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Abstract 13 

In this work, we report a new family of class 1 adsorbents for direct air capture of CO2 14 

prepared by loading branched poly(ethylenimine) (PEI) into Mg-Al-CO3 layered 15 

double hydroxide-derived mixed metal oxides (MMOs), which exhibit unexpectedly 16 

large adsorption capacities, fast kinetics, and high stability. First, the bulk phase MMO 17 

precursors are successfully exfoliated into nanosheets with the plate size of approximate 18 

20 nm by reduced Mg/Al ratios and also via aqueous miscible organic solvent treatment. 19 

Upon vacuum heating, the MMO layers are self-assembled into spherically shaped 20 

particles with abundant slit-like mesopores, large surface areas, and broad pore 21 

distribution. This ideal nanostructure leads to the uniform distribution of the 22 

impregnated PEI, and thus, it creates optimal accessibility for CO2 molecules to the 23 

exposed strong adsorption sites under ultradilute conditions. At high PEI loading ratios, 24 

PEI starts to cover the MMO framework but the porous structure is still present and no 25 

significant decrease in amine efficiency is observed. Remarkably, the 67 wt.% PEI-26 

impregnated Mg0.55Al-O MMO reaches the total CO2 adsorption capacity of 2.27 27 

mmol/g and the fast adsorption rate of 1.1 mmol/g∙h within 90 min at 25 °C under 0.4 28 

mbar CO2. In addition, the defect-abundant MMO layers provide strong electrostatic 29 

attraction to the attached polyamines, making the hybrid adsorbents highly robust 30 

during thermal regeneration up to 300 °C. Enhanced CO2 adsorption capacity and 31 

stability are observed during multi-cycle tests in the presence of moisture attributed to 32 

the changes in the adsorption mechanism and circumventing the CO2-induced 33 

deactivation, thus facilitating the use of steam stripping to concentrate the CO2 desorbed 34 



from amine-functionalized MMOs. 35 
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Introduction 40 

Direct air capture (DAC) is a type of negative emissions technology that can be used to 41 

extract CO2 from the atmosphere via absorption or adsorption. Compared to 42 

conventional CO2 capture technologies that are used to remove CO2 from large point 43 

sources, DAC is advantageous because it could be used for distributed CO2 emissions, 44 

it presents no location restrictions for the placement of the capture facilities, and its 45 

performance is not affected by contaminants, such as SOx, NOx, and heavy metals.1 46 

Furthermore, when DAC is coupled with CO2 chemical conversion technologies it 47 

could provide carbon sources for the production of fuels, biofuels, pharmaceuticals, 48 

high-value chemicals, greenhouse feeding nutrients, and agricultural.2−6 Early DAC 49 

systems have used aqueous alkali or alkali-earth hydroxides, which extracted CO2 via 50 

causticization or alternative causticization.7,8 However, the high energy demands for 51 

their thermal regeneration, large amounts of water loss, and use of pure O2 have limited 52 

their implementation, and therefore, researchers changed their focus to adsorbent-based 53 

systems.9,10 54 

When selecting appropriate adsorbents for DAC one should comprehensively consider 55 

their cost, adsorption capacity, kinetics, multi-cycle stability, and selectively. In 56 

addition, the binding force between CO2 and adsorption sites should be strong enough 57 

because the CO2 in the atmosphere is extremely dilute (approximately 400 ppm, which 58 

is only 1/350 of the CO2 concentration in flue gas). Therefore, solid-supported amines 59 

are suitable DAC adsorbents owing to their chemisorption properties and low 60 

regeneration temperatures (commonly below 120 °C).11,12 Supported amines react with 61 



CO2 to form ammonium carbamate under anhydrous conditions13,14 or ammonium 62 

carbonate/bicarbonate in the presence of moisture.15 Amines could be physically loaded 63 

(class 1), covalently tethered (class 2), or in situ polymerized (class 3) onto solid 64 

supports.16 Recently, class 1 adsorbents, which do not involve chemical reactions with 65 

the mesostructured supports have become highly attractive for commercial-scale DAC 66 

applications because of their low cost and relatively large CO2 adsorption capacities 67 

under ultradilute conditions.17−25 Low molecular weight primary amine-rich branched 68 

poly(ethylenimine) (PEI) is commonly used for class 1 adsorbents, as smaller amines 69 

lead to considerable evaporation and amine loss,26 whereas high molecular weight PEI 70 

could hinder the diffusion of CO2 into the porous matrix.27 71 

Although it is believed that amine loading mainly determines the CO2 uptake of solid-72 

supported amine materials, the textural properties and surface microstructure of the 73 

support could change the morphology of amines within the support and the gas-surface 74 

interaction, and consequently, could significantly affect their overall CO2 capture 75 

efficiency. Silica materials, such as commercial silica,28 fumed silica,27,29 SBA-15,30−35 76 

silica fiber,17 pore‐expanded MCM‐41 (PE-MCM-41),36 and mesocellular foam 77 

(MCF),37 have been widely studied for DAC applications owing to their large surface 78 

areas, high pore volumes, and narrow pore size distributions. Despite exhibiting 79 

promising adsorption capacities and amine efficiencies, PEI/silica composites present 80 

kinetics and thermal stability drawbacks. Choi et al.28 reported that 45 wt.% PEI-81 

impregnated commercial silica reached the high CO2 uptake of 2.36 mmol/g during the 82 

first adsorption cycle (400 ppm CO2/Ar, 25 °C), but the long adsorption half-time of 83 



309 min was needed and 30% of the adsorption capacity was lost after only four cycles. 84 

Another evidence is that the maximum CO2 uptake of highly amine-loaded PEI/silica 85 

was achieved at elevated temperatures to overcome the kinetic limitation.27 The 86 

chemical (oxidative degradation and CO2-induced deactivation) and hydrothermal 87 

stabilities of PEI/silica composites are also challenging, and this is particularly 88 

important when steam stripping is used in DAC systems to produce concentrated CO2 89 

streams.38 90 

To address the above-mentioned drawbacks, it is necessary to design support materials 91 

with suitable morphology, strong affinity to polyamines, and high thermal and 92 

hydrothermal resistance. It has been reported that both the stability and CO2 adsorption 93 

kinetics of PEI/silica composites could be improved via the addition of 3-94 

aminopropyltriethoxysilane and tetraethyl orthotitanate, because these compounds 95 

strengthen the bonding between PEI and the surface of silica.39 The co-addition of 96 

polyethylene glycol to PEI/silica composites could also increase their air capture 97 

performance owing to the improved arrangement of PEI with scattered aggregates.34 98 

Support modification is another strategy that could be used to improve the CO2 99 

adsorption efficiency of PEI/silica composites under ultradilute streams. Kuwahara et 100 

al.30,31 demonstrated that incorporating heteroatoms into SBA-15 changed the acid/base 101 

properties of the support, and thus increased not only the CO2 uptake but also the 102 

regenerability and thermal stability of the adsorbent. However, a later study indicated 103 

that the improved CO2 adsorption properties were more likely related to the changes in 104 

texture of the supports (larger pore volume, pore size, and less microporosity).32 Sayari 105 



et al.36 determined that excellent amine efficiency and stability could be achieved using 106 

PE-MCM-41 with abundant surface cetyltrimethylammonium (CTMA+) cations. They 107 

concluded that the CTMA+ layer effectively changed the dispersion of PEI on the 108 

surface of silica and thus increased amine accessibility. Several researchers used non-109 

silica supports, such as mesoporous carbon and γ-alumina. The use of mesoporous 110 

carbon frameworks and additives promoted both pore and amine diffusion, which led 111 

to remarkable kinetics and stability at high PEI loadings.40 PEI-loaded alumina also 112 

exhibited high stability under steam striping, but its CO2 adsorption capacity was lower 113 

than that of PEI/silica composites.41,42 114 

In this paper, we report a new family of class 1 adsorbents for DAC; these adsorbents 115 

were obtained by loading PEI into layered double hydroxide (LDH)-derived mixed 116 

metal oxides (MMOs), which exhibited unexpectedly large adsorption capacity, fast 117 

kinetics, and high stability. LDHs are two-dimensional layered materials comprising 118 

brucite-like layers separated by charge-compensating anions and interlayered water, 119 

and their general formula is [M𝑥
2+M3+(OH)2𝑥 + 2]+(A𝑛−)1 𝑛⁄ ∙ 𝑚H2O . Each metal 120 

cation is coordinated with six –OH groups, which are edge-sharing, to form infinite 2D 121 

sheets. Stacked bulk LDHs could be exfoliated into small plates using the aqueous 122 

miscible organic solvent treatment (AMOST) method, which was recently developed 123 

by O’Hare’s group.43,44 Their large specific surface area, ultrathin nanosheets, and 124 

tunable metal cations render exfoliated LDHs usable for catalysts, adsorption, 125 

biomedicine, water treatment, and electrochemistry.45 Upon thermal treatment, LDHs 126 

undergo dehydration, dihydroxylation, and decarbonation processes and form MMOs 127 



with abundant surface defects.46 The use of MMOs as supports allowed the 128 

development of ideal CO2 diffusion channels through the slit-shaped mesopores formed 129 

by the exfoliated nanosheets, and the extra pores derived from the release of gas 130 

molecules, such as CO2 and H2O, during calcination. Impregnated polyamines are 131 

supposed to disperse well on defect-abundant MMO layers owing to their strong 132 

electrostatic attraction even in the absence of additives. Furthermore, the morphology 133 

and chemical properties of MMOs could be adjusted by changing the type and relative 134 

ratios of divalent and trivalent metal cations, which facilitated the optimization of the 135 

CO2 capture efficiency of the PEI/MMO composites. 136 

Results and discussion 137 

Two types of MgxAl-CO3 LDH (x = 2, 3) were successfully prepared using the AMOST 138 

method, and the metal contents of the samples were determined using inductively 139 

coupled plasma optical emission spectrometry (ICP-OES) tests (Table S1, Supporting 140 

Information). A compound using Mg:Al in the ratio of 0.55 was also prepared 141 

(Mg0.55Al-CO3) (Table S1). All samples exhibited exfoliated morphologies with flower-142 

like structures and slit-shaped mesopores (Figure 1). The size of the sample nanosheets 143 

could be adjusted from 200 to 20 nm by changing x owing to the increase in the content 144 

of Al3+ ions introducing more defects into the brucite-like MgO structure.47 The typical 145 

LDH patterns of the samples were confirmed using X-ray diffraction (XRD) analysis, 146 

and the results are presented in Figure S1a. The XRD pattern of Mg0.55Al-CO3 147 

suggested that it is a mixed phase of LDH and Al-containing impurities (e.g. Al(OH)3). 148 

As x decreased the (003) and (006) peaks shifted toward larger angles, which indicated 149 



that the interlayer spacing was shortened owing to the stronger electrostatic interactions 150 

between the positively charged layers. After calcination at 450 °C for 5 h, all samples 151 

were transformed into MMOs (denoted as MgxAl-O), and only weak XRD peaks could 152 

be observed between the MgO and the Al2O3 ones (Figure S1b). The thermogravimetric 153 

analysis (TGA) and derivative thermogravimetry analyses data (Figure S2) revealed 154 

differences between the bulk MMO precursors and acetone-washed ones; namely, the 155 

temperatures of the weight loss stages of the treated precursors were lower than those 156 

of the bulk precursors because the treated nanosheets exfoliated easier.44 The N2 157 

adsorption–desorption isotherms at 77 K and the DFT pore size distributions of the 158 

supports determined using the density functional theory are illustrated in Figure S3, 159 

whereas the calculated textural properties are listed in Table S2. Compared to SBA-15, 160 

which featured uniform mesopores approximately 7.4 nm in size, both MMOs and γ-161 

Al2O3 exhibited much lower surface areas but comparable pore volume, broader pore 162 

size distributions, and higher average pore diameters, and thus the diffusion of CO2 was 163 

promoted via the loading of high amounts of PEI. 164 

 165 

Figure 1. Scanning and transmission electron microscopy images of MgxAl-CO3 166 



mixed metal oxide precursors synthesized using the aqueous miscible organic 167 

solvent treatment method; (a) x = 0.55, (b) x = 2, and (c) x = 3. 168 

The screening results of the CO2 adsorption isotherm of the 33 wt.% PEI-impregnated 169 

samples (denoted as PEI33/support) at 25 °C (Figure 2a) revealed the effect of the 170 

support on amine efficiency. The CO2 adsorption capacity of PEI33/γ-Al2O3 was 171 

slightly lower than that of PEI33/SBA-15. By contrast, the capacity of PEI33/Mg0.55Al-172 

O at 0.4 mbar (1.080 mmol/g) was comparable to that of PEI33/SBA-15, which 173 

suggested that MMOs could be used as candidates for PEI supports. The low capacity 174 

of PEI33/MgO was attributed to the small surface area and pore volume of the MgO 175 

support (Table S2). Interestingly, the capacities of PEI33/Mg2Al-O and PEI33/Mg3Al-176 

O were unsatisfactory, despite their supports presenting surface areas and pore 177 

distributions similar to that of PEI33/Mg0.55Al-O. It was therefore assumed that the 178 

morphology of Mg0.55Al-O which featured small plate sizes could play a critical role in 179 

enhancing the adsorption efficiency of the impregnated PEI. Subsequently, the effect of 180 

the PEI loading (0, 33, 50, and 67 wt.%) on SBA-15 and Mg0.55Al-O was studied 181 

(Figure 2b and Figure S4, respectively). The CO2 adsorption capacity of the prepared 182 

PEI/Mg0.55Al-O at 0.4 mbar increased linearly as the PEI loading ratio increased, 183 

whereas the amine efficiency of PEI/SBA-15 started to decrease at PEI loadings that 184 

exceeded 50 wt.%. Remarkably, the CO2 adsorption capacity of PEI67/Mg0.55Al-O 185 

reached 2.272 mmol/g, which was 18% higher than that of PEI67/SBA-15. In addition, 186 

the near zero initial capacities of the supports indicated that almost all the CO2 187 

adsorption sites under ultradilute conditions were attributed to the chemisorbed PEI. 188 



Next, we investigated the performance of PEI67/Mg0.55Al-O at higher adsorption 189 

temperatures, and the results indicated that the prepared sample was able to adsorb a 190 

significant amount of CO2 at 0.4 mbar up to 65 °C (Figure 2c). The heat of adsorption 191 

of PEI67/Mg0.55Al-O was evaluated to be 75.3 kJ/mol using the Clausius−Clapeyron 192 

equation (Figure S5), and this was larger than that reported for branched PEI/SBA-15 193 

(which is typically 50–60 kJ/mol).48 194 

195 

 196 

Figure 2. Characterization of CO2 adsorption performance of poly(ethylenimine) 197 

(PEI)-based adsorbents in ultradilute conditions: (a) screening of CO2 adsorption 198 

isotherms at 25 °C for 33 wt.% PEI-impregnated supports, (b) effect of PEI weight 199 

ratios for PEI impregnated SBA-15 and Mg0.55Al-O, (c) CO2 adsorption isotherms 200 

of PEI67/Mg0.55Al-O at different adsorption temperatures, (d) CO2 adsorption 201 

kinetics of PEI-impregnated SBA-15 and Mg0.55Al-O at 25 °C under 400 ppm CO2 202 

in N2, and (e) temperature programmed desorption of PEI-impregnated SBA-15 203 

and Mg0.55Al-O. 204 



The CO2 adsorption kinetics of the PEI/SBA-15 and PEI/Mg0.55Al-O with different PEI 205 

loadings were compared using TGA tests at 25 °C under 400 ppm CO2 in N2 atmosphere 206 

(Figure 2d). All samples exhibited fast initial CO2 adsorption followed by a slow 207 

diffusion-controlled stage during the remaining duration of the test (600 min). The fast 208 

uptakes of PEI/Mg0.55Al-O during the first stage, which was surface reaction rate-209 

limited, were larger than that of PEI/SBA-15 for all the three analyzed PEI loadings. 210 

The temperature programmed desorption (TPD) results in Figure 2e further revealed 211 

that more strong adsorption sites existed on PEI/Mg0.55Al-O than on PEI/SBA-15, 212 

which required higher temperatures of up to 150 °C to be fully regenerated. Therefore, 213 

it was concluded that the use of Mg0.55Al-O promoted the uniform distribution of the 214 

impregnated PEI on the surface of the support, which facilitated the accessibility of 215 

CO2 molecules to the exposed strong adsorption sites and promoted the CO2 adsorption 216 

kinetics in ultradilute conditions. 217 

The morphology and PEI distributions of PEI/Mg0.55Al-O were studied to further 218 

understand the enhanced CO2 capacities and kinetics of PEI-impregnated MMOs 219 

(Figure 3). After vacuum thermal treatment, the exfoliated Mg0.55Al-O nanosheets 220 

aggregated into spherical particles approximately 100 nm in diameter. At the low PEI 221 

loading of 33 wt.%, the impregnated PEI preferentially attached to the sides of the 222 

MMO layers, which led to the formation of thicker and larger nanosheets and the 223 

gradual increase in particle size. Abundant slit-like channels for CO2 diffusion remained 224 

when the PEI loading reached 50 wt.%. At higher PEI loadings, which exceeded the 225 

pore volume of the support, the MMO nanosheets started to be covered by PEI. 226 



However, the stacked PEI still presented porous morphology owing to the use of 227 

Mg0.55Al-O as the basic framework. The energy dispersive spectroscopy (EDS) results 228 

indicated that the impregnated PEI was distributed uniformly in the PEI/Mg0.55Al-O 229 

composites with different PEI loadings. The results of the N2 adsorption–desorption 230 

tests, which were conducted at 77 K, provided further insight into the changes in the 231 

structure of the supports after PEI impregnation (Figure 4 and Table S3). Despite its 232 

initial surface area being larger than that of SBA-15, Mg0.55Al-O effectively prevented 233 

pore blockage and presented more reasonable pore size distributions, larger surface area, 234 

and pore volume for CO2 diffusion after PEI loading. 235 

 236 

Figure 3. Scanning electron microscopy images and energy dispersive X-ray 237 

spectroscopy (EDS) results of (a) Mg0.55Al-O, (b) PEI33/Mg0.55Al-O, (c) 238 



PEI50/Mg0.55Al-O, and (d) PEI67/Mg0.55Al-O. The red, blue, and green spots in the 239 

EDS scans represent Mg, Al, and N, respectively. 240 

 241 

Figure 4. N2 adsorption-desorption isotherms at 77 K and density functional 242 

theory pore distributions of PEI-impregnated (a) Mg0.55Al-O and (b) SBA-15 with 243 

different PEI loadings. 244 

Amine-functionalized CO2 adsorbents, particularly class 1 adsorbents without 245 

aminosilanes linking, commonly face stability problems.38 However, the thermal 246 

decomposition results depicted in Figure 5a and Figure S6 provided strong evidence for 247 

the interactions between the impregnated amines and supports. Two weight loss peaks, 248 

which were 350 °C apart, were present in the curve of PEI/SBA-15. The low-249 

temperature peak was related to the decomposition of the PEI dispersed in the pores of 250 

SBA-15 and the high-temperature peak was ascribed to the breaking of the hydrogen 251 

bonds between the remaining amine and silanols on the support.39 Both peaks shifted 252 

toward higher temperatures as the PEI loadings increased, and this was attributed to the 253 

agglomeration of PEI into larger particles. In contrast, only the peak above 350 °C was 254 

observed in the curves of all PEI/Mg0.55Al-O samples and the peak temperature did not 255 

change significantly, which suggested the presence of strong interactions between PEI 256 

and Mg0.55Al-O. It was also determined that the CO2 adsorption capacity of 257 



PEI67/SBA-15 rapidly decreased after it underwent desorption above 200 °C, whereas 258 

the adsorption capacity of PEI67/Mg0.55Al-O did not decrease until the temperature 259 

reached 300 °C (Figure 5b). Moreover, a slight increase in the CO2 adsorption capacity 260 

of PEI67/Mg0.55Al-O was observed at higher desorption temperatures, which could be 261 

ascribed to the enhanced kinetics owing to the presence of the optimized CO2 diffusion 262 

channel and increased surface area after moving the weakly attached PEIs (Figure S7). 263 

It has been demonstrated that coordinatively unsaturated oxygens or metals were 264 

created via the insertion of Al3+ ions into MMOs with periclase MgO lattice or the 265 

escape of Al atoms from layers during calcination, and their density increased as the 266 

lateral size of the MMO layers decreased.49,50 Therefore, the defect-abundant Mg0.55Al-267 

O nanosheets were supposed to facilitate the strong electrostatic attractions between the 268 

impregnated PEI and MMO layers, which rendered the PEI/Mg0.55Al-O composites 269 

thermally robust (Figure 5c).  270 

271 

 272 

Figure 5. Stability of poly(ethylenimine) (PEI)-impregnated samples under direct 273 

air capture conditions: (a) thermal stability from 50 to 450 °C at heating rate of 274 



5 °C/min under N2 flow, (b) CO2 uptake in 2 h at 400 ppm CO2 and 25 °C after 275 

desorption at different temperatures, (c) schematic diagram of PEI/MMOs 276 

structure (MMOs denotes layered double hydroxide-derived mixed metal oxides), 277 

(d) in situ infrared spectroscopy for the CO2 adsorption of PEI67/Mg0.55Al-O at 278 

25 °C, and (e) cyclic stability of PEI67/Mg0.55Al-O with 2 h adsorption at 25 °C 279 

followed by 1 h desorption at 120 °C. 280 

To further verify the stability of PEI67/Mg0.55Al-O, cyclic breakthrough tests were 281 

conducted using a home-made fixed bed microreactor system (Figure S8). The capacity 282 

of PEI67/Mg0.55Al-O during at least 20 cycles that consisted of 2 h adsorption at 25 °C 283 

under 400 ppm CO2 in the absence of moisture followed by 1 h desorption at 120 °C 284 

under pure N2 atmosphere was determined to be stable; the slight decrease in 285 

performance of 0.01 mmol/g per cycle was ascribed to the composite coming into 286 

contact with highly concentrated CO2 during the regeneration step via the formation of 287 

urea linkages.51 Interestingly, the CO2 adsorption capacity of PEI67/Mg0.55Al-O 288 

increased by 50% for wet CO2 when the inlet gas was passed through a scrubbing bottle 289 

(Figure S9). The supported amines formed ammonium carbamate when exposed to a 290 

maximum of 0.5 mol of CO2/mol of N under dry conditions after the adsorption of CO2, 291 

which was confirmed using the in situ Fourier-transform infrared spectroscopy (FTIR) 292 

spectra in Figure 5d. However, it was reported that the CO2 adsorption mechanism was 293 

changed to the formation of ammonium carbonate/bicarbonate when the supported 294 

amines were exposed to a maximum of 0.5 mol of CO2/mol of N in the presence of 295 

moisture.15 The results depicted in Figure 5e also suggested that Mg0.55Al-O efficiently 296 



prevented blocking the access of amine via water oversaturation at high PEI loadings, 297 

which has been commonly reported for silica-based materials.29 In addition, there have 298 

been no noticeable changes in the performance of the proposed PEI/MMO composites 299 

when wet N2 was used during thermal regeneration, which indicated that steam 300 

stripping could be a possible strategy for concentrating the desorbed CO2. 301 

Conclusions 302 

A new family of PEI-functionalized Mg-Al-CO3 MMO class 1 adsorbents was 303 

proposed in this work. The low Mg/Al ratios of MgxAl-CO3 and use of the AMOST 304 

method lead to the exfoliation of the MMO precursors into nanosheets with plate sizes 305 

in the range of 20–200 nm, which self-assembled into spherical particles upon thermal 306 

treatment. The impregnated polyamines dispersed uniformly on the surface of the 307 

MMO nanosheets, and thus, they created optimal accessibility for the CO2 molecules 308 

to the exposed strong adsorption sites under ultradilute conditions. At high PEI loading 309 

ratios of up to 67 wt.%, the polyamines started to cover the MMO frameworks but the 310 

porous structure was still maintained and their amine efficiency was not significantly 311 

decreased. The proposed PEI/MMO composites exhibited higher CO2 adsorption 312 

capacity and better kinetics than PEI/SBA-15 owing to the ideal morphologies and 313 

nanostructures of their supports. In addition, the defect-abundant MMO layers provide 314 

strong electrostatic attraction to the attached polyamines, which contributed to the 315 

robustness of the hybrid adsorbents for at least 20 cycles in the absence and presence 316 

of moisture. Overall, the low cost, facile fabrication, and promising CO2 capacities, 317 

kinetics, and thermal and hydrothermal stabilities rendered amine-functionalized 318 



MMOs attractive for scalable CO2 capture applications under ultradilute conditions. 319 

Experimental section 320 

Synthesis of MMOs 321 

We synthesized MMO precursors using co-precipitation combined with AMOST, and 322 

the detailed synthesis procedure has been described in one of our previously published 323 

papers.47 All chemicals used for the synthesis were of analytical purity. Typically, 1 M 324 

metal precursor (Mg(NO3)2·6H2O and Al(NO3)3·9H2O) solution was slowly added to 325 

an equal amount of 0.5 M Na2CO3 solution under vigorous stirring, and the pH was 326 

adjusted to 10.0 ± 0.1 by adding NaOH solution to the mixture. The mixture was then 327 

aged at 25 °C for 16 h followed by adequate flushing with deionized water. The key 328 

step for the AMOST method is the use of aqueous miscible organic (AMO) solvents to 329 

rinse and re-disperse the wet sample cake before it is dried. This process was 330 

determined to be efficient for the removal of the interlayered water. The AMO solvent 331 

(acetone in this study) was then volatilized via overnight vacuum drying to facilitate 332 

the exfoliation of the sample nanosheets. The MMOs were obtained via the vacuum 333 

calcination at 450 °C for 5 h. The prepared MMO precursors and MMOs were denoted 334 

as MgxAl-CO3 and MgxAl-O, respectively, where x is the Mg/Al molar ratio. 335 

Preparation of adsorbents 336 

The PEI-based adsorbents were synthesized via wet impregnation. Typically, the 337 

MMOs were vacuum dried overnight at 100 °C to remove any adsorbed species. A 338 

given amount of branched PEI (Alfa Aesar, Mw ≈ 600) was dispersed into 20 mL 339 

methanol. After the dispersion reached equilibrium, 0.5 g dried support was added to it 340 



and the mixture was stirred at 25 °C under N2 protection for 3 h. Methanol was 341 

subsequently removed via rotatory evaporation followed by vacuum drying the 342 

resulting powder at 60 °C for at least 12 h. Prior to analysis, the samples were vacuum-343 

stored in vials under atmosphere temperature. For comparison, commercially available 344 

mesoporous materials, such as SBA-15 (which was purchased from Nanjing XFNANO 345 

Materials Tech Co., Ltd), γ-Al2O3 (which was procured from D-chem), and light MgO 346 

(which was acquired from Sinopharm Chemical Reagent Co., Ltd) were also used as 347 

supports. The prepared adsorbents were denoted as PEIy/support, where y represents 348 

the weight ratio of PEI in the PEI/support composite. 349 

Material characterization 350 

The crystal structure of the samples was characterized using a MiniFlex600 (Rigaku) 351 

powder XRD instrument with Cu Kα radiation at 40 kV and 15 mA in the 2θ range of 352 

5° to 90°. The morphologies and element distributions of the samples were observed 353 

using a MAIA3 (TESCAN) scanning electron microscopy (SEM) apparatus equipped 354 

with an EDS detector and a Talos L120C G2 (Thermo Scientific) transmission electron 355 

microscope. Prior to the SEM experiments, the powdered samples were sprayed with 356 

Au for 30 s. The Mg/Al ratios of the MMO precursors were determined using an iCAP-357 

7600 (Thermo-Fisher) ICP-OES system. The textural properties of the samples were 358 

measured via N2 adsorption at 77 K using an ASAP 2460 (Micromeritics) surface area 359 

and porosity analyzer, and the surface area/average pore diameters and pore volumes 360 

were evaluated using the Brunauer–Emmett–Teller and Barrett–Joyner–Halenda 361 

desorption methods, respectively. The MMO precursors were thermally decomposed in 362 



the temperature range of 50 to 800 °C using a Q5000IR (TA Instruments) TGA 363 

instrument at the heating rate of 10 °C/min. 364 

CO2 adsorption measurement 365 

CO2 adsorption isotherms in the pressure range of 0−1 bar were acquired using 366 

volumetric methods utilizing an ASAP2020 (Micromeritics) surface area and porosity 367 

analyzer. Data points were collected after the pressure change was lower than 0.01% 368 

over 5 s. The temperature of the samples (25−65 °C) was controlled using a circulator 369 

bath. Before each test, samples were vacuum degassed at 100 °C for 5 h. 370 

CO2 adsorption kinetics and TPD experiments were conducted using a STA449F3 371 

(Netzsch) TGA instrument. Buoyancy effects were corrected and the flow rate of 100 372 

mL/min was used for all experiments. Approximately 10 mg of each sample was pre-373 

activated under high purity N2 flow at 120 °C for 1 h. For the kinetics test, the 374 

temperature was reduced to 25 °C and the purge gas was switched to 400 ppm CO2 in 375 

N2 for 12 h. For the TPD test, the CO2-saturated adsorbents were heated from 25 to 376 

450 °C under N2 flow at the heating rate of 5 °C/min.  377 

Stability tests were conducted using a home-made fixed bed, and the details of the 378 

experimental set-up are shared in the Supporting Information. Typically, 0.8 g samples 379 

were loaded into a stainless-steel tube (inner diameter of 6 mm), and were alternately 380 

used for adsorption at 25 °C under 400 ppm CO2 in N2 for 2 h followed by desorption 381 

at 120 °C under pure N2 for 1 h. Approximately 3% moisture was added to the gases by 382 

passing them through a scrubbing bottle. The CO2 content of the tail gas after drying 383 

using a CaCl2-filled tube was determined using an THA100S non-dispersive infrared 384 



analyzer (0−600 ppm, ±2% full scale). 385 

CO2 adsorption mechanism measurement 386 

In situ FTIR tests in the range of 4000 to 400 cm−1 were performed using a Bruker 387 

Tensor 27 (Bruker Optik) analyzer at the resolution of 4 cm−1; 32 scans were performed 388 

for each sample. Powdered samples were pressed into 12 mg/cm2 thick wafers, and then 389 

were loaded into a home-made stainless-steel cell with KBr windows. Prior to analysis, 390 

the samples were electrically heated to 120 °C for 1 h under vacuum to remove any 391 

adsorbed species. After cooling to 25 °C, CO2 was step-by-step added to the sample 392 

cell using a quantitative loop, and the FTIR spectra were recorded at 30 min intervals 393 

for each pressure point.  394 
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