of an effect of the presence of unburnt oxygen in the flue gas environment 

on the CO2 uptake capacity of Ca and Mg-based sorbents (Section 2.4), many studies have 

observed improvements in the CO2 absorption in Li-based sorbents linked to the addition of O2 

into the reactant gas stream – a phenomenon that also supports the role of ionic transport in the 

process. The common finding is that as diffusion of O2- from the bulk sorbent to the surface is 

the main kinetic limiting factor for the formation of a carbonate phase, the addition of O2 to the 

gas phase improves the availability of O2 for carbonation, increasing the absorption rate and 

overall capacity. This effect was observed for a range of materials including Li6WO6 nanowires 

[464], Li5FeO4 [473] and Li5AlO4 [582], [583], with activation energies for O2- diffusion 

derived from CO2 absorption measurements again in line with experimental values of 1 – 2 eV. 
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Aliovalent doping can also be used to improve the oxygen ionic conductivity through the 

formation of oxygen vacancies and additional oxide ions. Iron is the most common dopant, with 

the reduction of Fe3+ to Fe2+ having the twin effect of creating oxygen vacancies and producing 

extra electrons to oxidize available oxygen in the gas phase to oxide ions: 

2 Fe3+ → 2 Fe2+ + VO  (R16) 

Fe3+ → Fe2+ + e-  (R17) 

O2 + 2 e- ↔ 2 O-  (R18) 

The net effect of this is an improvement of the oxide ionic conductivity and improvement of 

the overall rate of CO2 absorption. This has been observed in practice for Fe-doped Li4SiO4 

[584], Fe-doped Li2ZrO3 [585], [586], Fe-doped Li5AlO4 [583] and Fe-doped NaCoO2 [587]. 

There have been a number of studies that aimed at elucidating the effect of dopant on ionic 

conductivity. Zhan et al. [586] studied the connection between aliovalent doping of Li2ZrO3 

leading to the creation of oxygen vacancies, and the resulting change in Li ionic conductivity. 

Through considering a range of dopants with different valences (from Fe2+/3+ to Nb5+) they 

observed the formation of oxygen vacancies as a result of doping. In turn this led to an increased 

lithium loss in the materials owing to charge compensation, with this loss resulting in increased 

numbers of lithium vacancies. Furthermore, the formation of oxygen vacancies also leads to 

changes in the overall crystal structure, often reducing barriers for Li ion diffusion, further 

compounding the overall increase in Li ion mobility.  

Following this work, a number of further studies have tried to purposely influence the rate of 

the ionic transport through structural modification to improve CO2 sorption properties. Subha 

and co-workers [478] synthesized a range of samples of the Li4SixGe1-xO4 solid solution, with 

x up to ~ 0.30. Samples with a Si:Ge ratio of 1:0.183 showed the most enhanced absorption 

capacity (324 mg g-1) and kinetics at both low and high absorption temperatures. According to 

XRD, the sample remained single phase with the original Li4SiO4 monoclinic structure, albeit 

with an expansion in the lattice parameters due to the substitution of the larger Ge atom on the 

Si site. This lattice expansion was given as the cause to the lower barriers for Li ionic transport 

in the material and therefore the improved CO2 capture performance.  

Finally it should be noted that concepts of ionic conduction are still relevant for the CaO-CaCO3 

and MgO-MgCO3 systems, albeit more consideration is given to carbonate ion mobility. Ionic 

conduction in this context is explored in earlier sections which focus on modification of CaO- 

and MgO-based sorbents with molten alkali metal salt promoters (Section 3.1.1 on alkali doping 

in CaO and Section 3.2 where the promoter is proposed to facilitate the dissolution of MgO). 
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5.4 Multiple Carbonation Pathways 

There are some studies of Li-based materials which suggest that the availability of multiple 

carbonation reaction pathways with similar energies can lead to a stabilization of the CO2 

uptake capacity over multiple cycles, as changes in morphology and surface area are 

compensated by a shift between competing reaction pathways. A new lithium-rich lithium 

borate, Li3BO3, was shown to have an excellent conversion rate, and at different temperatures 

could undergo a series of different carbonation reactions resulting in the formation of different 

product borates [477] (R19 – R21). The accessibility of these additional pathways results in a 

higher experimental gravimetric CO2 uptake capacity than what would be achieved if the 

reaction went through R21 alone. 

4 Li3BO3 + 3 CO2 → 3 Li2CO3 + Li6B4O9    T = 580 °C  (R19) 

4 Li3BO3 + 5 CO2 → 5 Li2CO3 + Li2B4O7    T = 580 °C  (R20) 

Li3BO3 + CO2 → Li2CO3 + LiBO2    T = 520 °C   (R21) 

Another recently reported material, Li5SbO5, was observed to maintain a relatively stable CO2 

uptake of 80 wt% over multiple cycles [499]. Further analysis of the product formation as a 

function of cycle number by XRD revealed that initially the reaction proceeded as predicted, 

forming Li2CO3 and the lower-lithium content antimonate Li3SbO4 (R22). However, on further 

carbonation and calcination cycles, a significant phase fraction of another product, Li7SbO6, 

was observed to form and persist after calcination, most likely from a competing calcination 

reaction (R23). This higher lithium content phase lead to the maintenance of a high gravimetric 

capacity for the material, again higher than what would be expected if only a single reaction 

pathway was active in this system. 

Li5SbO5 + CO2 → Li2CO3 + Li3SbO4   (R22) 

2 Li2CO3 + Li3SbO4 → Li7SbO6 + 2 CO2  (R23) 
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6 Remaining challenges and future direction for solid sorbents for CO2 capture 

Solid sorbents composed of the oxides of calcium, magnesium and lithium react with CO2 in 

different temperature regimes ranging from 200 °C to 1000 °C, and research into these 

materials has branched into separate fields. Despite the rather simple reaction, there are many 

factors to consider in the development of new, more effective CO2 sorbents. Research activities 

on CO2 capture by solid sorbents at high temperature can broadly be divided into three 

categories: (i) Understanding CO2 capture at the atomic level, which includes CO2 transport 

within the sorbent, carbonate product layer formation, structural transformations, crystal growth 

and sintering, and other surface-related aspects, (ii) the synthesis and manufacture of sorbents 

on a lab scale, and (iii) enabling CO2 capture from industrial installations at large scale in the 

context of climate change. Here, we describe the most pressing questions at each level of 

development. We formulate some open research questions in each field, but also aim to bridge 

the gap between the separate fields by identifying fabrication methods or techniques that have 

not been used equally in all fields. We note that research into CaO-based materials and 

processes is very advanced and probably a few years ahead of research activities into MgO or 

Li-based materials; this is also reflected by the existence of large pilot units operating at the 

MW scale [285], [588]–[592]. Furthermore, the calcium looping process is part of industrial 

direct air capture systems [71].  

6.1 Advancing fundamental understanding  

One course of research that requires more attention is the interaction between the active sorbent 

and structural stabilizers to mitigate sintering. Structural stabilizers are often chosen for their 

higher melting temperature, but the stabilizing effect does not necessarily correlate directly with 

the melting temperature (Section 3.1.2). Providing fundamental understanding that can explain 

why some stabilizers are better suited than others is key to the development of improved 

sorbents that possess a high cyclic stability. This could include investigations of the mobility 

of the stabilizing phase in the active phase, the segregation of the active and stabilizing phases, 

the tendency of the stabilizing phase to form ternary phases with the active phase under certain 

combinations of T and pCO2, and the kinetics of such phase transformations. Understanding 

these transformations requires complementary use of in situ XRD and XAS, NMR and 

microscopy techniques that permit observing cross diffusion at the interface between the active 

and stabilizing phase under operating conditions and reveal the chemical nature of the species 

involved. External influences, e.g. the gas environment or the reaction temperature, are well 

understood such that the observed cyclic CO2 uptake capacity can relatively accurately be 

anticipated. 
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There is general agreement that alkali metal salts (AMS) promote the conversion of MgO and 

further that there is an optimum ratio of salt to MgO between 20 – 30 wt% that allows for the 

highest CO2 uptake [133], [415], [423]. However, there is no consensus on why this optimum 

exists. Some of the possible explanations have included an optimum surface coverage of the 

promoter or an optimum thickness. To address this critical question, unequivocal experimental 

evidence for the location of formation and growth of MgCO3 is required, e.g. inside the 

promoter, the interface of MgO|AMS or at the triple phase boundary MgO|AMS|CO2. 

Furthermore, the highest CO2 uptakes and uptake rates have been observed when the AMS 

promoter consisted of a combination of different species, including nitrates and carbonates 

[593], [594]. Mixtures thereof possess different melting points, viscosities [595] and solubilities 

for MgO and CO2 – parameters that have been studied only sparsely thus far and that require 

more experimental investigations. 

Another pressing issue to address for AMS-promoted MgO is the reduced CO2 uptake for low 

pCO2. Standard thermodynamic data (Figure 1) predicts that carbonation is unfavorable above 

300 °C at 1 bar CO2, which is in clear contradiction to experimental results showing that the 

optimum temperature for the highest rates of CO2 uptake is ~ 330 °C. The study by Hu et al. 

[596] demonstrated that a highly optimized AMS-promoted MgO sorbent required pCO2 > 1 atm 

at 300 °C to reach CO2 capture efficiencies > 80 %, whereas pCO2 > 8 atm was required for 

near-complete (> 99 %) capture of the CO2. The re-assessment of the thermodynamic 

equilibrium of the MgO/MgCO3 system is needed to define the application space of MgO 

sorbents. Currently, MgO-based sorbents appear to have limited potential for post-combustion 

CO2 capture, but may be more suitable for pre-combustion CO2 capture that involves much 

higher pCO2 which offer kinetic and thermodynamic advantages. 

Finally, our fundamental understanding of MgO-based sorbents would also profit substantially 

when applying the characterization methods at the relevant operating conditions, viz. operando 

characterization. Advanced techniques such as X-ray tomography, atomic force microscopy 

(AFM) and neutron reflectometry are increasingly able to be utilized at both high temperatures 

and variable gas atmospheres, making it possible to gain real-time morphological information 

at reactive surfaces, and at the interface between phases. Pair distribution function (PDF) 

analysis provides structural information of not only crystalline phases but also amorphous 

phases which is of interest to understand the transformation of the AMS under operating 

conditions [177]. Structural methods such as X-ray diffraction and NMR provide only 

information of the evolution of the bulk phase of the sorbents under reactive conditions, yet 

experimental techniques that can obtain selective information of surface features, such as AFM, 
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XPS and Raman/FTIR, will be critical to elucidate the effect of alkali promoters on the CO2 

absorption of MgO. 

6.2 Future development of sorbents on the lab scale 

The dominant reason for the decay in the CO2 uptake of MgO-based sorbents over repeated 

carbonation-calcination cycles is sintering analogous to CaO. In pure MgO, the uptake at low 

temperature (25 – 200 °C) scales with the surface area, making it critical to stabilize the 

nanostructured morphology. Here, we may learn from the considerable efforts to stabilize the 

morphology of CaO. The use of structural stabilizers, both reactive and inert, may allow 

substantial advancements in MgO-based sorbents for CO2 capture at temperatures < 200 °C. 

Considering that the calcination of MgO-based sorbents is typically performed at temperatures 

close to 500 °C for thermodynamic reasons, a larger set of stabilizers is possible when compared 

to CaO. The higher temperatures required for the calcination of Li2O-based CO2 sorbents reduce 

the number of materials that are suitable for a potential structural stabilization; however, Li2O-

based sorbents usually exist in mixed oxide environments and are thus inherently stabilized 

provided that the bulk phase transitions upon CO2 sorption and release are fully reversible (see 

also Section 4.1). Furthermore, we note that the decay of the CO2 capture capacity of MgO-

based sorbents promoted with alkali metal salts does not appear to be related only to sintering, 

but also to a redistribution of the promoter at the surface and/or the loss of the promoter from 

the sorbent. Further, the transformation of the salt-containing phases during cycling affects the 

CO2 sorption properties. These observations impose additional requirements to any new 

structural stabilizer, i.e. it should not only stabilize the morphology of the MgO backbone but 

also reduce the mobility of the promoter on the surface. Triviño et al. [597] showed that the 

immobilization of eutectic salts within the sorbent can be achieved through core-shell MgO 

fibers. Valuable lessons may be learned also from high temperature CO2-conducting 

membranes, where the molten carbonate needs to be retained within the porous solid matrix 

[333], [598]–[601]. 

The reactivity of solid CO2 sorbents is usually assessed using powdery materials. However, fine 

powders cannot be used in packed or fluidized bed reactors, requiring additional processing 

steps (e.g. granulation, palletization or spray-drying) to convert the powder into (mechanically 

stable) particles > 100 μm, which will inevitably result in the densification of the sorbent. For 

reference, limestone used in large pilot plants ranged from 100 – 850 μm in size [590], [591]. 

Since both CaO- and MgO-based sorbents require high pore volumes and surface areas for fast 

CO2 uptake, sorbent particles will perform worse than a sorbent powder. Thus far, there has 

only been limited research on how the performance of the sorbent is affected when it is 
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converted from a powder into a particle [561], [602]–[607], particularly how such processing 

affects the effectiveness of stabilizers or other components of the sorbent that were initially 

added to improve its cyclic CO2 uptake capacity. These considerations extend to lithium 

sorbents that have rarely been studied in relevant reactor setups, and preparing suitable and 

durable particles for cycling is an area of priority for future research. Further, basic performance 

testing, especially longer-term cycling beyond 100 cycles, is also lacking for these sorbents. 

6.3 Enabling CO2 capture on an industrial scale 

If the objective is to capture CO2 at the large scale, sorbents and potential candidates need to be 

investigated under relevant reaction conditions. Different from direct air capture processes, CO2 

capture from concentrated gas streams needs to occur at high efficiencies. Thus far, only CaO-

based sorbents have shown to be practical in post-combustion CO2 capture for the removal of 

CO2 from a gas stream and have been investigated at the large pilot scale. Thermodynamics in 

Figure 1 dictate that for typical CO2 concentrations in the off-gas from industrial installations 

(3 – 15 vol.%) the maximum practical carbonation temperature is ~ 700 °C, whereas the 

calcination reaction requires temperatures > 900 °C (in case that no large quantities of steam 

are present) such that the CO2 can be released from the sorbent at atmospheric pressure. As 

discussed above, the partial pressure of CO2 during the actual calcination reaction affects the 

long-term reactivity of the sorbent for CO2 capture because it enhances crystal growth and 

sintering. Any experimental investigation on the suitability of sorbents for large-scale CO2 

capture employing reaction conditions that deviate from the framework mentioned above will 

thus not be relevant in advancing the calcium looping process towards its industrial 

implementation.  

Further, there has been consensus that large-scale CO2 capture requires fluidized beds for 

efficient heat and mass transfer and to handle large gas streams [608], [609]. This involves the 

movement of sorbent particles, possibly between spatially separated reactors. The mechanical 

stability of the sorbent particles is thus important from an operational point of view, as loss of 

material and replacement would increase the operational costs and complicate process design. 

If the sorbent particle size falls below a certain threshold due to abrasion and/or particle 

breakage (see Section 2.5), the sorbent will be entrained from the fluidized bed and removed 

from the CO2 capture process via cyclones and filters. Sorbent testing protocols should thus 

employ what is considered as “realistic reaction conditions” and also use reactor systems in 

which mechanical stress on sorbent particles is significant, e.g. fluidized beds, or employ 

designated test equipment such as jet cups or rotating drums [610]. We note that such 
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engineering-related investigations might be considered to be of lower impact than fundamental, 

chemistry-related investigations, yet they are essential for advancing the technology. 

Most previous studies have indeed used TGAs, where mechanical stress on particles is 

eliminated. Such instruments are helpful in assessing the inherent ability of the sorbents to 

capture CO2, e.g. when modifying them with structural stabilizers, promoters or dopants 

(Section 3), as the measured changes in sample mass correlate with the amount of CO2 absorbed 

by the sorbent. However, care must be taken in the interpretation of the results when screening 

for sorbents, since extrapolating the results from a TGA-based study to a CO2 capture process 

at the industrial scale is usually not possible owing to the instrument’s inherent limitation in 

reflecting actual process conditions [93], [611]. 

Several works have dealt with techno-economic aspects of the calcium looping process, and 

very early it was anticipated that it could have significant advantages over the amine-based 

process with regards to the price per ton of CO2 captured (< 20 USD tCO2
-1, which was less than 

half of the costs for an amine-based CO2 capture process; note that correcting for inflation this 

is ~ 26 USD tCO2
-1 in 2021) [612]–[614]. The sensitivity towards the cost of the sorbent for CO2 

and its rate of deactivation was relatively high in these early analyses, and indeed synthetic 

sorbents were predicted not to be competitive with natural limestone unless their long-term 

stability is significantly better under realistic process conditions [615], [616]. Interestingly, 

although most of the literature has dealt with the development of novel, synthetic sorbents, 

estimates of the production costs are scarce and thus make it difficult to assess their suitability 

for a large-scale CO2 capture process on economic grounds. Often sorbent costs have been 

estimated based on values published decades ago [617], [618]. Recently, many studies have 

utilized industrial waste products rich in species that are typically used to stabilize the CaO in 

a sorbent, e.g. Mg, Al, or Si [544], [619]–[625], or bioderived materials [380], [626]–[629] to 

reduce the costs of sorbent production. Questions related to the recycling and reuse of spent 

sorbents or their processing (e.g. the separation of the inert phases and the Ca phase) have not 

been addressed and thus offer potential for research (as e.g. in [630], [631] in the context of 

chemical looping).  

The calcium looping process can be run most efficiently if integrated in power plants (e.g. coal-

fired), resulting in net efficiency penalties < 8 % [30], [632]–[636]. In Europe and other parts 

of the world, reliance on coal for power generation is expected to decrease significantly in the 

next decades as per governmental decisions, so it remains doubtful whether efforts will be made 

to retrofit existing power plants with a calcium looping process for CO2 capture. However, there 

exists many CO2-intensive industries for which an integration with the calcium looping process 
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is considered beneficial, e.g. the cement industry [40], [637]–[643], even though current prices 

of CO2 are low [644]. The calcium looping process can be designed flexibly such that it is 

suitable for the CO2 capture from power plants with large load fluctuations [645], [646]. The 

economic attractiveness of the calcium looping process increases further if (besides CO2 

capture) products are generated that have a certain value, e.g. hydrogen (sorption-enhanced 

reforming or water-gas shift) [399], [596], [647]–[656] or thermal energy (thermochemical 

energy storage) [657]–[668], and may therefore accelerate the implementation at the industrial 

scale. What is certainly missing currently are demonstration units that prove that the different 

processes employing metal oxide sorbents for CO2 work reliably at the industrial scale. A 

promising example for the industrial application of the calcium looping process at small, 

distributed scale is where CaO-based sorbents capture the CO2 emitted from a biomass 

combustion/gasification process, and then release that CO2 through an air stream into 

greenhouses [669], [670]. 

We note that the sorbent development (incl. CaO, MgO and Li-mixed oxides) for the sorption-

enhanced reforming still offers enormous potential for optimization and goes beyond what has 

been covered in Section 3; this comprises fundamental aspects but also understanding at the 

process level. The complexity arises from the ability of the materials to enable several sub-

reactions, i.e. to catalyze the actual reforming reaction through the activation of the fuel (e.g. 

CH4 [671]–[674], biomass [413], glycerol [448], [675]–[678] or ethanol [679]–[682]), to 

capture CO2 at a high efficiency for a long time, and possibly to enable redox-reactions 

simultaneously for a better heat integration [683]–[686]. Combining these functionalities in a 

single particle (bi-functional or tri-functional catalyst-sorbent [687]) would maximize the heat 

integration of the different sub-reactions, but the design of such multifunctional materials is 

challenging so that typically separated particle systems (i.e. catalyst, sorbent and oxygen 

carrier) have been used [443], [688].  

Lastly, even the most basic techno-economic assessments still remain to be performed for 

sorbents based on lithium, sodium and magnesium, and such works need to be undertaken to 

understand in which capacity these sorbents would be best suited. The relatively high cost of 

lithium, considering high demand from the battery industry, may well limit the use of such 

sorbents to more niche applications that require their specific thermodynamic properties. 

  



75 

 

7 Conclusions 

CCUS remains a vital technology platform both to reduce CO2 emissions to combat climate 

change, and to generate a supply of CO2 as feedstock towards the production of chemicals or 

synthetic fuels. Recently, the IPCC raised concerns about the limited pace of the current 

deployment of CCUS technologies and it is hoped that government or market incentives can 

compensate for the incremental costs of CO2 capture, and the development of transport and 

storage infrastructures [1]. Solid oxides are a promising alternative – to be understood as 

supplement rather than replacement – to the widely used liquid amines for CO2 capture at mid- 

to high temperature in terms of reduced energy penalties and potential for application to a wide 

range of CCUS contexts, but there remain significant challenges to overcome to enable their 

widespread use, including large-scale demonstration projects.  

This review has sought to outline the current state of the field, focusing on the materials used, 

and the fundamental understanding of the key parameters controlling their CO2 absorption 

properties. Innovation is needed both in materials design, preparation and optimization, as well 

as in the analytical methods used to assess their performance and factors leading to degradation 

over time. This requires a multidisciplinary effort from chemists, materials scientists, chemical 

and process engineers, and this work aims to bring research from these sometimes disparate 

fields together in order to learn the most from their combined insights. Through this cooperation 

a new generation of CCUS processes might be implemented, and through them provide new 

opportunities for environmental protection and economic opportunity. 
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