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Modified layered double hydroxides for efficient
and reversible carbon dioxide capture from air

Xuancan Zhu," Meng Lyu,” Tianshu Ge,'* Junye Wu," Chunping Chen,” Fan Yang,' Dermot O'Hare,”

and Ruzhu Wang'3*

SUMMARY

Direct air capture (DAC) is becoming a technically feasible negative
emission technology; however, the fabrication of affordable adsor-
bents with large CO, capacities, fast kinetics, and high sorption-
desorption stability are of critical importance for the large-scale
deployment of the DAC process. In this study, amine functionalized,
aqueous miscible organic Mg,Al-CO; layered double hydroxide
(LDH) nanosheets are used to efficiently and rapidly capture CO,
from ambient air. 3-[2-(2-Aminoethylamino)ethylamino]propyl-tri-
methoxysilane (TRI) treatment of highly dispersed LDH nanosheets
produces a sorbent exhibiting an impressive adsorption capacity
of 1.05 mmol g~ ' at 25°C when exposed to 400 ppm CO,, which is
30% higher than equivalent amine-functionalized SBA-15 supports.
CO, uptake reaches 70% of this maximum capacity within 30 min
and is twice as fast as supported polyamines. The highly dispersed
LDH nanosheets provide excellent thermal, hydrothermal, and
chemical stability, with negligible performance degradation after
50 adsorption-desorption cycles.

INTRODUCTION

Fossil fuels are still the world’s primary energy source, with global carbon dioxide
(CO,) emissions totaling ~35 Gt annually.” Integrated assessment models suggest
that to ensure that the global mean temperature increase stays within 2°C by the
end of the 21 century, CO, capture rates should reach 5-23 Gt year™' by 2050,
and 8-50 Gt year™' by 2100.% To aim for the more stringent target of 1.5°C, even
negative emission technologies with cumulative CO, capacities of 400-800 Gt are
required.” Direct air capture (DAC) by absorption/desorption with subsequent stor-
age or utilization provides efficient negative emissions to remove atmospheric CO,
to attenuate the use of fossil fuels and build a closed carbon cycle. Absorption-
based DAC pilot plants using alkali metal hydroxide solvents operate at low costs
(94-232 USD [US dollars] tco, ) but face significant water loss and high regenera-
tion temperatures. In contrast, a recent study indicated that the large-scale deploy-
ment of DAC by adsorption is now technically and economically feasible to achieve
the ambitious goal of capturing 1% of annual global CO, emissions.” Nevertheless,
DAC is in its early stages, and the development of affordable adsorbents with large
loading capacities, fast kinetics, and minimal degradation rates is of critical impor-
tance to reduce the capital required and the operating and maintenance costs of
DAC processes.”

Amine-functionalized porous materials are the most attractive adsorbents for CO,
capture from dilute and ultradilute conditions.®® Under dry conditions, two amine
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groups can react with one CO;, molecule to reversibly form ammonium carbamates.
Unfortunately, effective amine efficiencies (mol of CO; captured/mol of N atoms) of
DAC adsorbents are considerably lower than the theoretical maximum of 0.5, espe-
cially for class 1 adsorbents prepared by the physical impregnation of polyamines.
The low amine efficiency is mainly ascribed to the disordered stacking of amines,
which blocks the active sites and slows the rate of CO, diffusion. In addition, the
long-term stability of class 1 adsorbents with respect to thermal regeneration and
in the presence of oxygen is also of concern because of the weak interaction be-
tween the amines and supports.” Therefore, extensive efforts have been devoted
to developing class 2 adsorbents that strongly tether small amine molecules onto
supports through covalently chemical bonds."®

Class 2 adsorbents can be prepared either by the silylation of hydroxyl groups, or, in
rare cases, by cross-coupling reactions. In general, primary amines yield higher
amine efficiency than secondary and tertiary amines under gas flows of 400 ppm

12 \which leads to the extensive use of amine

CO; because of an entropic effect,
compounds such as 3-aminopropyltrimethoxysilane (APS). By varying the length of
the organic linker from one to five carbon atoms in the primary amine, the propyl
linker of APS was found to provide sufficient flexibility to capture CO, molecules be-
tween two neighboring amines.”® However, the low nitrogen content of supported
monoamines limits the overall CO, capacities, and therefore, multiple amines on
a linker may be more attractive for amine grafting. Notably, the amine loadings
of supported 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane (TRI)

monolayers and multilayers reach up to 6.2 and 7.9 mmol g~" s

, respectively.
Further studies demonstrated the cyclic stability of TRI-grafted adsorbents for
DAC in temperature swing operation with steam purge to concentrate desorbed
CO,."*" It should be noted that although branched aminosilanes such as
bis(2-aminoethyl)amine (B-ethyl) and bis(2-aminopropyl)amine (B-propyl) contain-
ing mainly primary amines lead to higher amine efficiency, linear aminosilanes con-
taining both primary and secondary amines can be more densely grafted onto the
supports due to less steric hindrance.® The long alkyl chains in linear aminosilanes

provide a propensity to achieve intramolecular CO, adsorption.

The efficient assembly of class 2 adsorbents also relies on obtaining appropriate
supports with high surface areas, tunable pore structures, and abundant hydroxyl
groups on the surface. Most class 2 adsorbents for CO, adsorption use ordered mes-
oporous silica supports such as Mobil composition of matter no. 41 (MCM-41),"*
pore-expanded MCM-41 (PE-MCM-41),'®"” MCM-48,"? SBA-15,"*?° and mesocel-
lular foam (MCF)."" The mass production of these supports is still inefficient and
costly, and alternative amine grafting supports are highly sought after. Recently, a
new family of DAC adsorbents was prepared by impregnating branched poly(ethy-
leneimine) (PEl) onto Mg,Al-CO3 layered double hydroxide (LDH)-derived mixed
metal oxides (MMOs), achieving CO, capacities of up to 2.27 mmol g’1 in 400
ppm CO; in Ny mixtures at 25°C.”" The LDHs that were treated with aqueous
miscible organic solvents (AMOST) during the co-precipitation process were suc-
cessfully exfoliated into 2-dimensional (2D) nanosheets,”’ % and subsequently
self-assembled into spherical nanoparticles during vacuum calcination. Their unique
flower-like morphology with abundant slit-shaped mesopores offers a loose frame-
work for loading high amounts of PEls (e.g., 67 wt%) with a low-performance degra-
dation, while conserving the large surface area of LDH-derived nanosheets ensures
that active sites remain accessible to CO,. More important, LDH can be readily pro-
duced on a large scale and are accessible from cost-effective, commercially available
earth-abundant chemicals. Typically, MgAI-LDHs are 2-3 USD kg~', and AMOST-
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Scheme 1. The fabrication of amine monolayer grafted MgAI-LDHs
(A) Synthesis of bulk and ultrafine LDH-derived supports.

(B) Silylation process of AMOST-treated LDHs.

(C) Structure of monolayer-grafted amines.

treated LDHs (AMO-LDHs) add an additional cost of 5 USD kg’1. The pelleting of
LDH powders through either dry granulating or wet extrusion is also well estab-
lished.?>?® Considering that each metal cation in LDH-derived nanosheets is 6-
fold coordinated by edge-sharing hydroxyl groups,”’ exfoliated LDHs may offer pos-
sibilities for high grafting densities of aminosilanes. Preliminary studies reported
several examples of LDH silylation, while the amine loadings on LDHs have not

been comprehensively investigated.”®*’

Our preliminary modeling work indicates the great potential of improving the kinetics of
adsorbents on decreasing the energy consumption of DAC processes and increasing
CO, productivity.”® Another research project from Lackner's group shows the impor-
tance of cyclic stability.>" In this work, aminosilane monolayers were grafted onto the sur-
face of exfoliated AMO-LDH-derived nanosheets and applied in DAC for the first time
(Scheme 1). Amine monolayer-grafted LDHs are expected to exhibit superior kinetics
and stability compared to PEl-impregnated MMOs because of the minimal change in
the support morphology after amine modification. Platelet size and exfoliated LDH-
derived nanosheets thickness determine the number of exposed hydroxyl groups on
the surface accessible for grafting, and thus their effects on amine loading are reported.
The advantages of using amine monolayer-grafted LDHs over current amine-functional-
ized adsorbents in CO, capture from air under moisture-free conditions are discussed in
terms of capacities, kinetics, and stabilities.

RESULTS

Synthesis and characterization of supports and adsorbents

A series of Mg,Al-CO3 LDH-derived nanosheets with tailored sizes and thicknesses
were prepared, and the Mg:Al molar ratio (x) was varied from 0.55 to 3. Transmission
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200 nm

Figure 1. Morphologies of supports and adsorbents
A) TEM image of Mg,Al-urea.

B) TEM image of Mg,Al-w.

C) TEM image of Mg,Al-a.

D) TEM image of Mg,Al-a-F.

E) TEM image of Mgg ssAl-w.

F) TEM image of Mgg ssAl-a.

G) SEM image of Mg,Al-a-F.

H) SEM image of TRI-Mg,Al-a-F.

1) Energy-dispersive spectroscopy scan of TRI-Mg,Al-a-F with N:Mg:Al atomic ratio of
1.86:14.82:7.38.
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electron microscopy (TEM) images (Figures 1A-1F) show that LDHs (denoted as
Mg,Al-urea) with a hexagonal platelet shape and particle size of 2 pm can be formed
when the hydrothermal urea method was used. When the co-precipitation method
was used at pH 10, a decrease in LDH lateral size to nanoscale was observed (de-
noted as Mg,Al-w). Unfortunately, strong interlayer hydrogen bond networks result
in a high degree of stacking in LDH-derived nanosheets, especially in the case of low
Mg:Al ratios. AMOST treatment results in the replacement of the water between the
layers with an AMO organic solvent and thus efficiently, although not completely,
exfoliate LDHs into nanosheets after vacuum drying. For instance, the acetone-
dispersed Mg,Al-CO3 LDHs (denoted as Mg,Al-a) have lateral sizes of 20-100 nm,
and the platelet thickness of Mg Al-a and Mgg ssAl-a are ~5.26 and 2.50 nm, respec-
tively. Note that the ultrafine and ultrathin dimensions of Mgg ssAl-a nanosheets
arise in part due to the formation of some Al(OH); because of the low Mg:Al ratio.?’
Furthermore, fast coprecipitation followed by acetone washing (denoted as Mg,Al-
a-F) led to a further reduction in LDH lateral size.”* However, these LDH-derived
nanosheets are prone to fragmentation and stacking, possibly because of inade-
quate crystallization under variable pH conditions. Scanning electron microscopy
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Figure 2. Material characterization of supports and adsorbens

(A) FTIR results for LDHs.

(B) FTIR results for TRI-grafted LDHs.

(C) N, adsorption-desorption isotherms at 77 K and density functional theory-based pore size
distributions for LDHs.

(D) N, adsorption-desorption isotherms at 77 K and density functional theory-based pore size
distributions for TRI-grafted LDHs.

(SEM) images also confirmed the formation of flower-like morphologies and abun-
dant slit-shaped mesopores (Figures 1G and S1). These exfoliated LDH-derived
nanosheets are expected to exhibit a substantial number of exposed hydroxyl
groups suitable for amine grafting.

TRI was reacted with LDH nanosheets in toluene at 85°C for 16 h. The TRI-function-
alized LDH nanosheets were separated by centrifugation, followed by washing with
toluene, hexane, and methanol, and then dried under vacuum at 60°C. Multilayer
grafting can be achieved only in the presence of water to consume the free alkoxy
ligands and complete the surface coverage.*** The TRI-functionalized LDHs (de-
noted by TRI-y, y = support) retained a flow-like morphology (Figure TH); energy-
dispersive spectroscopy (EDS) revealed a uniform distribution of N atoms
throughout the samples (Figure 1lI). Fourier-transform infrared spectroscopy
(FTIR) showed that the supports prepared exhibited characteristic LDH bands (Fig-
ure 2A), including the O-H stretching vibration (3,450 em Y of interlayer trapped
water and surface-bound hydroxyl groups, alkyl group C-C stretching (2,925 cm™")
and bending (1,490 cm™") vibrations, carboxylate symmetrical and asymmetrical
stretching vibrations (1,635, 1,355-1,410 cm™"), and M-O lattice vibrations
(445 cm™").>* The successful grafting of TRl molecules was confirmed by an in-
crease in the C-C stretching and bending vibrations, as well as the appearance
of NH; bending (1,560 ecm™") and Si-O-M stretching (1,022 cm™") vibrations (Fig-
ure 2B). In addition, small absorbances in the 1,260-1,500 cm™’ region can be
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ascribed to the alkylammonium carbamate ion pairs formed from CO, adsorption
upon exposure to air.””

N, adsorption/desorption measurements at 77 K provided information about the
surface area and pore structure of the samples. The LDH supports exhibit type IV iso-
therms with H3 hysteresis loops (Figures 2C and S2), which indicate slit-shaped mes-
opores structured by the LDH-derived nanosheets. In contrast to ordered mesopo-
rous silica supports such as SBA-15 (Figure S2A), LDHs have a considerably broader
pore size distribution (up to 100 nm), and pore volumes are inversely related to the
size and thickness of the LDH-derived nanosheets. After grafting, the TRl molecules
covered the surface of the mesopores with a depth ranging from 5 to 15 nm (Figures
2D and S3). The retention of large pore structures further suggests the monolayer
dispersion of TRl on the surface of LDHs. The detailed textural properties of the sam-
ples are summarized in Table S1. Notably, TRI-Mgg s5Al-a exhibited an impressive
surface area of 162 m? g~' and a pore volume of 0.553 cm® g™, exceeding those
of TRI-SBA-15 (96 m? g=" and 0.231 cm® g™, respectively) and remarkably higher
than those of PEl-impregnated SBA-15 (PEI-SBA-15) and calcined Mg ssAl-a (PEI-
Mga.ssAl-a(c)).”! The ideal morphologies of TRI-LDHs, with abundant slit-shaped
mesopores as well as large surface areas and pore volumes, provide optimal access
to amine actives sites for CO, adsorption.

CO, adsorption capacity of modified LDHs

We have measured the CO, adsorption isotherms at 25°C for all of the adsorbents
prepared (Figure 3A). While the TRI-grafted bulk and stacked LDHs exhibited
poor CO, capacities under ultradilute conditions, obvious improvements were
observed for TRI-grafted AMO-LDHs. Remarkably, TRI-Mgg ssAl-a achieved a CO,
uptake capacity of 1.049 mmol g~" upon exposure to 0.4 mbar CO,, which is 16.7
times higher than that of TRI-Mgg ssAl-w (0.063 mmol g~ ') and 30% higher than
TRI-SBA-15 (0.808 mmol g~ ). The fast coprecipitation process did not significantly
improve the capacity of TRI-LDHs, which indicates that both reduction in LDH size
and thickness and morphology exfoliation play an important role in establishing
the desired amine-grafting sites. The monoamine-grafted AMO-LDHs were also
tested. They exhibit a very promising capacity of 0.416 mmol g~ for APS-Mg,Al-a
and 0.778 mmol g~ for APS-Mgg s5Al-a in 0.4 mbar.

Considering the low physisorption capacities of the LDHs under 0.4 mbar at 25°C
(Figure S4) and the decreased surface areas after amine grafting, the enhanced
CO, capacity seen for TRI-LDHs is mainly attributed to chemisorption by the amine
functional groups. The isosteric heat of adsorption of TRI-Mgg s5Al-a samples was
calculated according to the Clausius-Clapeyron relation from isotherms measured
at 25°C, 45°C, and 65°C (Figures 3B and 3C). The heat of adsorption was underesti-
mated at low CO; coverages, but quickly approached 79 kJ mol™" and remained
above 65 kJ mol™" for loadings of up to 1.2 mmol g =", which is typical for CO, chem-
isorption on amines.?® At higher surface coverages, physisorption dominates the
adsorption process, with the heat of adsorption ranging from 15 to 40 kJ mol~".*

Elemental analysis was conducted to quantitatively measure the amine loading of
the samples (Table S2). The near-zero elemental-N content in the LDH supports in-
dicates that nitrates were effectively removed during washing. This guarantees the
accuracy of using the N content in elemental analysis to evaluate amine loadings.
The influence of the morphology of the LDH supports on TRI loadings is clearly
observed; Mg,Al-urea producing stone-like LDH platelet agglomerates can scarcely
react with amine-based surface modifiers, whereas exfoliated AMO-LDHs exhibited
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Figure 3. CO, adsorption capacity of modified LDHs

(A) Screening of CO, adsorption isotherms of amine-grafted samples at 25°C.

(B) CO, adsorption isotherms of TRI-Mgg ssAl-a at 25°C, 45°C, and 65°C.
(@)

(D)

Isosteric heats of adsorption onto TRI-Mgg ssAl-a.
CO; adsorption capacities under 0.4 mbar and 25°C as a function of amine loadings.

very high amine loadings of up to 6.399 mmol g~". The very low amine loading of
TRI-grafted bulk LDH suggests it is highly unlikely that there is any multilayer graft-
ing. The performance of all of the amine-grafted adsorbents for DAC under dry con-
ditions is summarized in Table S3 and Note S1, and the molecular structures of the
relevant aminosilanes are listed in Table S4. When correlating CO, adsorption ca-
pacity under 0.4 mbar with amine loading, it was found that the amine efficiency
of TRI-LDHs fell in the range of 0.09 to 0.17 (Figure 3D). Promising amine loadings
(6.399 mmol g~") and amine efficiency (0.164) were exhibited by TRI-Mgg s5Al-a,
improving on most class 2 adsorbents currently reported. The increase in amine ef-
ficiency of TRI-Mgg ss5Al-a compared to other TRI-LDHs with lower amine loadings
can be attributed to an improved accessibility of the densely grafted amine active
sites, with two neighboring amines binding one CO, molecule. The amine efficiency
of TRI-LDHs appears not to be the limiting factor, with the increase of monolayer
amine loading up to 6.399 mmol g, and thus the optimal amine group distance
cannot be determined. Higher amine loadings of 7.9 mmol g~ were reported
by Belmabkhout et al.'® in TRI-PE-MCM-41; however, sample preparation by a wa-
ter-assisted process in that work resulted in stacking of the amine multilayer. The
resulting cross-linked array can easily block the support's mesopores, impairing
CO,, diffusion and lowering amine efficiency as well. Compared to TRI-grafted sam-
ples, APS-Mg,Al-a and APS-Mgg ssAl-a containing only primary amines achieved
even higher amine efficiencies of 0.183 and 0.212, respectively. Reports of amine ef-
ficiencies exceeding 0.2 are rare in the literature—in most cases appearing when
amine loadings are low and where physisorption of the remaining surface may signif-
icantly contribute to the overall capacity.”
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Kinetics of modified LDHs

DAC adsorbents suffer from poor kinetics under ultradilute conditions, commonly
requiring several hours for polyamine-impregnated adsorbents to reach half-
adsorption capacities.>’ In contrast, Figure 4A shows that amine-grafted LDHs ex-
hibited fast CO, adsorption rates when exposed to N, flow containing 400 ppm
COy, and the CO; uptake within 120 min correlates with the capacities determined
from isotherm tests. It is worth noting that TRI-Mgg s5Al-a displayed an even higher
CO, uptake within 60 min than the representative class 1 adsorbent PEI-SBA-15.
Normalizing CO, uptake by dividing with the total CO; capacity (Figure 4B) gives
more reliable comparisons, showing that both APS- and TRI-Mgg ssAl-a reached
70% capacity within 30 min, whereas the time required was doubled for PEI-SBA-
15 to reach the same capacity. The long diffusion process detected for TRI-SBA-
15 further indicates the benefit of using LDH supports with a broader range of
pore sizes to avoid amine blockages.

Amine-grafted LDHs also showed a decrease in desorption temperature peaks (e.g.,
75°C) compared to PEI-SBA-15 (100°C), as evidenced by the temperature-pro-
grammed desorption (TPD) results at a heating rate of 5°C min~" (Figures 4C and
4D). The milder regeneration requirements of amine-grafted LDHs provide the op-
portunity to use industrial waste heat at temperatures <100°C. For instance, TRI-
Mgg ssAl-a retained 80% of its total adsorption capacity, with a desorption temper-
ature as low as 80°C (Figure 4C). It should be noted that amine monolayers formed
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(
(C) Normalized CO, desorbed from 25°C to 120°C at a heating rate of 5°C min~" after saturation under 400 ppm CO5.
(
(E) Normalized CO; uptakes of TRI-Mgg ssAl-a when regenerated at varying temperatures under pure N for 60 min.

(

CO, uptakes of TRI-Mgg ssAl-a within 120 min at 25°C under 400 ppm CO; in N after regeneration at varying temperatures under pure N, for 60 min.
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Figure 5. Stability of modified LDHs

(A) A 50-cycle test of TRI-Mgg ssAl-a when adsorbed at 25°C in 400 ppm CO»,/N; for 60 min and
desorbed at 120°C in pure N, for 15 min.

(B) Comparison of long-term stability of class 2 adsorbents under dry conditions.

by dry grafting dispersion on exfoliated LDH-derived nanosheets exhibited the
lowest CO, desorption to gas stream pathway. In contrast, polyamine molecules
thickened and aggregated on the support surface, and thus required additional en-
ergy to transfer desorbed CO, through amine films.*® In addition, ultrafast CO,
desorption kinetics were observed for TRI-Mgg ssAl-a, which only required 70°C to
regenerate 0% of the normalized CO, uptake in 10 min (Figures 4E and S5). After
desorption under a range of temperatures, fast adsorption kinetics were retained
in the next cycle (Figure S6), and CO, uptake within 120 min agreed well with the
TPD results (Figure 4F).

Stability of modified LDHs

Taking advantage of their thermal, hydrothermal, and chemical stability, commercial op-
portunities for amine-modified LDHs with their promising adsorption capacities and ki-
netics could be an attractive option for rapid temperature swing adsorption (R-TSA) pro-
cesses to significantly increase CO, productivity and reduce energy consumption in
DAC.*° To demonstrate this further, a 50-cycle test was carried out for TRI-Mgg ssAl-a
with adsorption at 25°C in 400 ppm CO,/N, for 60 min followed by desorption at
120°C in pure Nj for 15 min. Under these working conditions, TRI-Mgg ssAl-a achieved
an average CO, uptake of 0.912 mmol g~ with high stability throughout all of the cycles
(Figure 5A). The stability results were compared to the existing data in the literature
marked as A-X/Y, where A, X, and Y represent the adsorbent, adsorption, and desorp-
tion temperatures, respectively (Figure 5B; Table S5). In general, amine-grafted adsor-
bents showed better cycling stability under dry conditions than polyamine-impregnated
adsorbents because of lower amine leakage during heating. For instance, PEI-SBA-15-
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50/130 loses >50% of the uptake after only 30 cycles.*” Additional treatments, such as

4041 or surface modification,*?**

adding nanostructured compounds are required to
strengthen the bond between the polyamine and the support. In comparison, Sayari
etal." reported a substantially lower uptake loss of 14% for TRI-PE-MCM-41-50/120 af-
ter 40 cycles, with the formation of urea species under CO, atmosphere and elevated
temperatures as the main deterioration pathway. A later study showed that secondary
amines are more stable than primary amines against COx-induced deactivation.”
Urea formation from the amine groups can be greatly suppressed in the presence of
steam'’ but requires a hydrothermally resistant support. It has been shown that commer-
cialized Mg,Al-CO3 LDH-derived materials are highly stable during thousands of cycles
for CO; adsorption in the presence of steam without structural collapse, even at elevated
temperatures.’® Our previous work also demonstrated that polyamine-functionalized
calcined Mg ssAl-a lost 14% of the CO, capacity after 20 cycles under dry conditions,
but were highly stable when regenerated by steam purging.?’ In addition, humid stream
increases the CO, uptake by 36.7%, which is mainly ascribed to the shift of the adsorp-

tion mechanism to the formation of ammonium bicarbonate.

DISCUSSION

A novel class 2 adsorbent consisting of a monolayer of amine-tethered Mg-Al-CO3
LDH-derived nanosheets was prepared and investigated for DAC by adsorption ap-
plications. In the first step, a series of LDH-derived nanosheets with tailored sizes
and thicknesses were successfully synthesized. These LDH-derived nanosheets can
be exfoliated into structures with considerably broader pore size distributions
than ordered mesoporous silica. After functionalization under anhydrous conditions,
amine monolayers were grafted onto the exposed hydroxyl groups of LDHs by sily-
lation reactions. The platelet size and thickness of LDHs, as well as their morphol-
ogies, determine the amine loadings. For instance, bulk Mg,Al-urea exhibited low
amine loading, whereas Mgg ssAl-a with ultrafine (20 nm) and ultrathin (2.50 nm)
nanosheets and flower-like morphologies achieved an amine loading of
6.399 mmol g~". As a result, TRI-Mgg s5Al-a showed a CO, adsorption capacity of
1.05 mmol g~ at 25°C under 400 ppm CO,, which is 30% higher than a TRI-modified
SBA-15 support. APS-grafted Mgg ssAl-a with only primary amines achieved the
highest amine efficiency of 0.212.

Amine monolayer grafting also resulted in minimal changes to the support
morphology and mitigated amine blockages, thus retaining high surface areas
(162 m? g’1) and pore volumes (0.553 cm? 971). Therefore, fast adsorption-desorp-
tion kinetics are obtained with these large CO, diffusion channels. Both the APS- and
TRI-Mgq ss5Al-a reached 70% adsorption capacity within 30 min, and could be regen-
erated to 80% capacity in temperatures as low as 80°C. In addition, the strong chem-
ical bond between the amines and LDHs, as well as the steam resistance, provide
promising thermal, hydrothermal, and chemical stabilities. During a 50-cycle test
with a short adsorption/desorption duration, TRI-Mgg ss5Al-a achieved a highly sta-
ble working capacity of 0.912 mmol g~'. Considering the cheap and scalable pro-
duction procedure, monolayer amine-grafted LDH-derived nanosheets should be
highly attractive to build new R-TSA processes for DAC.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Ruzhu Wang (rzwang@sjtu.edu.cn).
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Materials availability

Modified LDHs generated in this study will be made available on request, but we
may require a payment and/or a completed materials transfer agreement if there
is potential for commercial application.

Data and code availability
Any additional information required to reanalyze the data reported in this article is
available from the lead contact upon request.

Materials

All of the chemicals were used without further purification. Mg(NQO3),-6H,0O (analyt-
ical reagent [AR]), AI(NO3)3-9H,0 (AR), Na,CO3 (AR), NaOH (AR), urea (AR), acetone
(AR), toluene (AR), hexane (AR), and methanol (AR) were purchased from Sinopharm
Chemical Reagent. 3-Aminopropyltrimethoxysilane (APS, 97% pure) was purchased
from Aladdin. TRI (95% pure) was purchased from Macklin. Branched PEI (M,, = 600,
99% pure) was purchased from Alfa Aesar. SBA-15 (NO: XFF01) was purchased from
Nanjing XFNANO Materials Tech. Deionized (DI) water was used throughout the
experiments.

Preparation of bulk LDHs

Bulk LDHs were synthesized using the hydrothermal urea method. The metal precur-
sors (50 mmol) of Mg(NO3),-6H,0 and AI(NO3)3-9H,O and urea (100 mmol) were
dissolved in 100 mL DI water. The mixture was placed in an autoclave and heated
at 140°C for 12 h under magnetic stirring. The sediment was then filtered and thor-
oughly washed with DI water until the pH was close to 7, followed by vacuum drying
at 60°C overnight. The prepared samples are denoted Mg,Al-urea.

Preparation of stacked LDHs

Stacked Mg,Al-CO3; LDHs were synthesized using a coprecipitation method. Typi-
cally, 100 mL Mg(NO3),-6H,0 and Al(NO3)3-9H,O aqueous solution containing
1 M metal precursor was added over 60 min by syringe pump to aqueous Na,CO3
(0.5 M, 100 mL) with continuous stirring. The pH of the solution was adjusted to
10.0 £ 0.1 by dropping in NaOH solution (4 M). The mixture was left to stand at
25°C for 16 h, and subsequently filtered and thoroughly washed with DI water until
the pH was close to 7. The wet LDH was then dried under vacuum overnight at 60°C.
The prepared samples were denoted Mg,Al-w.

Preparation of exfoliated LDHs

Exfoliated Mg,Al-CO3 LDHs (also referred to as AMO-LDHs) were synthesized using
AMOST. In contrast to the conventional coprecipitation method, the wet LDH filter
cake after water washing was treated with acetone (1,000 mL) and then suspended in
acetone (600 mL) with magnetic stirring for 4 h at 25°C. The mixture was filtered and
washed with acetone (400 mL) and then dried under vacuum at 60°C overnight. The
prepared samples are denoted Mg,Al-a.

Preparation of ultrafine LDHs

Ultrafine LDHs were synthesized using a fast coprecipitation method. An aqueous
solution (40 mL) of Mg(NO3),-6H,0 and AI(NO3)3-9H,O containing 2.5 M metal pre-
cursor was rapidly poured (<10 s) into aqueous Na>COj3 (0.5 M, 100 mL). The pH of
the solution was adjusted to 10.0 + 0.1 by adding NaOH solution (4 M). The slurry
was stirred for 30 min, filtered, and washed with or without AMOST treatment. The
prepared samples are denoted Mg,Al-w/a-F.
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Preparation of amine-functionalized adsorbents

The amine monolayer was grafted onto the support by silylation under anhydrous con-
ditions. In a glass tube, a support (0.2 g) was suspended in toluene (15 mL). Once dis-
solved, an aminosilane (0.6 mL, APS or TRI) was added dropwise and stirred for
15 min at 25°C. The glass tube was placed in an autoclave and heated at 85°C for
16 h with magnetic stirring. The sediment was separated by centrifugation, washed twice
with toluene (20 mL), hexane (20 mL), and methanol (20 mL), and then dried under vac-
uum at 60°C overnight. The prepared samples are denoted APS/TRI support.

PEl was loaded onto the supports using a wetimpregnation method. Typically, PEI (1
g) was dispersed in methanol (50 mL). After forming a homogeneous solution, a sup-
port (0.5 g) was submerged and stirred for 3 h at 25°C. The methanol was then
removed by rotary evaporation under an N, blanket. The obtained solid was dried
under vacuum overnight at 60°C. The prepared samples are denoted PEl support.

Materials characterization

The morphologies and elementdistributions were collected using SEM (MAIA3, TESCAN)
equipped with an EDS detectorand TEM (Talos L120C G2, Thermo Scientific). The surface
functional groups were detected on a FTIR spectroscope (Nicolet iS5, Thermo Scientific) in
transmission mode with a resolution of 4 cm ™" and 32 scans. The N, adsorption-desorp-
tion isotherms at 77 K were measured on a Micromeritics ASAP 2460 analyzer with an
equilibration interval of 15 s. Surface area/pore size and pore volume were determined
by the Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) desorption
methods, and pore size distribution was analyzed by density functional theory (DFT)
model. Pre-analysis, samples were degassed at 120°C under vacuum for 6 h. Quantitative
analysis of N content was performed using a Vario EL Cube elemental analyzer.

CO, adsorption measurements

CO;, adsorption isotherms were measured on a Micromeritics ASAP 2020 analyzer
with an equilibration interval of 5 s. The operating temperature in the range of
25°C-65°C was controlled using an oil bath. Before analysis, the samples were de-
gassed at 120°C under vacuum for 6 h.

CO, adsorption/desorption uptakes were tested on a PerkinElmer TGA 8000 ther-
mogravimetric analyzer equipped with a 48-position autosampler and a water
jacket, allowing fast heating and cooling (e.g., 50°C min™"). In a typical test,
~5 mg of sample was loaded into a ceramic crucible and desorbed at 120°C under
90 mL min~" of N, for 60 min. The temperature was then adjusted to an adsorption
temperature of 25°C, followed by switching the inlet gas to 90 mL min~" of 400 ppm
CO; in N3 for 120 min. The long-term stability was tested in a similar way with cyclic
operation and shorter adsorption/desorption durations. In the TPD mode, the sam-
ple under 400 ppm CO, in N, was heated in pure N, from 25°C to 120°C at a heating
rate of 5°C min~". The CO, concentration in the outlet gas was detected using a
THA100S nondispersive infrared analyzer.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100484.
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