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a b s t r a c t

Integrated CO2 capture and conversion of (ICCC) is one of the most effective solutions to reduce anthro-

pogenic CO2 emissions, which has attracted extensive public attention. Dual functional materials (DFMs),

including adsorbent and catalyst, are the key components to achieve ICCC. Magnesium oxide (MgO) is

an ideal adsorbent for ICCC, since it is characterized by high theoretical adsorption capacity, low cost,

low energy consumption and extensive sources. It can also be used as DFMs in combination with the Ni

catalysts. MgO not only can act as an adsorbent in DFMs but also enhance the catalytic performance of

Ni. This review summarizes the advantages and modification methods of MgO as adsorbent and the in-

fluence of its adsorption conditions on the adsorption performance. Moreover, the important role of MgO

in facilitating the catalytic conversion of CO2 is highlighted. Future research focuses are proposed for the

development of MgO based DFMs with high adsorption capacity, high stability, conversion, and selectivity

as well as low cost and energy consumption.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Global climate change has aroused widespread concern [1,2].

Compared with the level before industrialization (∼1880), global

average surface temperature increases about 0.92 °C in 2012 [3],

and is expected to increase about 6 °C in 2050 [4]. Scientists gen-

erally believe that anthropogenic greenhouse gases released into

the atmosphere are the main cause of global climate change [5].

CO2 is the most significant components of greenhouse gas, which

is the main contributor to the greenhouse effect [6]. Atmospheric

CO2 concentrations reached 400ppm in 2015, significantly higher

than the pre-industrial revolution level of 280ppm [7]. The pri-

mary source of anthropogenic CO2 is the burning of fossil fuels

(coal, oil, and natural gas) [8]. Besides, fossil fuels will still be

the main energy source that human beings rely on in the coming
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decades, so it is particularly urgent to develop effective technolo-

gies to reduce CO2 emissions [9].

Carbon capture, utilization, and storage (CCUS) is a crucial tech-

nology to reduce CO2 emission [10,11]. However, CCUS suffers

from technical immaturity, excessive costs, energy consumption

and risks in the transport and storage of CO2. CCUS lacks pipeline

failure models during transport and storage risk assessment system

[12]. In addition, the cost and energy loss incurred by CO2 trans-

port and storage significantly increase the operating costs of CCUS

[13]. The long-distance transport of CO2 can lead to dangerous ac-

cidents due to changes in external conditions or materials corro-

sion [13], such as major hazards to the environment, humans and

ecosystems caused by CO2 leakage [14]. On the other hand, the ge-

ological storage of CO2 is highly uncertain: CO2 may leak through

faults and fractures, leading to earthquakes [12]. To address these

issues, researchers have proposed the integrated CO2 capture and

conversion (ICCC) technology, which is the employment of in situ

adsorption and conversion of CO2 to value-added product, such as

methane (CH4), carbon monoxide (CO), methanol (CH3OH), cyclic

carbonates, hydrocarbon and dimethyl ether [15–21]. It offers new

perspectives for the reduction of CO2 emissions and the synthe-
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sis of natural gas. Especially, CO2 capture and hydrogenation have

received extensive attention [22–24].

Dual functional materials (DFMs) are ideal for ICCC [25]. Devel-

oping DFMs with high adsorption capacity, high conversion, high

stability, and low cost is the focus and challenge of ICCC technol-

ogy. Solid adsorbents as alternative CO2 separation materials can

reduce capture costs and increase CO2 adsorption [26]. Solid ad-

sorbents can be divided into physical adsorbents (e.g., zeolite, car-

bon adsorbents and MOFs) and chemical adsorbents (e.g., metal

oxides and hydrotalcite-like compounds) according to adsorption

mechanisms [27–31]. Chemical adsorbents are more attractive due

to their high selectivity and adsorption capacity [32]. Metal oxides

(especially alkali metal and alkaline earth metal oxides) as chemi-

cal adsorbents have attracted much attention due to their low cost,

wide availability, and high specific surface area. MgO [33], CaO

[34] and Li2ZrO3 [35] have been studied and used as adsorbents

for CO2. However, CaO and Li2ZrO3 is a typical high-temperature

adsorbent, which is not conducive to CO2 methanation in ther-

modynamics. MgO achieves CO2 adsorption at moderate temper-

atures and has a higher theoretical adsorption capacity than CaO

and Li2ZrO3. Therefore, MgO has become one of the most promis-

ing adsorbents for CO2 capture at medium temperature [35,36].

Meanwhile, MgO is also a suitable metal support for CO2 reduc-

tion catalysts. It can provide basic centers for the catalysts. These

basic centers not only promote Ni reduction but also inhibits the

sintering of Ni catalysts on the catalyst surface [37–39].

However, the actual adsorption capacity of MgO (0.24mmol/g)

is poor [40]. Great efforts devoted to improving the adsorption per-

formance of MgO based adsorbents include (1) adjusting the pore

size, (2) reducing the particle size, (3) dispersing MgO on the sup-

port, (4) loading metals/metal oxides, and (5) modifying MgO us-

ing molten salts [41–44]. MgO plays the role of adsorbent in DFMs.

The optimum adsorption temperature of MgO coincides with the

optimum temperature of the methanation reaction, thus render-

ing MgO an ideal adsorbent prior to CO2 methanation reaction.

Combining MgO with catalysts such as Ni enables the capture and

methanation of CO2 and is an effective way to reduce carbon emis-

sions.

The potential of MgO to enhance CO2 adsorption performance

and its contribution to conversion has not been described compre-

hensively in previous studies. Therefore, this review focuses on the

significant role of MgO in CO2 adsorption and conversion. Firstly,

it summarizes the advantages and limitations of MgO based ma-

terials as CO2 adsorbents. Secondly, the modification methods of

MgO based adsorbents in terms of structural and chemical prop-

erties are described. Thirdly, the effect of adsorption conditions on

the CO2 adsorption performance of MgO based adsorbents is also

presented. Finally, the role of MgO as ICCC adsorbent in improv-

ing the catalytic performance of the catalyst and its potential as

catalyst support is emphasized.

2. Advantages and limitations of MgO as CO2 adsorbent

MgO is a significant material which has been widely used in

various fields due to its low cost and multifunction properties.

MgO has been used as refractory protective material [45], electrode

coating for solar cells [46], photocatalyst [47], and antibacterial

material [48]. Recently, the application of MgO in reducing CO2 in

flue gas has attracted extensive attention as a solid CO2 adsorbent

[41,49–53], due to its rich sources and low cost, as well as its high

theoretical CO2 adsorption capacity. Mg element are abundant on

the earth, ranking the eighth in the crustal content. The most com-

mon magnesium ore minerals are dolomite (CaMg(CO3)2), mag-

nesite (MgCO3), brucite (Mg(OH)2), carnallite (MgCl2·KCl·6H2O),

brucite (MgCl2·6H2O), olivine ((Mg,Fe)2SiO4), etc. [54]. MgCO3 and

CaMg(CO3)2 are the main sources for MgO [55]. In addition, as a

Table 1

Comparison of CO2 adsorption capacity on different solid adsorbents.

Adsorbents CO2 adsorption

(mmol/g)

Temperature

(°C)
Ref.

Chemical

adsorbents

MgO 24.8a ∼573 [35]

CaO 17.8a ∼873 [35]

Li2ZrO3 6.53a ∼973 [35]

Physical

adsorbents

MOF-177 33.5 298 [58]

SBA-15 2.87 348 [29]

Zeolite 13X 6.18 298 [30]

Active carbon 3.78 298 [31]

a Theoretical adsorption capacity.

Fig. 1. CO2 adsorption model at different positions on MgO surface ((front (left) and

top (right) view): (a) MgO/CaO terrace site; (b) MgO/CaO edge site; (c) MgO/CaO

corner sites) and bidentate carbonate formed at corner site of O3c sites (d). Copied

with permission [65]. Copyright 2005, American Chemical Society.

basic oxide, MgO can act as an adsorbent to capture acid gases

(e.g., CO2). The adsorption of CO2 by MgO can be categorized into

physical adsorption and chemical adsorption. Physisorption of CO2

occurs on Mg2+ sites [56] at temperatures of approximately 25–

40 °C [50]. Chemical reaction is the main pathway for CO2 capture

by MgO: MgO reacts with CO2 to form MgCO3 (Eq. 1) [57]:

MgO (s) + CO2 (g) ↔ MgCO3 (s) (1)

Theoretically, 1 g MgO can adsorb 24.8mmol of CO2 [35],

which is higher than most solid adsorbents (Table 1). Although

the CO2 adsorption capacity of metal-organic framework (MOF)

is the highest among all adsorbents reported at present [58],

MOF has the disadvantages of high cost, poor moisture resistance

[59], and lower stability than chemical adsorbents [60]. In addi-

tion, compared to other metal oxides, MgO not only has higher

theoretical adsorption capacity (17.8mmol/g and 6.53mmol/g for

CaO and Li2ZrO3, respectively) (Table 1), but also has lower

adsorption-desorption temperature (300–400 °C), implying that

CO2 adsorption–desorption of MgO requires lower energy con-

sumption [35], further reducing the operating cost.

The strength of the interaction between CO2 and MgO surface

is related to the surface energy of the crystalline surface, the co-

ordination number of the surface O atoms and the ability to do-

nate electrons [61,62]. (110), (111) and (100) are the three thermo-

dynamically most stable surfaces of MgO. The (111) surface con-

sists of two alternating layers of Mg and O atoms with (111)/O and

(111)/Mg terminated surface. CO2 is weakly adsorbed on the (100)

and (111)/O, and strongly adsorbed on the (110) surface [61,62].

CO2 chemisorption sites are low coordination O ions and oxygen

vacancies on the surface of MgO [56,61,63]. O5c sites are gener-

ally more stable and inert toward CO2 [64]. O4c and O3c sites with

lower coordination number than O5c, have higher reactivity toward

CO2. Compared to the terraces (Fig. 1a), O4c sites are more stable

at the edge (Fig. 1b) and forms monodentate carbonates. O3c sites

are more reactive at the corner sites (Fig. 1c) than those at the

2



Z. Zhu, X. Shi, Y. Rao et al. Chinese Chemical Letters 35 (2024) 108954

Table 2

Effect of change in specific surface area and pore volume on adsorption capacity of MgO based adsorbents at different temperature.

Samples Specific surface

area (m2/g)

Pore volume

(cm2/g)

Adsorption capacity

(mmol/g)

Temperature

(°C)
Ref.

MgO-AC 362 0.70 1.50 300 [76]

MgO-UC 191 0.23 1.10 300 [76]

MgO-TC 5 0.03 0.90 300 [76]

MgO-KCC-1 126 0.43 1.60 200 [77]

MgO-SBA-15 93 0.31 0.90 200 [77]

MgO-MGMCM-1 11 0.01 0.70 200 [77]

MgO 4 0.003 0.20 200 [77]

Fig. 2. Adsorption process of CO2 on the surface of MgO in different water vapor

partial pressures. Reproduced with permission [68]. Copyright 2012, RSC Advances.

edge and terrace sites, producing bidentate (Fig. 1d) and tridentate

carbonates [65].

However, previous studies have shown that CO2 actual adsorp-

tion amount (0.24mmol/g) of MgO is much less than the theoreti-

cal adsorption (24.8mmol/g) [35,40]. This can be explained as fol-

lows: (1) High enthalpy of the reaction between MgO and CO2 re-

sults in weak adsorption, limiting the reaction rate of carbonation

[40,43]; (2) Few basic sites (O2−) are exposed on the MgO surface

[66]; (3) The adsorption of CO2 by MgO forms a carbonate layer on

the surface of the adsorbent (Fig. 2), especially the presence of wa-

ter accelerates the formation of carbonate layer [67,68]. Currently,

structure modification has been applied to improve the exposure

of MgO to CO2 [19–23]. It has also been demonstrated that adsorp-

tion capacity of MgO based adsorbents can be enhanced by the in-

crease of surface alkalinity and the decrease of the energy barrier

for chemical reactions [42,43,67]. Section 3 in this paper focuses

on the achievement of MgO modification.

3. Modification of MgO based adsorbents

3.1. Structural modification of MgO based adsorbents

CO2 is adsorbed by MgO mainly via the interaction between

CO2 and alkaline sites (O2−) [65]. The structure modification of the

adsorbent can increase the number of basic sites, the specific sur-

face area and pore diameter of the adsorbent [57]. High specific

surface area is conducive to the exposure of basic sites and the ad-

sorption of CO2 on MgO [51,66,69,70]. Table 2 shows the CO2 ad-

sorption capacity of MgO with different specific surface area. How-

ever, the increase of specific surface area cannot guarantee the in-

crease of adsorption capacity [71]. Pore structure has also been re-

ported to influence the adsorption capacity of MgO. Ordered pore

structure can accelerate the CO2 capture rate of adsorbent, thus

improving the adsorption capacity [72].

Reducing the particle size can also increase the specific sur-

face area of the adsorbent [73], leading to the increased expo-

sure of basic sites. MgO nanoparticles have more basic sites due

to their small size, which exposes more O2− on the edges and cor-

ners compared to bulk MgO [41]. Furthermore, nano size of MgO

particles was reported to inhibit the sintering of adsorbent, and

thus improve the cycle stability [74]. Elvira et al. prepared MgO

nano powders from CO(NH2)2 and Mg(NO3)2 (2:1) by solution-

combustion and ball-milling processes [53]. Its adsorption capac-

ity at 25 °C and 1 atm was 1.61mmol/g and was 1.47mmol/g af-

ter five adsorption–desorption cycles. However, small particle size

may have negative effect on the practical application of MgO pow-

der. Powdered adsorbents suffer from increased pressure drop or

elutriation when being applied to industrial fixed or fluidized beds

for CO2 separation [41].

Synthesis of porous adsorbent is another method to improve

specific surface area and pore size. MgO-based porous adsor-

bents include porous MgO [66,69,73,75,76] and MgO dispers-

ing on porous substrates [71,77]. Mesoporous materials as ideal

porous adsorbents with pore diameters of 2–50nm have high

specific surface area, high alkalinity and ordered pore structure

(Table 2). Hanif et al. synthesized MgO by ammonia precipita-

tion, urea hydrolysis and thermal degradation methods. They found

that mesoporous MgO had the highest CO2 adsorption capacity

(∼1.75mmol/g) with a high specific surface area (361 cm2/g) at

200 °C, 1 bar [76]. TiO2 [78], Al2O3 [42,79,80], CeO2 [42,81], SiO2

[82], ZrO2 [83], CuO [84] and porous carbon materials [75] have

been used to support MgO [85]. Mesoporous carbon stabilized

MgO is the ideal CO2 adsorbents among the above materials.

Liu et al. obtained mesoporous carbon stabilized MgO nanoparti-

cles (mPC-MgO) from MgCl2 and biomass waste [41]. TEM images

showed that MgO nanoparticles were uniformly distributed on the

carbon sheet. They found that the CO2 adsorption capacity of mPC-

MgO exceeded 2mmol/g at 200 °C (greater than other MgO-based

adsorbents in Table 1). The maximum adsorption (5.45mmol/g)

was reached at 80 °C. Moreover, mPC-MgO showed good selectivity

toward CO2: the amount of CO2 being captured (5.22mmol/g) was

much higher than that of N2 (0.045mmol/g) and O2 (0.47mmol/g).

The morphology of adsorbents also influences the CO2 capture

of MgO based adsorbents. Gao et al. prepared MgO nanosheet a

with high specific surface area (327 m2/g, 0.38 cm3/g) using a thin

sheet structure of hydro magnesite as a precursor [66]. The maxi-

mum adsorption capability of MgO nanosheets they prepared was

1.99mmol/g at 60 °C. Patchanee et al. fabricated microspheres with

high surface area (227 m2/g) and high pore volume (0.79 cm3/g)

using spherical magnesium ethanol as precursors [86]. The micro-

spheres had a high adsorption capacity of 6.85mmol/g at 25 °C
and 0.6MPa CO2 pressure. Doping irregular metal oxide is another

method to change the morphology of adsorbent. Chen et al. stud-

ied the structure and adsorption properties of FeO–MgO [87]. They

found that the core-shell structure of FeO–MgO increased the sur-

face curvature of MgO, promoting the exposure of defective sites at

the edges and corners of the crystal surface, thus providing more

alkaline sites to adsorb CO2. Instantaneous adsorption-temperature

programmed desorption indicated the proportion of strong alka-

line sites on FeO–MgO surface increased to 91%, higher than that

on MgO (28.9%).

3
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3.2. Other modifications of MgO adsorbents

The surface oxygen ions (O2−) of MgO are the main basic sites

of capturing CO2, and the coordination states of the different O2−

determine the CO2 adsorption properties [65]. O2− at the edge or

corner of the lattice are usually more alkaline, which react with

CO2 to form monodentate, bidentate or tridentate carbonate, re-

spectively [64,88]. More basic sites can increase the surface alkalin-

ity of the adsorbent, thus boosting the CO2 adsorption capacity. In

addition, reducing the reaction energy barrier or increasing the ad-

sorption energy to improve the carbonation reaction rate has also

become research focuses in the field of MgO modifications [43].

Metals, metal oxides and alkali metal molten salts can be used as

MgO promoters to improve its CO2 adsorption capacity by increas-

ing the surface alkalinity, lowering the reaction energy barrier, or

increasing the adsorption energy.

3.2.1. Increase of surface alkalinity on MgO based adsorbents

Metal oxides such as ZnO, La2O3, CeO2, and CuO have been

proved to improve the CO2 adsorption capacity of MgO based ad-

sorbents [42,81,84,87,89–92] by increasing the alkalinity of MgO.

CuO, ZnO and La2O3 alter the number of basic sites by replac-

ing Mg2+ with metal ions, thus improving the adsorption perfor-

mance. The substitution of Mg2+ (0.066nm) by Cu2+ (0.073nm)

[84] and La3+ (0.115nm) with larger radii than Mg2+ [92], or Zn2+

(0.060nm) smaller than Mg2+ [93] could create structural defects,

leading to the exposure of more active sites on the surface of MgO

by producing an increase in the alkalinity of MgO. The remaining

Cu2+ could maintain the pore structure of the adsorbent, acting as

a support to disperse MgO [84].

The variation in crystalline phase could also change surface al-

kalinity of MgO. Vishwanath et al. synthesized mesoporous MgO–

TiO2 with different TiO2 contents. They found that doping differ-

ent amount of TiO2 influenced the crystalline phases of MgO and

Ti oxidation state, which determined CO2 adsorption capacity of

the adsorbent. MgTi2O4 with spinel structure had higher alkalin-

ity and CO2 adsorption capacity than other crystal phases (MgTiO3

and Mg2TiO4) [89].

Previous studies indicated increasing alkalinity was a more ben-

eficial way to improve the CO2 adsorption capacity of MgO based

adsorbent than increasing the specific surface area [42,81]. The

recycle stability and adsorption performance of MgO coupled by

Al2O3 and CeO2 at medium temperature (200 °C) are better than

that of MgO. Al2O3 improves the adsorption performance of MgO

mainly by increasing the specific surface area. CeO2 improves the

adsorption capacity mainly by increasing the alkalinity of the ad-

sorbent. Although Al2O3–MgO has a larger specific surface area and

pore volume, and more homogeneous pore structure than CeO2–

MgO, its CO2 adsorption capacity is still lower than that of CeO2–

MgO.

Moreover, the introduction of surface functional groups (e.g.,

OH) is a potential way to improve the surface properties to in-

crease the adsorption capacity. Due to the strong electro positivity

of the hydrogen atoms in the OH group, they can interact with the

oxygen atoms in the CO2 to form hydrogen bonds (Fig. 3), thereby

improving the CO2 adsorption of MgO adsorbents [41].

3.2.2. Promoting chemical reaction between MgO and CO2

Metals can promote the adsorption capacity by increasing the

adsorption energy of CO2 on MgO or decreasing the reaction en-

ergy barriers of the reaction between MgO and CO2. Alkali metal

(Li, Na, K, Rb and Cs), alkaline earth metals (Be, Ca, Sr, and Ba), Fe

and Al have been investigated to modify the adsorption properties

of MgO [43,94–97]. Alkali and alkaline earth metals are considered

to be superior promoters of MgO [43]. The increase in adsorption

energy is related to the radius and electronegativity of the doped

Fig. 3. Mechanism illustration of CO2 reaction with MgO promoted by -OH. Copied

with permission [41]. Copyright 2013, American Chemical Society.

Fig. 4. Adsorption energies (eV) of Li, Na, K, and Rb on a MgO–CaO (100) surface at

two different configurations. Copied with permission [94]. Copyright 2019, Ameri-

can Chemical Society.

metal. In general, the smaller the radius and the higher the elec-

tronegativity, the higher adsorption energy is [96]. Thus, Li-doped

MgO have the highest adsorption energy among alkali metals (Fig.

4). Exceptionally, metals with larger atomic radii (Cs and Ba) have

greater adsorption energies than those with smaller radii (Na, K,

Rb and Ca, Sr) due to the electrostatic interaction between Cs and

Ba with neighboring Mg atoms. Considering the necessity to regen-

erate the adsorbent after adsorption, Li, Ca and Sr promoted MgO

adsorbents are suitable as CO2 adsorbents [95].

Hu et al. investigated the CO2 adsorption properties of Ca/Fe/Al-

doped MgO based on density flooding theory (DFT) calculations

[96]. Compared to that of MgO, the stronger adsorption capabil-

ity of Ca/Fe/Al-doped MgO was mainly attributed to (1) the strong

electronic interaction between Ca/Fe/Al-doped MgO and CO2, (2)

changes in the crystallographic parameters of MgO, and (3) the re-

duction of the transition state energy barrier [43]. The minimum

adsorption energy of Al doped MgO (−98.15 kJ/mol) was greater

than the maximum adsorption energy of Ca (−56.73 kJ/mol) and

Fe (−76.70 kJ/mol) doped MgO, creating a more stable adsorption

structure [87]. Therefore, Al doped had more significant effect on

the CO2 adsorption capability of MgO.

They subsequently used Ce as a promoter to facilitate Al-doped

MgO [43]. Compared to Al-doped MgO, CO2 adsorption energy

on Ce/Al-doped MgO was higher and CO2 reaction potential was

lower due to more chemically active metal atoms and less elec-

trostatic repulsion around the adsorption sites on the surface of

Ce/Al-doped MgO. Thus, Ce/Al-doped MgO has higher CO2 adsorp-

tion capacity. However, two issues should be considered for metal-

doped MgO: (1) the difficult desorption due to the strong adsorp-

tion energy and (2) the blockage of pores due to metal doping and

metal agglomeration [81].

Molten salt such as Alkali metal nitrates, nitrites, and carbon-

ates (e.g., NaNO3, NaNO2, LiNO3, KNO3, KNO2, Li3PO4 and Na2CO3)

can also be used to increase the CO2 adsorption of MgO [98–103].

4
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Table 3

CO2 adsorption capacities of MgO adsorbents promoted by alkali metal salts at ∼300 °C.

Mixture types Alkali metal salts Adsorption (mmol/g) Cycles Ref.

Unitary salt mixtures K2CO3 2.09 10/1.11 [98]

Na2CO3 2.31 2/2.03 [99]

Li2CO3 3.75 – [100]

KNO3 4.00 – [111]

LiNO3 4.45 10/1.66 [52]

KNO2 9.30 – [111]

NaNO3 14.0 – [33]

NaNO2 15.7 – [104]

Binary salt mixtures Na2CO3–LiNO3 1.35 – [101]

Na2CO3–KNO3 1.75 – [101]

K2CO3–NaNO3 1.87 – [101]

Na2CO3–NaNO3 3.49 7 [98]

NaNO3–KNO3 8.30 10/1.00 [52]

LiNO3–NaNO3 9.84 10/7.73 [52]

LiNO3–KNO3 10.7 10/7.82 [52]

NaNO3-–NaNO2 19.8 15/7.30 [105]

Multicomponent salts

mixtures

(Li0.3Na0.18K0.52)NO3 10.2 – [35]

(Li–Na–K)NO3 10.8 10/8.02 [52]

(Li0.3/Na0.18/K0.52)NO3/MgO–

K2CO3

13.4 – [102]

(Li0.3Na0.6K0.1)NO3 16.8 20/3.20 [103]

(Li0.44K0.56)NO3]2[(Na0.5K0.5)CO3]

19.1 30/15.7 [106]

Fig. 5. Different loading of unitary salts (a) (Copied with permission [104]. Copyright 2021, American Chemical Society) and multicomponent salts versus CO2 adsorption in

300 °C (b). Copied with permission [103]. Copyright 2017, American Chemical Society.

When the ambient temperature (∼300 °C) is above the melting

point of the alkali metal salts, the salts are converted from the

solid phase to the liquid phase [35], facilitating the reaction be-

tween CO2 and MgO [104]. The adsorbent is then desorbed at a

higher temperature (400–450 °C) to be regenerated. It achieves

CO2 capture at medium temperature and addresses the issue that

the formation of carbonate layers decreases the adsorption capa-

bility of MgO-based absorbents. Therefore, alkali metal nitrates and

nitrites have been used to improve the adsorption capacity of MgO

more commonly than other promoters.

The type (unitary salt, binary salts as well as multicompo-

nent salts) and doping amount of molten salts affects the ad-

sorption capacity of MgO based adsorbents. Table 3 shows MgO

adsorbents with different melt salts doped have various adsorp-

tion capacities. In the case of unitary salt promoted MgO, CO2

adsorption capacity of MgO doped by NaNO3, LiNO3, KNO2 and

KNO3 increased with the enhancement of alkali metal nitrate load-

ing from 5% to 20% (25%) (Fig. 5a) [104]. The adsorption capac-

ity of NaNO2-doped MgO at 10% loading exceeded that of the

other MgO materials doped by molten salts (15.7mmol/g) [33].

In the case of binary salts promoted MgO, (NaNO3–NaNO2)/MgO

had the largest CO2 uptake of 19.8mmol/g [105]. In addition, Li–

Na–K/MgO had higher CO2 adsorption capacity and adsorption

rates compared to most of alkali metal nitrate doped MgO (Fig.

5b). (Li0.44K0.56)NO3]2[(Na0.5K0.5)CO3]/MgO exhibited the largest

adsorption capacity among all multicomponent salt doped MgO,

reaching 19.6mmol/g [106].

Current studies have demonstrated that doping molten salts is

the most promising modification method for facilitating CO2 ad-

sorption of MgO. Nitrate and nitrite promoted MgO has signifi-

cantly enhanced the CO2 adsorption capacity, which increase from

0.24mmol/g to a maximum of 19.8mmol/g [105]. However, the

mechanisms underlying the increased CO2 adsorption capacity of

MgO promoted by molten salts remain in debate. Zhang et al. sug-

gested that molten salts as phase transition catalysts facilitate the

adsorption of gaseous CO2 on solid MgO and MgCO3 may precipi-

tate from the initial dissolution without inhibiting the reaction be-

tween CO2 and MgO, thus improving the cyclic stability of the ad-

sorbent. Based on DFT calculations, they found the [Mg2+-O2−] dis-
sociation energy could be reduced by 1.771 eV with molten salt in-

volved. Because the dissociation of the MgO ionic bond is the rate–

limiting step during the CO2 adsorption process, the involvement

of the molten salt increases the rate of MgCO3 production [67].

Harada and Gao et al. analyzed the reaction kinetics of CO2 adsorp-

tion using kinetic modeling [35,104]. They found that the process

of CO2 adsorption on nitrate promoted MgO included three key

steps: CO2 adsorption first occurred on the surface of the adsor-

bent with essentially linear reaction rates (Fig. 6a). Subsequently,

the rate of reaction first increased and then decreased (Fig. 6b),

which is attributed to the nucleation and growth of MgCO3. Due

to the formation of the MgCO3 layer, the exposure of CO2 to MgO

was reduced. Therefore, the reaction rate in the third stage was

controlled by the diffusion of CO2 through the MgCO3 layer (Fig.

6c). In the whole adsorption process (Fig. 6d), the involvement of
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Fig. 6. Kinetic process of nitrate promoting MgO to adsorb CO2 (d): (a) Surface adsorption process; (b) Nucleation and growth of MgCO3 phase; (c) Diffusion of CO2 in

MgCO3 layer. Copied with permission [104]. Copyright 2021, American Chemical Society.

Fig. 7. IR spectral changes in CO2 adsorption (a), desorption (b) and re-adsorption

(c) by NaNO3-Promoted MgO and deconvolution (d) of carbonate peaks at various

intervals (2min in CO2 (curve a), 23min in CO2 (curve b), after 30min in He during

partial desorption (curve c), and after 9min in CO2 during re-adsorption (curve d)).

Copied with permission [107]. Copyright 2016, American Chemical Society.

nitrate salt inhibited the generation of the MgCO3 layer and pro-

moted the diffusion of CO2, accelerating the rate of the reaction in

the second and third stages, thus improving the adsorption capac-

ity of the adsorbent. Prashar et al. monitored the changes in the in-

situ IR spectrum of MgO based adsorbents during multiple adsorp-

tion and desorption [107]. The nitrate (825 cm−1) peak was ob-

served prior to the adsorption of CO2. After 1min of reaction, the

peak for nitrate decreased rapidly and the peak assigned to carbon-

ate (862 cm−1) appeared. Subsequently, peaks for MgCO3 (853 and

890 cm−1) were observed (Fig. 7a). However, the peak at 876 cm−1

may be assigned to a lattice defect resulting from the doping of ni-

trate in the lattice of MgO. The nitrate peak reappeared in the des-

orption process (Fig. 7b). During the second adsorption, the area

of the MgCO3 peak was larger than that during the first adsorption

(Figs. 7c and d), implying a faster adsorption rate of CO2 due to the

homogenization of nitrate in the distribution [35] or the creation

of lattice defects in MgO. Gao et al. have identified the involve-

ment of NaNO3 in CO2 adsorption by oxygen isotope labeling, in-

cluding the conversion of NO3− to NO2+ and O2−, the adsorption of

NO2+ on MgO, and the transfer of 18O2− from 18O−nitrate to MgO

[108]. Three CO2 isotopes, C16O2 Cl6Ol8O and Cl8O2, were obtained

using 18O-labelled NaNO2 (NaN l6O2 to NaN l6O2
18O) doped MgO

(Mg18O) to adsorb CO2 for 1 h at 300 °C. The different desorption

temperatures of CO2 demonstrated the difference in the adsorp-

tion energy of CO2 on NaNO3–MgO and MgO. CO2 adsorbed by

NaNO3–MgO had a higher desorption temperature, indicating the

generated MgCO3 has a higher thermal stability. They also proved

that NaNO3–MgO promoted the formation of [Mg2+-O2−], which

increased the capacity and rate of CO2 adsorption.

However, there are some problems with alkali metal modified

MgO adsorbents. During successive adsorption–desorption cycles,

a reduction in the active center, blockage of the pore structure and

partial depletion of the NaNO3 molten salt layer occurs on the sur-

face of the adsorbent, leading to a gradual decrease in CO2 ad-

sorption during the adsorption–desorption cycles [33,109]. Dong et

al. suggested that the addition of Li3PO4 could provide more basic

sites for the adsorbent [110], which is a possible way to solve the

sintering of the adsorbent and to improve the adsorption capacity

and stability.

4. Effect of adsorption conditions on the CO2 capture

The adsorption conditions such as adsorption temperature,

pressure and flue gas will also affect the CO2 adsorption capacity

of the adsorbents.

MgO can adsorb CO2 from 25 °C to 400 °C [50,73,111]. Phys-

ical adsorption is predominant at low temperature (<40 °C) and

chemisorption occurs at higher temperatures [50]. Increasing tem-

perature favors the reaction, but the reaction of MgO with CO2 to

form MgCO3 is exothermic. The calculated Gibbs free energy sug-

gests that the optimum adsorption temperature for MgO is 300 °C
[104]. However, the optimum adsorption temperature varies con-

siderably with different MgO based adsorbents, which may be

related to the basic sites of the adsorbent [65,112]. Mesoporous

MgO adsorbents generally exhibit high CO2 adsorption at 200 °C
[73,76,80]. Mesoporous MgO nanoparticles with high specific sur-

6
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Fig. 8. CO2 adsorption capacity of unitary salts (a) (Copied with permission [104]. Copyright 2021, American Chemical Society) and multicomponent salts (b) in different

temperature. Copied with permission [103]. Copyright 2017, American Chemical Society.

face area and high alkalinity can trap large amounts of CO2 at

relatively low temperatures (<100 °C) [41]. The optimum adsorp-

tion temperature of molten salt modified MgO also varies with

the doping of the alkali metal salt (Fig. 8a). Because the optimal

adsorption temperature is related to the melting temperature of

nitrate, the selection of adsorption temperature should consider

the melting temperature of unitary nitrate or the eutectic point

of multicomponent nitrates [49,52,108,113]. The optimum temper-

ature of CO2 adsorption on MgO modified by binary alkali metal

salts is higher than that on unitary salts modified MgO. NaNO3-

promoted adsorbents have an optimum CO2 adsorption tempera-

ture of 325 °C, while NaNO3 and NaNO2 promoted MgO adsorbents

have an optimum adsorption temperature of 350 °C. Also, NaNO3

and NaNO2 promoted MgO adsorbents show a faster CO2 uptake

rate and higher adsorption stability than NaNO3-promoted adsor-

bents [114,115]. The optimum adsorption temperature of CO2 ad-

sorbed by multicomponent salts is related to the ratio of molten

salts. At Li:Na:K=0.1:0.3:0.6, the adsorbent had the greatest CO2

capture capacity (16.8mmol/g) at an adsorption temperature of

300 °C (Fig. 8b). At Li:Na:K=0.3:0.18:0.52, the adsorbent had the

greatest adsorption capacity (13.1mmol/g) at 325 °C [103]. Adsorp-

tion temperature is also related to the partial pressure of CO2.

Pressure increase facilitates CO2 adsorption [76,105].

The presence of gases such as H2O, O2 and SO2 in practical

industrial applications can affect the adsorption capacity of MgO

based adsorbents. The presence of H2O promotes the adsorption of

CO2 by MgO [80,116–118]. This is probably because the OH group

production from H2O dissociation on MgO surface promotes the

formation of highly basic sites [49], and the adsorption energy of

CO2 on MgO increases from −0.479 eV to −1.163 eV with the pres-

ence of H2O [119]. This is the same as mentioned in Section 2,

where the presence of water promotes the formation of carbon-

ates. The presence of SO2 and O2 inhibits the CO2 adsorption [102].

It is because both SO2 and CO2 are acidic gases and SO2 is more

acidic than CO2. Thus, the MgO-based adsorbents prefer capturing

SO2 over CO2. However, a significant increase in CO2 adsorption

can be achieved in the presence of both SO2 and H2O [120]. Com-

pared with SO2, O2 has less influence on MgO adsorption perfor-

mance. It is proved that the addition of alkali metal can reduce the

influence of SO2 and O2 on the adsorption performance by improv-

ing the adsorption energy, but the desorption temperature of CO2

the adsorbent also increases [97].

5. Application of MgO in CO2 conversion

Considering the problems of transportation and storage in

CCUS, ICCC has received an extensive attention in recent years

[15,121–124]. Among ICCC, CO2 adsorption and hydrogenation pro-

cess can convert CO2 into CH4, which has increased economic ben-

efits and aroused widespread interests [22,125,126]. The selection

of CO2 adsorbent and catalyst is the key to achieve CO2 capture

and conversion. As mentioned above, MgO is a suitable adsorbent

for CO2 at the temperatures consistent with the optimum reaction

temperature (300–400 °C) of methanation reaction. Therefore, CO2

capture, and conversion can be carried out at the same tempera-

ture in a single reactor [22,104]. Studies have been performed with

MgO as an adsorbent for DFMs achieving good adsorption and con-

version performance (Table 4). Meanwhile, MgO has the potential

to act as a carrier for catalysts [127]. Therefore, MgO is a suitable

material for the DFMs [128–130].

CO2 methanation converts captured CO2 to CH4 by catalytic re-

action with H2. The methanation reaction equation is shown in Eq.

2 [131]:

CO2 + 4H2 ↔ CH4 + 2H2O, �H298K = − 165kJ/mol (2)

Ruthenium (Ru) and nickel (Ni) are often used as catalysts for

CO2 methanation. The noble metal catalysts are highly efficient in

conversion. Ru exhibits fast CO2 methanation kinetics and unique

redox chemistry. However, the high cost and catalyst sintering

limit the application of Ru in DFMs [132,133]. Ni catalysts with

high abundance, low cost and good catalytic properties have been

widely used in CO2 reduction [134]. However, Ni catalyst sintering

leads to decreased specific surface area and shortened lifetimes,

which reduces its catalytic ability and increases carbon deposits

[135]. Ni reacts with CO at low temperatures to form nickel sub-

carbonyls, resulting in reduced activity [136]. In addition, Ni cat-

alysts can suffer Ni oxidation and deactivation during the capture

phase in flue gases containing large amounts of air [23]. Therefore,

further studies in improving the resistance of Ni catalysts to sinter-

ing and coking as well as increasing low-temperature activity are

necessary [137].

Supporting Ni on MgO is an effective way to solve the reduc-

tion of Ni activity [138,139]. As a basic additive, MgO not only

increases the amount of the basic centers, favorable for CO2 acti-

vation [140], but also strengthens OH∗ adsorption, which is ben-

eficial for H2O formation [38]. The CO2 conversion and CH4 se-

lectivity of Ni/MgO was reported to be close to 90% and 100% at

about 300 °C, respectively [141]. Huang et al. investigated the path-

way of CO2 methanation on Ni/MgO surfaces by means of DFT

calculations. In contrast to CO2 methanation on Ni (111) surface

via O-terminal hydrogenation to form HCOOH∗, the C-terminal hy-

drogenation of CO2 on the Ni/MgO surface is more favorable than

the O-terminal since electrons can be transferred from MgO to Ni

nanoribbon, leading to more electrons accumulating on C atoms of

CO2. Therefore, the C-terminal of the CO2 molecule has a higher

electron density [38]. The combination of Ni and MgO based ad-

sorbents is conducive to the dispersion of Ni particles and the

strong metal-carrier interaction between Ni and MgO significantly

improves the Ni reduction on the Ni/MgO surface [38]. Further-

more, MgO can inhibit the growth of Ni particles, thereby im-

proving the resistance of Ni to sintering [142] and carbon depo-

sition [143]. Furthermore, the addition of additives can further en-
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Table 4

Adsorption-catalytic capacity of DFMs based on MgO as adsorbents at ∼300 °C.

Adsorbents Catalysts Supports Adsorption (mmol/g) CO2 Conversion (%) CH4 selectivity (%) CH4 yield (mmol/g) Ref.

NaNO3–MgO Ni Al2O3 11.9a 95 90 – [33]

(Li–Na–K)NO3–MgO Ni CeO2 2.74b 73 99 1.10b [128]

MgO Ru CeO2 ∼8.00a 89 – 7.07c [129]

MgO Ru Al2O3 0.24b 91 – 0.21b [133]

NaNO3–MgO Ru Al2O3 7.17b – – 2.83b [130]

a mmol/g adsorbent.
b mmol/g DFMs.
c mmol/g catalyst.

hance CO2 adsorption and conversion performance of Ni/MgO. We

could further improve CO2 methanation activity and sintering re-

sistance through promotion the formation of monodentate species

with higher H2 activity and increasing the number of stable CO2

adsorption sites [144]. Currently, Ni/MgO as a bifunctional cata-

lyst for CO2 adsorption and methanation using alkali metal salts

as promoters has obtained good performance with CO2 adsorp-

tion and CH4 yield of 6.46mmol/g and 0.85mmol/g at 450 °C, re-
spectively [145]. Moreover, Reverse water gas shift reaction was

achieved with Ni/MgAl2O4 as the catalyst, showing 39.2% CO2 con-

version and 100% CO selectivity at 700 °C [146]. This provides a

new way to improve the adsorption and catalytic performance of

DFMs.

6. Conclusions and prospects

MgO is an ideal medium temperature solid adsorbent for CO2.

It is characterized by low cost, wide availability, and high theoret-

ical adsorption capacity (∼24.8mmol/g). Although the actual ad-

sorption capacity (0.24mmol/g) is much lower than the theoret-

ical value, it can be greatly increased by structural changes, and

doping other species. Especially, the maximum adsorption capacity

of MgO doped by alkali metal molten salt can reach 19.8mmol/g.

Transition metal Ni is a common catalyst for CO2 methanation with

high activity and selectivity. The combination of MgO and Ni can

realize in-situ CO2 capture and hydrogenation. Although the resis-

tance of Ni to carbon deposition and sintering is weak, MgO as a

basic oxide can improve the basicity of Ni, thereby increasing ac-

tivity, selectivity, and stability of Ni-based catalysts. The addition of

promoters can not only improve the adsorption capacity and cycle

stability of the adsorbent, but also enhance the activity, selectivity,

and stability of the catalyst.

Ni/MgO is an ideal material with a broad application prospect

for ICCC. Furthermore, ICCC is a potential way to achieve carbon

emission reduction and mitigate climate warming. Unfortunately,

the current research on DFMs materials is relatively limited and

further studies can be focused on:

(1) The actual adsorption capacity of MgO adsorbent differs greatly

from the theoretical adsorption capacity. This is related to sev-

eral factors such as preparation method, adsorption tempera-

ture and pressure, surface basic sites and CO2 concentration,

etc. Therefore, the interaction of all factors should be consid-

ered to achieve CO2 capture efficiently. However, the current

study considers fewer influencing factors. The next step can be

based on machine learning high-throughput screening methods

to efficiently optimize the existing modification methods or ap-

plication conditions.

(2) The low added value of the CO2 conversion products makes it

difficult to drive companies to independently select ICCC tech-

nology for large-scale applications. The next step is to change

the existing active site to realize C–C coupling, such as C2H2,

C2H5OH and other high value-added products conversion.

(3) Application studies under industrial conditions are lacking. For

example, whether the presence of co-existing pollutants (NOx,

SOx, etc.) in the flue gas will poison the existing catalysts is a

direction that needs to be taken into account in future catalyst

design and selection.
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