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A B S T R A C T

To increase the mineralization capabilities for the adsorption of carbon dioxide, we prepared bimodal calcium-
based materials such as calcium oxide and calcium hydroxide with porous structures using a precipitation
method with various drying processes. The various drying methods on porous structure develop different
composition ratio of CaO and Ca(OH)2 in bimodal materials, and in particular, formation of different mor-
phology and structure, which leads different adsorption characteristics. Samples prepared with such methods
attained porous structure and more active adsorption sites. It is worth noting that the freeze drying (FD) and
aerogel drying (AD) methods created the truncated crystal phase of the adsorbents, exposing active facet sites in
the place of the vertices. The results of CO2 temperature programmed desorption and dynamic flow experiments
reveal that porous calcium-based materials, synthesized through a process combining FD and AD sequentially,
show high CO2 adsorption capacity (up to 26.1 wt% at 650 °C) with enhanced adsorption kinetics. To gain
insight into CO2 adsorptive configuration at the atomistic scale and the adsorption mechanism, the adsorption of
multiple CO2 molecules on the CaO (1 0 0) surface is investigated using density functional theory calculation.
The CO2 molecules are chemisorbed through active charge reorganization between the CaO surface and CO2

molecules while the adsorption energy is highly stabilized at –1.56 eV. The experimental and theoretical findings
both suggest that CO2 mineralization is feasible on calcium-based bimodal structured materials.

1. Introduction

In recent times, significant climatic changes have been observed
globally owing to increased greenhouse gas emissions into the atmo-
sphere. Carbon dioxide accounts for 94% of the total greenhouse
emissions in the world, with over 80% of the anthropogenic CO2

emissions generated through energy production [1]. Thus, in order to
combat climate change, researchers have focused on reducing CO2

emissions from power generation facilities. These facilities produce flue
gas mixtures, which constitute the largest anthropogenic emission
source of CO2, accounting for ~41% of the total CO2 emissions [2,3].
Therefore, many separation technologies have been developed and are
widely used for CO2 sequestration [4–13].

Among various CO2 separation processes, the usage of solid state

sorbents such as minerals for CO2 adsorption has been intensively
studied owing to benefits such as low operating cost, low energy de-
mand, stable recycling capacity, and high CO2 selectivity [14–17]. In
addition, solid state sorbents are relatively easy to handle compared to
liquid sorbents [18,19], since the former present less corrosion pro-
blems than the latter. For CO2 sequestration, mineral carbonation using
alkaline-earth metal oxides such as calcium oxide (CaO) and hydrated
lime (Ca(OH)2) appears to be particularly promising because the metal
oxides react with CO2 to form stable carbonates, which exhibit very low
CO2 leakage after sequestration [11,20–22]. Furthermore, the stable
carbonates produced from this carbonation process could be treated
through environmentally friendly processes such as mine reclamation
and soil amendment [11].

In the gas-solid carbonation process, the alkaline-earth metal oxides
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react exothermically with CO2, where the basicity of the metal oxides
determines the reactivity with respect to CO2 [23]. For example, CO2

molecules bind to the oxygen atoms on the CaO surface to form calcium
carbonate (CaCO3), and on the Ca(OH)2 surface to form carbonate and
water vapor. The gas-solid carbonation of calcium-based adsorbents can
be expressed by the following global chemical reactions in Eqs. (1) and
(2):

+ → = −CaO s CO g CaCO s H kJ mol( ) ( ) ( ), Δ 178.15 /CO2 3 2 (1)

+ → +

= −

Ca OH s CO g CaCO s H O g

H kJ mol

( )( ) ( ) ( ) ( ),

Δ 69.02 /CO

2 2 3 2

2 (2)

This gas-solid carbonation processes using alkaline sorbents have
their potential to capture CO2 via non-catalytic exothermic reactions,
allowing the selective mineralization of CO2 from a gas mixture. This
carbonation occurs via charge transfer from the CaO or Ca(OH)2 surface
to CO2 molecule [24]. The theoretical amount of CO2 adsorbed on CaO
and Ca(OH)2 is 17.8 mmol/gCao and 13.5 mmol/gcao(OH), relatively,
whereas the actual amount is relatively lower (< 4.5 mmol/gCao
and < 11mmol/gcao(OH), relatively), due to the limited reaction ki-
netics [25]. Thus, it still has a margin to improve the CO2 uptake by
modifying the material properties. In particular, we can expect the
synergic effect of Ca(OH)2 on CaO carbonation, owing to the relatively
high activity of hydrated phase.

In addition to the inherently high affinity of adsorbent towards CO2,
porous crystal adsorbents would be even more beneficial in enhancing
the CO2 capture capacity, because more active sites would be exposed
in porous structure. Along this line, various structures of adsorbents
with varying compositions have been synthesized to improve the ad-
sorption capacity of CaO as well as long–term cyclic performance.
Hughes et al. [26] and Sun et al. [27] also reported that the hydration
of pre-calcined calcium-based adsorbents enhanced their CO2 adsorp-
tion performance. Thus, we have examined the effect of the bimodal
structure of calcium-based materials composed of calcium oxide and
hydrated calcium materials on promoting CO2 adsorption.

In this study, we attempt to develop porous bimodal calcium-based
materials composed of CaO and Ca(OH)2, using a precipitation method
without a template. In order to improve affinity towards CO2, various
drying processes such as conventional oven drying (OD), freeze drying
using liquid N2 (FD), and aerogel drying using supercritical fluid CO2

(AD) have been applied for modifying the morphology and structure of
the prepared samples. In particular, a combination of drying processes
involving FD and AD (FAD) was applied to generate larger active sites
for CO2 uptake. The desired structures attain a large amount of pore
with more adsorption sites, improving CO2 uptake affinity. In addition,
the bimodal structure controlled by relative amounts of CaO and Ca
(OH)2 has a unique truncated phase to expose new active facet sites.
The porous truncated structure and its effect on the structural stability
and surface chemistry of the adsorbent were verified with both static
adsorption experiment using CO2 temperature programed desorption
(TPD) profile and dynamic adsorption experiment using flue CO2 gas
stream mixture. In addition, we carried out cycling performances to
determine the improved durability of the synthesized materials.

Furthermore, we have also investigated CO2 adsorption on a mi-
neral oxide surface, specifically CaO (1 0 0) surface using the density
functional theory (DFT) to achieve a fundamental understanding of CO2

adsorption on the synthesized adsorbent at the molecular level. Since
CO2 chemisorption capacities according to Ca(OH)2 contents shows the
asymmetrical “volcano-type” relation under narrow compositional
window, which means a limited content of Ca(OH)2 shows the max-
imum chemisorption capacity, we mainly focused on CaO contents as
the bimodal structure for theoretical calculation. Although there are a
few theoretical studies on the adsorption of a single CO2 molecule on a
CaO surface [23,28–32], there have been no studies on the adsorption
of multiple CO2 molecules to the extent of our knowledge, which would

be critical for assessing the adsorption characteristics of CaO. It is well
known that the intermolecular interaction among CO2 molecules affects
the adsorption properties on the metal-oxide surface in the previous
study [33–35]. Therefore, we calculated various configurations for
multiple CO2 adsorption on the CaO (1 0 0) surface in an attempt to
understand the adsorption mechanism as well as accompanying char-
acteristics such as the most stable number of CO2 molecules, charge
transfer between CO2 and CaO surface, and surface charge redistribu-
tion. Finally, we proposed, based on the findings in this study, a key
rule of porous bimodal adsorbent design for high CO2 uptake.

2. Experimental section

2.1. Synthesis procedure

Seven different types of CaO samples, namely (1) CaO-CV, (2) CaO-
OD, (3) CaO-FD, (4) CaO-AD, and (5) CaO-FAD, were synthesized using
various procedures. Conventional CaO (CaO-CV) was purchased from
Sigma-Aldrich (USA) for use as a reference.

2.1.1. CaO synthesis
CaO was prepared by the calcination of Ca(OH)2 at 550 °C for 5 h in

air. For producing porous CaO crystals, initially, 10 wt% of 2M NaOH
solution was slowly added at the rate of 2mL/min to 10 wt% of 1M Ca
(NO3)2·4H2O solution with vigorous stirring. This resulted in the pre-
cipitation of Ca-based materials

2.1.2. Preparation of CaO-OD (oven drying)
Precipitation was carried out at 100 °C. The precipitate was aged for

24 h at 25 °C with continuous stirring, following which it was filtered
and washed thoroughly with distilled water until the pH of the filtrate
was almost neutral (pH < 7.5). The filtered sample was dried in an
oven at 120 °C for 12 h and subsequently calcined at 550 °C for 5 h
under air flow.

2.1.3. Preparation of CaO-FD (freezing drying)
These samples were prepared using a procedure similar to that used

for CaO-OD, except that the samples were freeze dried in this case.
Freezing drying process has been performed at liquid nitrogen. The

adsorbents were frozen at −196 °C for about 15min with liquid ni-
trogen and then slowly sublimated at room temperature and vacuum
condition to keep the original shape of the product without pore
shrinkage and high quality of the rehydrated product as much as pos-
sible.

2.1.4. Preparation of CaO-AD (aerogel drying)
The samples were prepared similar to CaO-OD up to the drying

stage. Subsequently, the samples were dried using aerogel drying (AD)
for 3 h. In aerogel drying, the sample was transferred in a supercritical
dryer with 100% CO2 as co-solvent. Then, they were calcined at 550 °C
for 5 h and at 900 °C for 5 h in succession.

2.1.5. Preparation of CaO-FAD (Freezing and aerogel drying)
The preparation procedure was similar to that used for CaO-OD,

except that the samples were dried by FD for 3 h and AD for 3 h applied
sequentially, followed by first calcination at 550 °C for 5 h and next at
900 °C for 5 h in succession.

2.2. Characterizations

The adsorbent samples were characterized using various structural
and morphological methods including transmission electronic micro-
scopy (TEM), X-ray diffraction (XRD), and Brunauer-Emmett-Teller
(BET) analysis. Bright-field TEM images were obtained using a Tecnai
G2 TEM (FEI) operated at 200 kV. The sample was deposited on a Cu
grid covered by a holey carbon film for the TEM measurements. The
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bulk crystalline structure of the catalysts was determined using the XRD
technique. The XRD patterns were obtained using Cu Kα radiation
(40 kV) on a Phillips XPert PRO instrument at room temperature. The
relative contents of CaO and Ca(OH)2 were calculated by quantitative
analysis determining the relative factor through integrated intensity of
the XRD peaks with the Rietveld refinement. For determining the BET
surface area, N2 adsorption/desorption isotherm data were obtained at
−196 °C using a volumetric apparatus by Bell SorpMax (Bell Japan).
The prepared samples were degassed at 200 °C for 24 h before the
measurements. Pore size distributions were determined from the ad-
sorption isotherms using the Barrett-Joyner-Halenda (BJH) model with
cylindrical pore geometry, and the pore volumes were measured at P/
P0 > 0.97. Next, we performed a CO2-temperature programmed des-
orption (TPD) experiment to determine the amount of CO2 chemisorbed
on the CaO adsorbent. Micromeritics 2950 chemisorption analyzer was
used for these experiments. The samples were pre-treated at 500 °C for
1 h with Ar and CO2-TPD analysis was carried out in the temperature
range of 25–800 °C with a ramp rate of 10 °C/min.

2.3. Computational details

In this study, we employed quantum mechanical DFT, which is a
method for evaluating electronic structures and properties of materials.
The model was implemented using DMol3 module at Materials studio
[33,39]. DFT has been widely used for studying condensed matter
systems including surfaces [40–44]. Among various functionals avail-
able for DFT, we used the generalized gradient approximation (GGA)
Perdew-Burke-Ernzerhof (PBE) functional [45,46] with double numer-
ical basis plus polarization (DNP) basis sets, which have been widely
used in the fields of materials science as well as physics [30,47–52]. The
DFT calculations were performed at 0 K without pressure and zero-
point motion.

The surface of CaO (1 0 0) was constructed based on its crystal
structure (Fig. S1) [53] and the atomic positions were refined by per-
forming geometry optimization. The first three layers were geometry-
optimized without constraints. The convergence tolerances for energy
and SCF density were ×

−2 10 5 Ha and ×
−1 10 5 Ha, respectively.

The CO2 adsorption energy ( EΔ adsorption) on the CaO (1 0 0) surface
was calculated using Eq. (3):

=
− + ×−E

E E n E
n

Δ
( )

adsorption
CaO CO CaO CO2 2

(3)

where ECao-CO2 is the energy of the entire system consisting of CO2

molecules adsorbed on the CaO surface, ECao and ECO2 are the energies
of the bare CaO surface without CO2 and a single CO2 molecule in
vacuum, respectively, and n denotes the number of CO2 molecules
loaded on the CaO surface.

For this study, the (2× 2) supercell (9.621 Å × 9.621 Å) of the CaO
(1 0 0) surface was mainly employed as shown in Fig. S1c, unless spe-
cified otherwise. The thickness of vacuum (i.e., size of the unit cell
perpendicular to the slab-slab thickness) was fixed at 30 Å for all the
calculations. The dimension of the initial computational cell was
9.621 Å×9.621 Å×37.216 Å. In order to analyze the electronic effect
of k-point sampling on the structure and energy of the system, various
k-point samplings for the Brillouin zone were implemented using the
Monkhorst-Pack k-point scheme [54]. To determine a suitable k-point
set, we performed geometry optimization for CO2 adsorbed on the
(2×2) CaO (1 0 0) surface from gamma point (denoted by 1×1) to
(4×4×1) k-point (denoted by 4× 4). Subsequently, we calculated
the CO2 adsorption energy as a function of the k-point set. As shown in
Fig. S2, the effect of k-point sampling on the adsorption energy is di-
minished beyond the (2×2) k-point in both cases. Therefore, (2× 2)
k-point sampling was used to study all the characteristics of the CO2-
CaO system.

3. Results and discussion

3.1. Synthesis of porous bimodal Ca-based materials

Changes in morphology can promote the activation of additional
adsorption sites for CO2. In the present study, we attempted to control
the architecture of porous Ca-based materials by changing the drying
method (OD, FD, AD, and FAD). Representative TEM images shown in
Fig. 1 reveal the morphology and structure of various porous Ca-based
materials. From a structural point of view, the drying method influences
the phase of the material, resulting in the formation of various struc-
tures from simple cubic (SC) to truncated simple cubic (TSC). When FD
or AD process is applied as the drying method, truncation takes place to
carve polytope vertices in any dimension, which exposes new facet sites
in the place of vertices. In terms of geometry, the developed porous
material is in the form of distinct irregular and polyhedral poly-
crystalline particles in linking ingrown groups after non-uniformed
truncation, which refers to an intermediate between cubic and cubo-
octahedral structure. The exposed truncated regions can act as

Fig. 1. TEM images of the transformed phase of porous CaO for samples prepared with various drying methods: (a) CaO-CV (conventional CaO), (b) CaO-OD, (c) CaO-
FD, (d) CaO-AD, (e) CaO-FAD, and (f) Geometry of the CaO unit structure. The inset figures are at 10 nm resolution.
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additional adsorption sites for CO2. Aerogel drying induces more
truncation in each vertex of the sample. After using aerogel drying
process for 1 h, supercritical CO2 dramatically expands the pores and
truncates the precipitated crystal structure, which leads to the forma-
tion of the unstable Ca-based materials surface and phase transforma-
tion of the structure (See supplementary information: Fig. S3). How-
ever, the AD process for 3 h duration may be able to give a stability of
the exposed pore surface of the adsorbent, resulting in the formation of
various Ca-based materials such as CaO, Ca(OH)2 and CaCO3.

To characterize the textural properties of various adsorbents, we
performed nitrogen adsorption–desorption isotherm analysis, as shown
in Fig. 2(a). For all samples, the small amount of adsorption volume
indicates the IV-type isotherm with H1-type hysteresis loop, owing to
the formation of truncation-shaped agglomerates or compacts. This can
be attributed either by the partial blocking of the porous network by
truncated mixture crystalline of CaO and Ca(OH)2 or by structural
transformation into the truncated phase. Fig. 2(b) also shows the BJH
pore size distribution of the adsorbents and Table 1 summarized the
textural properties of adsorbents. CaO-OD and CaO-FD exhibited rela-
tively large pore size distribution, but total pore volume and BET sur-
face area were not shown quite different. It is noteworthy that the
truncated phase is more predominant characteristics for indicative
textural properties to improve adsorption capacity. In terms of physical
properties of the synthesized adsorbents, precipitation synthesis using
FD does not result in a significantly different pore structure as that
using oven drying, whereas AD process reduced the BET surface area,
pore size and pore volume of samples compared to those with OD
process, owing to the additional calcination process at 900 °C that was
performed to remove the carbonation species formed by CO2 exposed
on the CaO surface during aerogel drying (Table 1). Interestingly, even
after calcination process at high temperature, CaO-FAD shows stable

morphology and structure in accordance with high CO2 capacity, which
confirms the important role of freezing drying on the pore creation and
aerogel drying on the activation of the surface, simultaneously.

To elucidate the structure of the adsorbents, we carried out XRD
analysis to determine the crystallinity of the porous structures as a
function of various drying methods. As shown in Fig. 3, The XRD pat-
terns show the native cubic CaO structure in all samples, whereas the
Ca(OH)2 peaks are generated according to the drying conditions of the
present study. It is noted that although some XRD patterns are super-
imposed for the CaO and Ca(OH)2, most of the typical patterns are
closely spaced but well-distinguished. We were able to calculate the
particle sizes at XRD peaks and are shown in Table 1. The relationship
between particle size and CO2 adsorption performance is not clear, but
is believed to result in an increase in CO2 adsorption due to the com-
bination of increased particle size and surface properties through
combined drying processes (FAD).

During the synthesis process, Ca(OH)2 undergoes dehydration re-
action of OH– species to form CaO. However, when NaOH solution is
added, sufficient OH– is available to recover Ca(OH)2 in the drying
process to form a dual phase structure of CaO and Ca(OH)2. Lin et al.
[36] found that the CO2 adsorption capacity of Ca(OH)2 is better than
that of commercial CaO, which suggests that the presence of residual Ca
(OH)2 enhances the adsorption performance. From XRD patterns, clear
bi-modal crystal structure shows the high intensity of CaO rather than
Ca(OH)2. It suggests that the slow dehydration reaction still hindered

Fig. 2. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of porous bimodal Ca-based materials.

Table 1
Physical properties of various CaO adsorbents.

Sample BET
surface
area
(m2/g)a

Pore
size
(nm)b

Pore
volume
(cm3/
g)b

Particle
size
(CaO/Ca
(OH)2
(nm)c

CO2 Chemisorption (wt.%)

Total Partial @
<400 °-
C

Partial @
>400 °-
C

CaO-CV 22.4 1.64 0.14 n.a 3.45 1.04 2.41
CaO-OD 50.1 10.55 0.16 26.6/5.9 7.32 2.54 4.78
CaO-FD 51.0 10.50 0.19 26.0/6.6 8.38 3.22 5.16
CaO-AD 43.5 3.3 0.11 47.7/

10.3
5.54 2.43 3.12

CaO-FAD 40.8 3.72 0.16 54.7/
10.0

14.81 5.08 9.73

a Surface area was calculated by BET method.
b Pore size and pore volume was calculated by BJH method with mesoporous

range of 2–50 nm.
c Particle size was calculated by Scherrer formula. Fig. 3. XRD patterns of porous bimodal Ca-based materials.
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full CaO formation, which remains Ca(OH)2 phase. It was expected that
bimodal-type adsorption mechanism is operated with CO2 as shown in
Eqs. (1) and (2). In addition, the (2 0 0) facet of the CaO in all the
samples is predominantly exposed to the reaction, followed by the
(1 1 1) and (2 1 1) facets, in that order.

3.2. CO2 adsorption capacity on porous architectures

3.2.1. Static CO2 adsorption profile
To elucidate the correlation between the CO2 adsorption capacity

and structure of various bimodal Ca-based materials, we measured the
CO2 temperature programmed desorption (TPD) profiles for the cap-
ability of chemisorption. Fig. 4a and Table 1 show that in general, two
peaks are observed, one at low (~350 °C) and the other at high tem-
peratures (570–620 °C).

The chemisorption capacities of CaO-AD are dramatically reduced,
although the CO2 adsorption capacities of the CaO-AD samples are
higher than that of conventional CaO. It is found that AD method itself
causes sintering of the particles during the removal of the carbonation
species produced during the drying process. As a result, the size and
volume of the pores are reduced, and also the active adsorption sites
decreased, resulting in a decrease in adsorption capacity, as shown in
Table 1. Interestingly, however, samples synthesized by the combina-
tion of FD and AD drying processes (FAD) exhibit the highest peak
intensity corresponding to a high degree of chemisorption (> 14.8 wt
%) in the measured temperature range, suggesting that the surface of
CaO-FAD significantly enhances the affinity to CO2 molecules by 4
times compared to conventional CaO, which is attributed to the in-
crease in the basicity of the surface. Exposure of more active sites on the
basic surface in the truncated structure can increase the basicity of the
surface, leading to a more favorable surface reaction. Therefore, al-
though the size and volume of the pores at the samples are reduced
after calcination, the combined drying process (FAD) could optimize
pore and surface properties for CO2 adsorption. In addition, Fig. 4b
shows the correlation of the CO2 chemisorption capacities according to
Ca(OH)2 contents in the CaO-based bimodal structure. The content of
Ca(OH)2 was calculated by quantitative analysis determining the re-
lative factor through integrated intensity of the XRD peaks of CaO and
Ca(OH)2 with the Rietveld refinement. It is noted that the content of Ca
(OH)2 is defined as weight percent (wt.%). From the asymmetrical
“volcano-type” relation of the capacities of chemisorbed CO2 with re-
spect to their Ca(OH)2 contents, it can be inferred that the amount of Ca
(OH)2 could act as an important descriptor for the adsorption properties
and performances, such as adsorption capacity, adsorptive energy, and
the charge transfer amount during the adsorption process. Interestingly,
in the single drying process such as FD, AD and OD, the content of Ca
(OH)2 was high, whereas the combined FAD process exhibited the
maximum CO2 adsorption capacity by controlling the Ca(OH)2 content.
As the content of Ca(OH)2 increases at an early stage to 38 wt%, the

chemisorption capacity remarkably increases from 3.45 to 14.8 wt%,
resulting from the beneficial role of bimodal structure. When the Ca
(OH)2/CaO content ratio reaches above 40wt%, the CO2 adsorption
capacity dramatically decreases to about 5.5 wt%. From the point of
morphological view, the adjusted Ca(OH)2 content increased accessible
surface adsorption site to lead high CO2 adsorption capacity, but the
high content of Ca(OH)2 over bimodal Ca-based materials limits the
adsorptive performance since the passivation of the exposed pore sur-
face of the adsorbent prevents interactions between the introduced CO2

and the adsorbent surface. For the high contents of Ca(OH)2 in mixture
crystalline, the formation of truncation-shaped agglomerates or com-
pacts causes either the partial blocking of the porous network or
structural transformation into the truncated phase, which inhibits the
adsorptive performance. Also, from a structural point of view, the single
drying process (FD, AD and OD) developed mostly high Ca(OH)2 con-
tents because they limit the dehydration reaction of OH– to form CaO.
These results support that the controlled content of Ca(OH)2 maintains
a high porous structure, providing more adsorption sites, and CaO can
adsorb more CO2 chemically, which means CaO contents in the bimodal
structure can play an important role on the adsorptive capacity. Finally,
a series of sequential drying process (FAD) controlled Ca(OH)2 content
in CaO-based materials, which resulting in optimized the properties of
the adsorptive surface and enhanced the CO2 chemisorption perfor-
mances.

3.2.2. Dynamic CO2 adsorption profile
A similar correlation is found between the structural shape and flow

dynamic CO2 capture. We performed flow dynamic experiments for
determining CO2 mineralization on various porous CaO samples in the
temperature range of 450–650 °C at a gas composition of 15 vol% CO2

in N2 at 200mL/min, as shown in Fig. 5. Under these experimental
conditions, the adsorption capacities of all the samples increase with
temperature. The CO2 adsorption capacities of the porous CaO samples
are higher than that of conventional CaO. In particular, the adsorption
behavior of CaO-FAD reveals that the adsorbent reacts reasonably fast
with CO2 and shows remarkable CO2 carbonation (up to 26.1 wt% at
650 °C), which is consistent with the results of the CO2-TPD experi-
ments. Such superior performance of the porous CaO samples is at-
tributed to (1) high availability of active adsorption sites in terms of
textual properties and (2) strong CO2 binding energy driven by charge
transfer, leading to facile access of the CO2 molecules to the adsorbent
surface for CO2 carbonation at the molecular level.

Subsequently, these results support the major premise that the
truncated porous CaO structure leads to improved adsorption perfor-
mance because of more available sites. Since the adsorbed CO2 mole-
cules are linked to the CaO surface by valence bonds during adsorption
process, they will usually occupy existing adsorption sites on the sur-
face and multi-layer of chemisorbed molecules is formed to develop
carbonate species. Thus, CaO-FAD that has optimized the properties of

Fig. 4. Chemisorption capacity of various
porous bimodal CaO-based adsorbents using
CO2-temperature programmed desorption
(TPD) experiments: (a) TPD profile as a
function of temperature, (b) Trends in CO2

chemisorption capacities with respect to the
contents of Ca(OH)2 with the proposed
crystal phase and TEM images of samples.
SC, TSC refer to simple cubic, truncated
simple cubic, respectively.
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the adsorptive surface controlled by Ca-based materials can generate
large amount of adsorption site for CO2 capture.

Another series of multi-cycle tests (50 cycles of carbonation and de-
carbonation) was further conducted using flue gas composed of 15%
CO2 in N2 to determine the regeneration ability of the adsorbents. The
used adsorbent was completely regenerated at a high temperature
(800 °C) to recover its adsorption capacity and the results are shown in
Fig. 6a.

The results obviously suggest that while adsorption becomes less
stable with increase in the number of cycles, porous Ca-based ad-
sorbents exhibit stable CO2 adsorption capacity and good structural
stability during the full regeneration cycle compared to conventional
CaO.

These results further suggest that the carbonation kinetics depends
on the composition of the adsorbent as well as the operating conditions
in the reaction temperature range. During the cyclic carbonation per-
formance, internal gas diffusion is gradually inhibited once a compact
carbonate layer is generated on the adsorbent surface [37,38]. The
CaO-CV adsorbent typically exhibits such diffusional inhibition, which
ultimately terminates the carbonation reaction shortly. However, var-
ious bimodal Ca-based materials represent the stable cyclic adsorption
capacity. In particular, CaO-FAD shows a relatively small drop in ad-
sorption activity (less than 13%), clearly indicating that CaO-FAD could
be utilized for the adsorption of CO2 gas emitted from power plants.

To figure out the feasibility of the desired materials for CO2 capture,
we additionally performed another series of multi-cycle tests (50 cycles
of carbonation and de-carbonation) using simulated flue gas mixtures of

15% CO2 with air environment (17.7% O2 with 67.3% N2) in the same
manner (Fig. 6b). The long term stability and the adsorption capacity of
the adsorbents in oxygen presenting environment were still retained in
all the successive cycles compared to those in nitrogen environment. In
particular, the adsorption capacity of CaO-FAD remained the high
binding efficiency corresponding to over 21 wt% up to 50 cycles be-
cause the truncated structures could reserve a chemically intact surface
state with diminishing structural damage during multi-cyclic adsorp-
tion/regeneration operations, which leads to the facile regeneration of
adsorbents. In contrast, adsorptive performance of others was gradually
reduced as the number of cycles increased because the adsorbed CO2

has a high tendency to aggregate and form non-uniformly distributed
carbonates on the adsorbent surface, owing to the unstable surface
phase. For CaO-AD in air condition, cyclic performance was sig-
nificantly decreased compared to that in N2 condition because re-
mained supercritical CO2 phase in the adsorbent matrix can readily
react with O2 to form carbonate phase on the surface so that the active
surface for introducing CO2 gas was diminished. It should be noted that
the freezing drying with aerogel drying method leads to form a stable
structure for adsorptive performance even in the air environment.

3.3. DFT calculations of single CO2 molecule adsorption on CaO (1 0 0)

In addition to the CO2 adsorption experiments, we also attempted to
investigate the adsorption characteristics of the prepared adsorbent, in
order to determine the adsorption mechanism, with particular focus on
the binding nature of CO2 adsorption at the molecular level. Since the
experimental findings suggest that only a controlled content of Ca(OH)2
preserves the porous morphology and enhance the chemisorption ca-
pacity, we mainly focused on CaO contents as the bimodal structure,
which can play a main role on CO2 adsorption capacity for theoretical
calculation. In particular, the (2 0 0) facet is mainly exposed in the
truncated CaO structure confirmed by XRD patterns. Thus, we focused
on investigating the CO2 adsorption mechanism on the surface of CaO
(1 0 0).

3.3.1. Adsorption energy and geometry
First, in order to investigate the nature of CO2 adsorption on the

CaO (1 0 0) surface, we performed geometry optimization of the CO2-
CaO (1 0 0) surface. As summarized in Table 2, it is found that the
calculated adsorption energy and geometry are in good agreement with
the experimental results as well as other computational results (Table 2)
[23,29].

This validates our calculations. As evident from Fig. 7, the geometry
of CO2 is significantly changed before and after the adsorption de-
scribed via the geometry optimization. Specifically, the OCO2-CCO2-OCO2

bond angle is significantly reduced from 180° to 134.1° and 129.4° on

Fig. 5. Dynamic flow CO2 adsorption on various adsorbents as a function of
temperature. (Feed composition: 15 vol% CO2 balanced with N2, weight of
adsorbent: 0.10 g, feed flow rate: 200mL/min).

Fig. 6. Cyclic CO2 adsorption capacity of the prepared adsorbents with the flue gas mixture of 15% CO2 balanced with (a) N2 and (b) with air (17.7% O2 with 67.3%
N2) Note that carbonation was conducted at 650 °C and de-carbonation at 800 °C in 100% N2 for 50 cycles of carbonation/de-carbonation.
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the (1× 1) and (2× 2) CaO surfaces, respectively, whereas the CCO2-

OCO2 bond length is increased from 1.18 Å to 1.25 Å and 1.27 Å for the
(1× 1) and (2×2) CaO surfaces, respectively. This indicates that the
hybridization of the CCO2-OCO2 bonds is changed from sp to sp2 owing to
the formation of a new chemical bond between the carbon atom of CO2

and the oxygen atom on the CaO surface (CCO2-OCO2). The calculated
adsorption energies (− 0.94 eV and − 1.56 eV for (1×1) and (2× 2)
CaO surface, respectively) are also consistent with new chemical bond
formation. Thus, it is concluded that the CO2 adsorption on the CaO
(1 0 0) surface is a chemisorption process.

3.3.2. Charge reorganization
Pacchioni and coworkers suggested that such strong adsorption can

be understood by considering the low Madelung potential energy of
CaO due to the large cation-anion distance in the CaO matrix (2.405 Å)
compared to the MgO matrix (2.118 Å). This leads to high basicity,
which allows active donation of charge from the surface to the adsorbed
molecule [23,24].

In this study, in order to evaluate such charge transfer, we calcu-
lated the charge difference for each atom: qΔ i CaO, and qΔ i CO, 2 of CaO
surface and CO2, respectively, before and after the adsorption using
Eqs. (4) and (5).

= −q q qΔ Δ Δi CaO i CaO before adsorption i CaO after adsorption, , , (4)

= −q q qΔ Δ Δi CO i CO before adsorption i CO after adsorption, , ,2 2 2 (5)

where qΔ i CaO before adsorption, and qΔ i CaO after adsorption, denote the Mulliken
charges of the ith atom on the CaO surface before and after adsorption,
respectively, and qΔ i CO before adsorption, 2 and qΔ i CO after adsorption, 2 denote the
charges on the ith atom of CO2 before and after adsorption, respectively.
Fig. 8 visualizes the charge reorganization on the CaO surface and CO2

via charge transfer between them. qΔ i will have a negative value (blue
color) if the ith atom loses charges, whereas it will have a positive value
(red color) if the atom gains charges. Therefore, it is clear that a charge
of –0.7e is transferred from the CaO surface to the CO2 molecule, as
calculated from the Mulliken population analysis.

3.3.3. Effect of surface coverage
Single molecule adsorption of CO2 on CaO (1 0 0) surfaces with

various cell sizes such as the (1×1), (2× 2), (3× 3), and (4×4)
supercells (corresponding to surface coverages (θ) of 0.5, 0.125, 0.055,
and 0.032, respectively) was simulated via geometry optimization to
investigate the effect of interactions between neighboring CO2 mole-
cules on the adsorption energy. At θ=1.0, every oxygen atom on the
CaO (1 0 0) surface is occupied by an adsorbed CO2 molecule, whereas
at θ=0.0, no CO2 is adsorbed on the CaO surface. As clearly shown in
Fig. S4, the adsorption energy depends on the surface coverage of CO2,
indicating that the adsorbed CO2 is influenced by neighboring adsorbed
CO2 molecules. Furthermore, it should be noted that the adsorption
energy profile shows a minimum at a specific surface coverage,
θ=0.125 for the (2×2) supercell, where the electrostatic interactions
between adsorbed CO2 molecules stabilizes the adsorption. It appears
that the adsorbed molecules may not undergo such electrostatic inter-
actions at low coverage and thus, the adsorption becomes stronger
slightly. On the other hand, at high coverage, the adsorbed molecules
come too close to each other and therefore, electrostatic repulsion de-
stabilizes the adsorption. The effect of surface coverage will be dis-
cussed further in the next section.

3.3.4. Proposed energy profile of CO2 adsorption on CaO
To gain insights into the carbonation mechanism on the adsorbent

surface, we calculated the energy change as a function of reaction co-
ordinates. Fig. 9 presents the energetically favorable reaction profile.
Initially, the CO2 molecule is loaded at a distance of 3.0 Å from the CaO
surface. From Fig. 8, it is observed that the interaction of CO2 with CaO
surface is not so sensitive to the CO2-CaO surface distance down to a
distance of 2.3 Å. Subsequently, CO2 is readily adsorbed on the CaO
surface with CO2 hybridization.

3.4. DFT calculations of the adsorption of multiple CO2 molecules

3.4.1. Formation of a monolayer
Although multiple CO2 molecules can be adsorbed on CaO (1 0 0)

surfaces, such simulation studies have not been performed or reported

Table 2
Geometries and energies for single CO2 adsorption on CaO(1 0 0) surface.

Bond length ( −C OCO CaO2 ) (Å) Bond length ( −C OCO CO2 2) (Å) Bond angle ( − −O C OCO CO CO2 2 2) (degree) Adsorption energy (eV)

Experiment I [29] −1.1
TheoryII [23] 1.38 1.23 130.0 −1.0
This studyIII 1.47 1.25 134.1 −0.94
This studyIV 1.39 1.27 129.4 −1.76

I Adsorption energy obtained by the thermal desorption method.
II Ab-initio Hartree-Fock calculation.
III CO2 adsorption on the (1×1) CaO surface.
IV CO2 adsorption on the (2× 2) CaO surface.

Fig. 7. Geometries of a single CO2 molecule
adsorbed on a (2× 2) CaO (1 0 0) surface
(a) before geometry optimization and (b)
after geometry optimization. Bond length
between the carbon and oxygen atom in the
CO2 molecule, inter-atomic distance be-
tween the carbon atom in CO2 and oxygen
atom on the CaO surface. The angles are
shown in the side views. The optimized
structure shows an elongated bond length of
1.27 Å, decreased angle of 129.4°, and inter-
atomic distance of 1.39 Å, consistent with
chemisorbed CO2. The green, red, and gray
balls denote calcium, oxygen, and carbon
atoms, respectively, whereas the outer solid
lines indicate periodic cell boundaries.
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yet to the best of our knowledge. In the present study, the formation of
the multiple CO2 monolayer was simulated using DFT in order to un-
derstand how the CO2 molecules affect each other when they are

adsorbed on the CaO (1 0 0) surface (Fig. 10). In the study on the ad-
sorption of a single CO2 molecule discussed in the previous section, we
already observed that the adsorption energy is affected by surface
coverage, and the most stable surface coverage is ~0.125 (Fig. S4).

Here, the surface coverage is scrutinized in-depth for the case of the
adsorption of multiple CO2 molecules. In order to determine the most
stable surface coverage, various systems consisting of multiple CO2

molecules were built (Table S1). The geometries of the systems were
then optimized. For example, since the (1×1) CaO (1 0 0) surface has
two oxygen atoms (Fig. S1b), we can place CO2 molecule on one of the
two oxygen atoms or two CO2 molecules on both two oxygen atoms.
Fig. S5, which shows the optimized geometries for these two cases,
reveals that the (1× 1) CaO (1 0 0) surface can accommodate only one
CO2 molecule. Although two CO2 molecules are attached on the oxygen
atoms at the beginning, only one CO2 molecule can undergo chemi-
sorption with an oxygen atom, while the other CO2 molecule moves
away from the surface. In the case of the (2× 2) CaO (1 0 0) surface, we
attached up to eight CO2 molecules and performed geometry optimi-
zation. However, as shown in Fig. 9a, only four CO2 molecules are
chemisorbed non-uniformly on the CaO surface, whereas the rest of the
molecules are detached. Any attempt to place more than four CO2

molecules fails. Thus, it is inferred that the maximum surface coverage
is θ=0.5.

Further, the adsorption energy was calculated as a function of sur-
face coverage using the (2×2) CaO (1 0 0) surface with multiple CO2

Fig. 8. Charge reorganization on the (a) CaO (1 0 0) surface and (b) CO2 molecule. Note that a positive value (red color) implies electron gain after CO2 adsorption,
whereas a negative value (blue color) implies electron loss compared to the original charges on the CaO surface and CO2 molecule (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

En
er

gy
 (e

V)

Reaction Coordinates (   )Å

2.3 Å

1.4 Å

3.0 Å

Fig. 9. Energy profile associated with CO2 adsorption on CaO (1 0 0) calculated
using DFT calculation. The energy barrier for CO2 adsorption on the CaO sur-
face to form CaCO3 is also shown.

Fig. 10. Optimized geometry of the eight CO2 molecules on the (2× 2) CaO (1 0 0) surface. Each figure shows CO2 molecules on the first layer of the (2× 2) CaO
surface. (a) full adsorption; (b) non-uniform adsorption on the sites. Here, four CO2 molecules are adsorbed when eight CO2 molecules are loaded on the surface; (c)
uniform adsorption. The green, red, and gray balls denote calcium, oxygen, and carbon atoms, respectively.
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molecules. From Table S1, it is confirmed again that the adsorption
becomes weaker with increasing number of molecules. Thus, from our
study, the most stable surface coverage is found at θ=0.125, corre-
sponding to 92.56 Å2/CO2 molecule, which is consistent with the for-
mation of the CO2 monolayer.

3.4.2. Charge reorganization
In the previous section, we suggested that charge reorganization

occurs on the CaO surface owing to charge transfer from the CaO sur-
face to the CO2 molecule. We suppose that this charge reorganization is
crucial in determining the most stable surface coverage of CO2 since the

atomic charges of CO2 on CaO surface will repel other CO2 molecules.
In Fig. 11, the charge reorganization of the CaO surface as well as

the adsorbed CO2 molecules are presented. As expected, the charges are
transferred from the CaO surface to the CO2 molecules, similar to the
phenomenon observed in Fig. 8. The amount of charge transferred is
–0.66e/CO2 molecule, on average. However, it is worthwhile to note
that the adsorbed CO2 molecules are aggregated together rather than
spread out uniformly over the CaO surface. This can be understood by
considering that the CO2 molecules experience inter-molecular elec-
trostatic attraction between the negatively charged oxygen atoms
(–0.58e on average) and the positively charged carbon atoms to some

Fig. 11. Charge reorganization on the (a) CaO (1 0 0) surface and (b) four CO2 molecules. Note that a positive value (red color) implies electron gain after CO2

adsorption, whereas a negative value (blue color) implies electron loss compared to the original CaO surface and CO2 molecule. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Single gas adsorption of (a) CO2, (b) O2, (c) N2, (d) H2O on the CaO (1 0 0) surface.

S. Kwon, et al. Applied Surface Science 505 (2020) 144512

9



extent since the adsorbed CO2 molecules have positively charged
carbon atoms (–0.56e on average). Therefore, there should be an op-
timal inter-molecular distance between CO2 and CaO surface corre-
sponding to stable adsorption, which is ~1.46 Å on average. Indeed, by
simulating an independent system having uniform CO2 adsorption, for
comparison, it is found that the adsorption energy from non-uniform
CO2 adsorption (–1.08 eV from Fig. 10b) is significantly lower (meaning
stronger adsorption) than that from uniform adsorption (–0.83 eV from
Fig. 10c), implying that non-uniform adsorption is more stable than
uniform adsorption.

3.5. DFT calculations of the competitive adsorption of gas mixtures

To identify the adsorption properties of real gas mixtures on CaO,
we additionally investigated the adsorption geometry of various types
of single gas molecule such as CO2, N2, O2, H2O, mainly composed of
flue gas mixtures, as shown in Fig. 12. We quantitatively analyzed and
compared the adsorption capacity for the optimized geometries for the
adsorption of various gas types on the 2×2 CaO (1 0 0) surface.

The reduced bond lengths and high adsorption energy of optimized
systems confirm a readable affinity of CO2 and H2O uptake on the CaO
surface, but air composites (i.e., N2, O2) are just adsorbed moderately.
In comparison of adsorption energies of various molecules, CO2

(Ea= –1.76 eV) is energetically more preferable to CaO than other
gases, owing to the stronger interaction of CO2-CaO system, driven by
more distributed charge transfer. These results provide the CaO surface
has a resistance to the oxidative formation by air intake, corresponded
by experimental results (Fig. 6b). In particular, the adsorption

characteristics of H2O molecule on CaO determine the adsorption affi-
nity of water vapor in the flume gas mixtures (Fig. 12d). The optimized
geometry provides a bond length of Osurface-HOH (1.01 Å), H-OHOsurface

(i.e., one short OH of single H2O molecule) (0.97 Å), and HO-HOsurface

(i.e., elongated OH bond) (1.60 Å). This result clearly represents a
partial dissociation of H2O molecule to build a calcium hydroxide layer
with surface sites because the surface of oxidic adsorbent matrix has a
high tendency to readily saturate with H+ and OH– molecules, owing to
the highly Lewis-basic and -acidic property of the oxygen sites and
Ca2+ sites, respectively. This indicates that a net electron donation of
CO2 molecule is higher than that of H2O molecule, which shows that
CO2 adsorption tends to take place rather than H2O adsorption on the
surface.

Concomitant with single gas adsorption characteristics, we de-
termined the competitive adsorption of various gas mixtures to de-
termine the adsorption characteristics of CO2 and H2O in the air en-
vironment on the CaO surface since the presence of water vapor in real
flue gas mixtures remains the relevant issue for water vapor effect on
CO2 adsorption (Fig. 13). From the competitive adsorption of CO2 and
rest gas mixtures (i.e. N2, O2, and H2O), CaO shows still high enough
affinity of CO2 to the oxygen site with high adsorption energy
(< –1.59 eV). Experiment results also support high resistance of the
CaO surface to air environment. Under air environment, CO2 and H2O
molecules are simultaneously adsorbed on the free oxygen sites of the
CaO surface to form carbonate (CaCO3) and calcium hydroxide (Ca
(OH)2), respectively, attributed to strong Lewis–basic and –acidic in-
teraction between the oxygen sites of CaO, and carbon of CO2 and
hydrogen of H2O. The interaction diminished the bond strength of O–C

Fig. 13. Competitive adsorption of CO2 with (a) O2, (b) N2, (c) H2O, (d) various gas mixtures (i.e., O2, N2, and H2O) on the CaO (1 0 0) surface.
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for CO2 and O–H for H2O, which leads the bending of CO2 molecule and
elongating H–OH bond of H2O due to the readable hybridization.
Nevertheless, competitive adsorption of CO2 and other components
barely affect CO2 uptake on CaO. The electrostatic stabilization of CO2

referred to the high adsorptive capacity of CO2, provided by the strong
electron interaction. It is worthy to note that CO2 are chemisorbed on
the CaO surface under various gas mixtures.

4. Conclusions

We introduced porous architecture in bimodal calcium-based ma-
terials by adopting various drying processes during synthesis in order to
enhance the physical properties of the adsorbents and activate addi-
tional adsorption sites. We suggest that the various drying methods on
porous structure develop different composition ratio of CaO and Ca
(OH)2 in bimodal materials, and in particular, formation of different
morphology and structure, which leads different adsorption character-
istics. On the basis of these findings, we observed the synergic effect of
CaO and Ca(OH)2 composites on CO2 adsorption. In particular, this
study proposes that the truncated porous structure prepared by ap-
plying FD and AD methods in combination plays an important role in
enhancing CO2 adsorption on calcium-based materials. This finding
results from the opening of active adsorption sites and high CO2 ad-
sorptive binding energy. Both static and dynamic adsorption experi-
ments support the finding that CO2 adsorption is strongly improved on
truncated calcium-based materials. Since to be equivalent to the capa-
city of CO2 mineralization, the price of bimodal porous Ca-based ma-
terials is approximately 3 times cheaper than that of conventional CaO,
we believe more research can reduce the expense of synthesis sig-
nificantly after the optimized synthesis procedure, which can be sui-
table on the cost-effective adsorbents for feasible application. In addi-
tion, this study examines the adsorption of multiple CO2 molecules on a
CaO (1 0 0) surface using DFT calculation to understand its mechanisms
and characteristics. It is clear that CO2 adsorption is a chemisorption
process that occurs via charge transfer from the CaO surface to CO2

molecule, leading to monolayer formation on the adsorbent surface.
The adsorbed CO2 molecules tend to be aggregated rather than be
distributed uniformly over the CaO surface. However, the adsorption is
destabilized with increase in the number of CO2 molecules. We expect
that this study would extend understanding of the adsorption me-
chanism of CO2 molecules on CaO and provide a basis for studying CO2

adsorption on natural calcium-based minerals such as wollastonite
(CaSiO3) and diopside (CaMgSi2O6).
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