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Abstract: The release of CO; into the atmosphere has become a primary issue nowadays. Recently, re-
searchers found Metal-Organic Frameworks M-CPO-27 (M = Mg, Co, Ni, and Zn) to be revolutionary
for CO, adsorption due to the presence of open metal sites enhancing CO, binding and leading to
higher capacity. This study aims to select the best metal center for CPO-27 with the high performance
of CO; adsorption by screening metal centers using simulation as a preliminary selection method.
Then, the different metal centers were synthesized using the solvothermal process for validation. The
synthesis of MOFs is confirmed through PXRD and FTIR analysis. Subsequently, by using simulation
and experimental methods, it is discovered that Ni-CPO-27 gives the best performance compared with
magnesium, zinc, and cobalt metal centers. The CO, adsorption capacity of synthesized Ni-CPO-27
is 5.6 mmol/g, which is almost 20% higher than other MOFs. In conclusion, the prospective outcome
of changing the metal from Mg-CPO-27 to Ni-CPO-27 would be advantageous in this investigation
owing to its excellent performance in capturing CO,.

Keywords: metal-organic frameworks; CPO-27; adsorption CO,; molecular simulation; solvothermal
synthesis

1. Introduction

One of the pressing challenges that we face on our planet is carbon dioxide. The
uncontrolled release of carbon dioxide (CO,) into the atmosphere leads to a rise in global
temperatures and climate change [1,2]. The United Nations Intergovernmental Panel on
Climate Change (IPCC) claims that an approximately 50% reduction in present-day CO,
emission is needed to avoid a worldwide average temperature upward thrust of 2-2.5 °C
by the year 2050 [3]. In an industrial process, the separation of CO, from gas mixtures
plays an important role, such as the separation of CO, from coal-gas flues and CO,/CH, in
natural gas, hence reducing the effects of carbon dioxide emission [4-6]. Therefore, CO,
capture by selective adsorption is considered one of the most promising methods due to its
ease of implementation, lack of potentially harmful ingredients, and reduced energy cost
demand [7].

Adsorbents of carbon dioxide must meet certain requirements in order to be used in
carbon capture and storage technology. These requirements include the ability to selectively
adsorb CO; over nitrogen and water at low carbon dioxide partial pressure, as well as
being resilient in the presence of water and other contaminants [8,9]. The most-used
adsorbents are alumina, activated carbon, and zeolites, as they have been reported to
satisfy the operation of adsorption. However, these adsorbents result in low carbon
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dioxide capacities (5.0 wt% at 298 K and 0.15 bar) with difficulties in the regeneration
process [10]. A new invention of adsorbents has been found by researchers, which provides
a higher adsorption capacity of CO, with a higher surface area of solid sorbents compared
with conventional adsorbents [7,11]. Currently, multiple promising adsorbents, such as
Zeolite 5A, MIL-101 (Cr), Mg-Gallate, and Metal-Organic Frameworks, offer higher CO,
adsorption capacities [12,13]. The addition of certain binding sites at the pore surface, such
as amines acting as Lewis bases and coordinatively unsaturated metal cations actinig as
Lewis acids, can improve high absorption under ambient conditions in porous materials [7].
Therefore, metal-organic frameworks were found to be novel adsorbents due to their
ability to obtain a high surface area with good capacity in capturing CO,, large pore
volumes, and easily tuneable position [14-16]. A type of crystalline material known as
Metal-Organic Frameworks (MOFs) is made up of coordination bonds between ions or
clusters that are joined by organic ligands [17]. Metal-Organic Frameworks (MOFs) offer
CO; storage due to their ordered structures, high thermal stability, and adjustable chemical
functionality [18]. The complexity of the structure needs the continuous interplay of
experimental and modeling computational tools for advanced characterization during all
stages of structures [19]. Over 5000 MOFs shave been captured in the literature for carbon
dioxide adsorption properties. However, only several MOFs give better results, such as
Mg/DOBDC (dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) or (CPO-27), which adsorb
twice as much carbon dioxide compared with zeolites at 0.1 bar [20,21].

Tremendous studies have been performed for MOFs in various applications in order
to replace them with other adsorbents due to their performance in capturing and simu-
lation [3,8,22]. One of the most anticipated study series of MOFs is known as M-CPO-27
(2,5-DOT = 2,5-dioididoterephthalate linker where M = Mg (II), Zn(II), Co(II) and Ni(II)
of transition metals in periodic series), also named M-MOF-74 and M;(dobdc) [4,8]. The
presence of a metal site in CPO-27 favors CO, binding mode with a pore diameter of 1.1 A
to 1.2A (7,14). Among other MOF materials, CPO-27 was reported to have the highest
uptake capacity of up to 27.5 wt% for conditions under 298 K and 1 bar [8]. CPO-27 is
known as an isostructural structure MOF because it has different metal centers with the
same organic ligands. Magnesium metal is reported to be the best metal center due to
its lighter molecular weight, which is 23.405 g/mol compared with zinc (65.38 g/mol)
and nickel (58.69 g/mol) [23]. Ismail et al. [13] also worked on MOFs using gallic acid as
an alternative linker for enhancing the CO, capacity. The authors found that Mg-gallate
has a maximum predicted adsorption capacity of 7.79 mmol/g. This suggests that the
most significant interaction takes place between CO; molecules and the exposed metal
Mg?* sites. However, there is no solid reason that the molecular weight of the metal will
affect the adsorption capacity of CO;. In addition, the capacity of CO, adsorption for
Mg/DOBDC was found to decrease and lose stability with the presence of water compared
to Co/DOBDC and Ni/DOBDC, which retained 60% and 85% of the initial capacities,
respectively [3]. Most research focuses on the magnesium metal center due to its promising
result in capturing CO,, but the performance deteriorates severely upon long-term expo-
sure to relevant impurities such as water and oxygen in CO;. Thus, the promising result
for CO, adsorption of other metal centers will be an advantage in this study. However,
synthesizing all M-CPO-27 (M = Mg, Co, Zn, and Ni) without promising performance will
be costly and time-consuming [1].

The interactions between metal-organic frameworks (MOFs) and adsorbates have
been increasingly predicted, and studies employ computer simulations, particularly Grand
Canonical Monte Carlo (GCMC), as this method enables comparing the results with exper-
imental results and provides a degree of molecular-level detail that is difficult to obtain
in experiments [1]. The prediction of performance for M-CPO-27 (M = Mg, Ni, Co, and
Zn) before synthesizing by using molecular simulation is able to reduce time the and
cost of the selection process [1,24,25]. Between adsorption processes, there are various
types of simulation methods proposed, and the most widely used is the Monte Carlo and
Molecular Dynamic method [26,27]. In 1953, Metropolis was the first to use this computer
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simulation, which was carried out in Los Alamos National configuration generation [26].
Crystalline, ordered, and amorphous porous materials such as zeolites, silica, alumina, and
metal-organic frameworks (MOFs) were commonly used in this technique as they have
larger surface areas with a pore network that enhances sorption and separation activity [26].
Developing new processes based on M-CPO-27 requires the crucial step of screening and
comprehending the underlying structure and functional relationships. The GCMC model
utilized in this process considers various interactions, including electrostatic and Lenard-
Jones, among the atoms present in the system [28]. As the GCMC model is able to process
interactions between the atoms, this molecular modelling is also able to verify the structural
properties of the materials such as Lewis’ interaction between the metal and carbon dioxide.
Therefore, it is important to screen and identify the material’s behavior before the selection
process can be performed.

As discussed, although recently, Mg-CPO-27 has been able to capture higher CO,,
there are drawbacks that are faced when using magnesium as a metal center due to its
inability to withstand stability in the presence of water [3,29]. Therefore, the findings of
other metal centers that provide higher CO, than previously reported will be an advantage.
This study is proposed to screen open metal site MOFs, namely, M-CPO-27 (M = Co, Ni,
Mg, and Zn), as the preliminary selection method and perform experimental synthesis
for validation. This is due to the presence of open metal sites in CPO-27 in favor of CO,
binding in the adsorption that was investigated. This research will be focused on the grand
canonical ensemble because of its ability to allow fluctuations in the number of molecules
and becomes the most suitable ensemble technique for adsorption simulation [27]. This
validation study will not only provide information for different metal centers in M-CPO-27
but also provide an alternative to Mg-CPO-27 adsorbents in capturing CO;.

2. Materials and Methods
2.1. Screening of M-CPO-27

This study used the Material Studio tools license from Biovia Dassault Systemes with
a sorption module to perform the adsorption of CO, in CPO-27. The structure of M-CPO-27
(M =Mg, Co, Zn, and Mg) was obtained from the Cambridge Structural Database (CSD).
The impurities in the structures were cleaned in order to obtain the hexagonal structure
of the R3 space group [30]. CO; is drawn to be set as the adsorbate for CPO-27 with an
angle of 180° and a C=0 double bond length of 1.16 A. Figure 1a,b show the structure of
Ni-CPO-27 and CO,, respectively, before performing adsorption analysis. In the CPO-27
structure, simulation boxes were constructed with periodic boundary conditions in order
to obtain an optimum adsorption system [31].

1807000

Figure 1. {(a): Molecular structure of Ni-CPO-27; (b) CO, Structure} (Blue: Nickel atoms, Red:
Oxygen atoms, White: Hydrogen atoms, and Grey: Carbon atoms).

Forcite is used to identify van der Waals attraction between the adsorbent and adsor-
bate. It is operated depending on the forcefield applied. It is crucial to establish a forcefield
for this adsorption that is appropriate for open metal sites. The universal forcefield is
renowned for its rough and aggressive technique [32]. This forcefield is error-resistant
due to the many parameters for the universal forcefield (UFF) that are accessible and hard
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programmed. For each CPO-74 metal selection, the COMPASS II forcefield is chosen in
accordance with the instructions, lowering the inaccuracy achieved [4].

The Grand Canonical Monte Carlo (GCMC) calculation method was determined in
the Material Studio by the sorption module. GCMC is applied to calculate the adsorption
isotherm for a homogenous solid surface and metal-organic frameworks (MOFs) [31].
GCMC calculation works in the translation, insertion, rotation, and deletion of CO, in
accordance with adsorption into CPO-27 [31]. Monte Carlo moved randomly on the new
configuration in which the lower energy was accepted or otherwise rejected [31]. The
adsorption Isotherm task is selected for the adsorption of carbon dioxide. CPO-27 was
reported to have a decent performance at a pressure of 1 bar and an ambient temperature [8].
Thus, this simulation was set for sorbate components (CO, and M-CPO-27) at a constant
temperature (298 K) and elevated pressure (0 to 1 bar).

2.2. Synthesis and Characterization of M-CPO-27

The M-CPO-27 material (where M = Mg, Ni, Co, and Co) utilized in this study was syn-
thesized through a solvothermal reaction of magnesium (II) nitrate (+99%, Sigma-Aldrich,
Darmstadt, Germany) with DOT (2,5-dihydroxytherephthalic acid) in a mixture of N,N-
dimethylformamide (DMF), absolute ethanol, and deionized water. The synthesis method
employed was consistent with a previously published procedure [21]. The same step was
applied for the different metal centers by replacing magnesium (II) nitrate with nickel,
zinc, and cobalt (I) nitrate. Mg(NO3),-6H,O and DOT weights of 0.712 g and 0.167 g,
respectively, were dissolved under sonication in a ratio of 15:1:1 (v/v/v) for the mixture
of DMF, ethanol, and deionized water (67.5 mL, 4.5 mL, and 4.5 mL, respectively). The
homogeneous solution was placed into a Teflon-lined stainless-steel autoclave and carefully
sealed before being warmed in an oven to under 125 °C. The samples were taken out of the
oven and allowed to cool at ambient temperature after being under autogenous pressure
for the reaction for 26 h. Methanol was used to replace the mother liquor after it was thor-
oughly decanted. DMF was replaced with methanol and rinsed six times over the course
of three days. Filtration was used to separate the yellowish microcrystalline precipitate,
which was then extensively eroded with methanol. Dark-yellow crystal was formed for
Co-CPO-27, whereas a red crystal was obtained by removing the guest molecules under a
dynamic vacuum at 150 °C for 15 h.

The sample was then characterized by powder XRD using K alpha radiation of a Bench
Top X-Ray Diffractometer to confirm its structure and porosity. To obtain high-resolution
patterns, step scanning with an increment of 0.02° in 2 and a scan rate of 0.2° /min were
used [19]. N, adsorption and desorption isotherms were used to determine the pore
characteristics for the Langmuir region and Brunauer-Emmet-Teller (BET) assessed by
Belsorp Mini, Japan for the surface area, pore volume, and pore size distribution. When
the gas pressure was raised to 1 bar and the temperature was 298 K, the CO, adsorption
isotherms were measured. The desired temperature was achieved using a Dewar and a
circulating jacket that was connected to a thermostatic water bath. Gas adsorption studies
were conducted using approximately 0.1 g of adsorbents. To initiate the process, the sample
was degassed under a vacuum at a temperature of 150 °C for a duration of 15 h.

The PXRD data for simulation was obtained from Material Studio software starting
from the magnesium structure, nickel, zinc, and cobalt by using reflex tools [33,34]. Material
Studio reflex tools were used to stimulate X-ray, neutron, and electron powder diffraction
upon models of crystalline material [35]. This tool helps to determine the crystal of the
structure, assist in the interpretation of diffraction data, and validate the result with experi-
ments and computation. This study will be used to identify the X-Ray Diffraction (XRD) of
the molecules. The peak scale and validation of theoretical XRD will be identified using DS
BIOVIA Material Studio 2020 software and compared in this study.
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3. Results
3.1. Screening of M-CPO-27 (M = Mg, Ni, Co, and Zn)

CPO-27 is known for its pore structure with high surface area and ability to adsorb a
high CO, capacity [30]. The chemical environment in the adsorbent molecule (Mg-CPO-27)
can be tuned by exchanging the metal ion incorporated in the structure. This study shows
the effect of open metal sites in CPO-27 on the adsorption behavior, with the possibility
of increasing the affinity of CO, molecules [36]. It is reported that CPO-27 predicts the
highest uptake due to its large number of open metal sites facing the hexagonal pores,
which provide higher sensitivity of the CO, adsorption prediction on the metal center
charge [37]. In recent studies by Jia Dent et.al., 2023, the capacity of CO, adsorption for
CPO-27 using molecular simulation was reported, with Mg-CPO-27 having the highest
adsorption followed by other metals [38]. Figure 2 indicates the trend of CPO-27 for
different metals using the molecular simulation approach.
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Figure 2. Adsorption isotherm of CO; in M-CPO-27 (M = Mg, Ni, Co, and Zn).

The molecular simulation approach is used for the preliminary selection of different
metals in CPO-27 materials. Figure 2 shows the trend of different metals achieved in this
study. As a result, Ni-CPO-27 shows the highest adsorption capacity followed by zinc,
magnesium, and cobalt metal centers. The higher ionic interaction between the Ocop
atom and Mg?* ions increase the adsorption capacity, and most previous studies selected
Mg-CPO-27 for its promising performance in CO, adsorption [30,31,39]. However, the
inconsistencies found due to variations in the synthetic procedure, sample activation, or
handling make it difficult to assess the accuracy of the reported result [40]. In addition,
the stability of materials in the presence of water must be taken into account due to H,O
acting as a strong competitor to CO, molecules in hydrophilic materials such as Mg-CPO-
27 [41]. The study found that Mg-CPO-27 was only able to achieve 16% adsorption capacity
recovery compared with Ni-CPO-27 and Co-MOF-74 where it can attain up to 85% and
60% recovery, respectively [42]. However, the promising result of changing the metal from
Mg-CPO-27 to other metal centers will be an advantage in this study, where Ni-CPO-27 is
able to achieve higher CO; adsorption compared with Mg-CPO-27. The steep increment
in the initial pressure of CO, adsorption shown in Figure 2 may be due to the strong
polarization of adsorption sites that can always be found in the presence of coordinatively
unsaturated sites of the metal center [40]. In low-pressure regions, it is reported that open
metal sites dominate the adsorption process of CO;, thus, different trends are achieved
by different metal centers of isostructural MOFs [40]. Co-CPO-27 found lower adsorption
capacity due to the exceptionally ordered structure of gases, with metal centers causing
the weak interaction to occur [43]. In addition, the tendency of Co?* to oxidize to Co®* at
moderate temperatures resulted in low attraction to CO; [44]. It is also reported that the
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charge of the metal plays an important role in adsorption capacity, where the isostructural
MOFs yield the same isotherm trends [36]. For zinc and nickel metal centers, the trend
shows higher magnesium (different from the expected result) attributable to the additional
contributions from secondary adsorption sites, where there is an attraction to organic
linkers [41]. Three sites of adsorption of CO, were identified, where site I (primary) was
located at the open metal site and showed an attraction of M-O¢p;, and site II (secondary)
focused on the framework channel, where the attractions of Og.amework-Ccoz bonding were
identified. Lastly, the tertiary site was found to be disordered at the center of the framework
channel [40]. CO; adsorption was reported to initially attract the metal center and further
adsorb to organic linker sites after all metal sites were fully occupied to complete adsorption
in M-CPO-27 [21].

The distance of Ccoz-Oframework and Oco2-Mgamework can be determined by the
Lennard Jones potential equation, where van der Waals interactions between molecules can
be described [30,45]. The Van der Waals interaction is dominant at 0.1 bar, where the elec-
trostatic interaction between MOFs and COj is negligible at a pressure of 0.1 to 1.0 bar [36].
For M-MOE-74, M-O attraction is known for exothermically chemisorbing CO, and form-
ing MCOj3. However, the GCMC technique was applicable for physisorption simulation
where the M-O bond in this method was imprecisely determined [30]. Upon increasing
the pressure (>0.1 bar), the sites proximal to metal atoms are saturated, and physisorption
characteristic results can be accepted for M-CPO-27. Thus, this screening method will then
be validated with an experimental technique to find the best metal center selection.

3.2. Physical Properties of M-CPO-27 (M = Co, Mg, Ni, and Zn)
3.2.1. X-ray Diffraction

To achieve the objective of preparing metal-based CPO-27, we compared the experi-
mental and simulation results of XRD with previously reported studies [45,46]. The research
objective is not to report and discuss the failed conditions that lead to a non-pure CPO-27
group but rather to point out the key point of obtaining CPO-27 materials. The use of a
nitrate source (e.g., Mg (NOs3),), which is commonly used in synthesizing CPO-27, led to
the presence of impurities [34]. Figure 3 shows the X-ray Diffraction (XRD) pattern obtained
for the Ni-CPO-27 sample prepared according to previous studies [21,34]. Similarities of the
pattern (the presence of crystals at the same peaks) are evident, and our sample crystallized
from the system has a CPO-27 topology [34].

El
< Simulation
B
iz Mi-CPO-27
<
5
’ Ni-CPO-27
‘ JL Co-CPO-27
0 5 10 15 20 25 30 35 40 45

Angle (20)
Figure 3. XRD Analysis of M-CPO-27 for this study.

XRD patterns prepared for M-CPO-27 (M = Co and Ni) from the solvothermal method
are shown in Figure 3 for experimental and simulation results, and the same trends were
achieved by Mg-CPO-27 and Zn-CPO-27. The main peak is identified and compared
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with the theoretical pattern from a previous study [47]. As displayed, there are fewer
peaks showing broadening found in the XRD pattern, which explains the presence of
the crystalline nature in CPO-27 [35]. In the simulation study, we can perceive that the
structure has less crystallinity compared with the experimental results as the intensity
(second peak onwards) is lower. A further improvement in structure optimization should
be performed to achieve a high-crystal structure. High-quality crystals could not be
achieved easily based on single-crystal X-ray methods, but this PXRD pattern helps us to
estimate unit cell parameters based on the trigonal spatial group (R-3) corresponding to
CPO-27 materials [34,48,49]. The agreement between the experiment and other literature
data was quite good and proves CPO-27 materials have been achieved.

The simulation structure is somehow questionable as the lesser crystal peak is esti-
mated in the unit cell. Due to the nature of CPO-27 being isostructural, the XRD cannot
distinguish the presence of different metals in the CPO-27 group [48]. Therefore, all metals
in CPO-27 share the same space group (R-3) and topology, and the primary difference is
the identity of cations at the open metal sites, and the variance can be identified through
the lattice parameter shown in Table 1, here a = b # ¢ [48].

Table 1. Lattice constant and M-O bond length of M-CPO-27.

Metal Lattice Constant (A), a=b  Lattice Constant (A),c Bond Length (M-O) (A)
Mg-CPO-27 25.94 6.72 2.61
Ni-CPO-27 25.86 6.71 2.04

Co-CPO 26.13 6.72 2.71
Zn-CPO 26.18 6.65 2.58

The simulated lattices obtained are consistent with the literature values of M-CPO-27
(where M = Mg, Ni, Co, and Zn). The mean absolute errors for lattice parameters (a = b)
and ¢ are within the range of (0.1-0.7%) and (1.9-3.9%), respectively. The discrepancy
between the values of 4 and b could be linked to the size of the metal center, which is
likely to correspond to the size of the micro-pore diameter. The substitution of metal
does not affect the marked discrepancy in the c dimension. However, this dimension is
anticipated to be either less sensitive or insensitive to the size of the metal ion in cases
of isomorphic substitution within 1-D dimensionality and a hexagonal space group (R3),
which corresponds to the similar behavior observed among metal centers in CPO-27 with a
trigonal space group [34,50]. The decent agreement between the lattice parameter behavior
from the simulation with the literature data has proven that the structure tested is the
CPO-27 group, and any difference in achieving adsorption capacity may be due to the
bonding length and the attraction of the adsorption sites.

3.2.2. Fourier Transform IR (FTIR) Spectroscopy

Similar to powder X-ray Diffraction (XRD), the IR spectroscopy region of the organic
ligand in CPO-27 is between 650 and 1800 cm !, which was commonly taken as fingerprints
for this material. XRD is sensitive to the crystal structure of the material, while that
region in spectroscopy is more sensitive to the conformational or local environment of
organic molecules (short-range information) [34]. Figure 4 shows the FTIR spectra for the
CPO-27 group, and similarities between the IR region and the experimental result can
confirm (dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) that the organic ligand is present,
as strongly indicated by M-based CPO-27 groups.
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Figure 4. FTIR Spectroscopy of M-CPO-27 (M = Ni (II) and Co (II)).

FTIR analysis of this study has proven that the structure of M-CPO-27 (M = Co, Mg,
Ni, and Co) has been achieved. Mg-CPO-27 and Zn-CPO-27 (not shown in the figure)
follow a common pattern due to the isostructural nature of CPO-27.

3.2.3. Adsorption CO; of Synthesis M-CPO-27 (M = Co, Mg, Ni and Zn)

It is important to validate the computational method using the experimental approach
as the structure in the simulation was assumed in bulk and pure conditions without any
defects [36,51]. Meanwhile, in real conditions, it is very difficult to synthesize defect-free
crystals [36]. Therefore, an experimental study is needed to validate the simulation method.
Figure 5 shows the low pressure of CO; adsorption isotherms collected for M-CPO-27
(M = Co, Mg, Ni, and Zn) using the solvothermal method at 298 K.
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Figure 5. CO; adsorption on M-CPO-27.

Adsorption is reported to occur when molecules of gases such as CO, stick to the
surface of solid material, and in this case, the CPO-27 group indicates that adsorption is
a phenomenon that occurs at the surface of materials [52,53]. In Figure 5, it is shown that
Ni-CPO-27 achieves a higher adsorption capacity compared with Mg, Co, and Zn metals.
At a pressure of 1 bar, the nickel-metal center provides a value of 5.6 mmol/g of CO,
adsorption followed by magnesium, cobalt, and zinc, which have 4.6 mmol/g, 4.5 mmol/g,
and 4.4 mmol/g, respectively. Thus, it provides the trend of Ni > Mg > Co > Zn compared
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with the screening method of Ni > Zn > Mg > Co for metal center performance on CO,
adsorption. However, both methods agree that nickel is the best metal center. The difference
in trends for the zinc metal center in the experiment is due to defects caused by the
synthesis procedure. In addition, it is reported that the charge of the metal tendency of
Zn?* oxidizes and forms Zn3*, which could be the result of crystalline defects and provides
lower adsorption capacity [34,36,42]. The same condition occurs for cobalt metal centers as
described in Section 3.1. This study shows agreement that the nickel-metal center should
be selected due to the promising result in achieving high CO, adsorption compared with
other metals. The promising robustness in water for Ni-CPO-27 compared with other metal
centers provides added value for future works [3,39,54].

4. Discussion

In experimental works, metal centers in an organic ligand are expected, when not fully
activated, to attract CO, molecules compared with simulation, resulting in a difference
in the adsorption trends achieved. The function of loading achieved in the experiment is
~0.8 CO, per metal center, while in the simulation, every metal center was activated to
attract CO, molecules (one CO, loading per metal in the simulation) [35,50]. Adsorption is
significantly influenced by open metal sites, where the strong Lewis acid-base interaction
between the metal ions and the oxygen atom of CO; at the primary site, as well as the
carbon atom of CO, with the oxygen atom in the organic linker at the secondary site, results
in high CO, adsorption [28]. At a low pressure of 0.1 bar, as seen in Figure 5, it is shown
that magnesium and nickel metal centers achieve almost the same adsorption capacity
compared with cobalt and zinc, which may be due to the low interaction that occurs for its
metal attraction to CO,. As increasing pressure is applied, the interaction of Ni-CPO-27
with CO, leads to the trend of providing higher adsorption capacity, which may be due
to the structure purity, as in XRD, Ni-CPO-27 is able to achieve higher peak crystallinity
compared with other metals. The primary adsorption is expected to vary throughout the
series, but as the pressure increase, the saturation of CO, atoms at the metal center leads to
the secondary site’s interaction occurring and is expected to resemble one another due to
the nature of the framework being isostructural [34,36]. Indeed, magnesium, cobalt, and
zinc metals have very similar CO, adsorption at 1.0 bar, which may cause the materials to
already approach the saturation capacity of primary adsorption [36]. Certain reasons may
cause the difference in trends achieved compared with other literature, such as structural
changes in the framework that are assumed to occur, the presence of impurities, remaining
ligand/solvent blocking the pores or open metal sites, or crystalline defects that can block
CO; access to the channels [36]. Therefore, the aid of a simulation study can help to support
the result achieved in this study.

Due to the higher adsorption capacity achieved in this work, the Ni-MOF-74 molecule’s
behavior and attraction were further studied in order to identify its applicability. Table 2
indicates the adsorption capacity in this work compared with the previous study.

Table 2. Adsorption capacity of CO; for this experimental study.

Adsorption Capacity CO, (mmol/g)

Adsorbent
sorbent Ni-CPO-27 Mg-CPO-27 Zn-CPO-27 Co-CPO-27
Experiment 5.56 4.60 4.47 4.40
Caskey et.al [23] 5.08 6.52 5.00 6.30
Andirova et al. [3] 3.90 4.93 2.83 1.25

Table 2 specifies that this study is able to achieve a higher capacity of CO, for the
Ni-CPO-27 metal center of 5.56 mmol/g, compared to other studies [3,21]. It is shown that
both previous studies have a magnesium metal center with higher adsorption capacity,
where the trend of the metal center for Caskey et al. and Andirova et al. showed Mg > Co >
Ni > Zn and Mg > Ni > Zn > Co, respectively [3,21]. The difference in the value achieved
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may be due to the factor of crystalline defects or the blockage of pores [36]. However, this
study provides a satisfying value that can be compared with other literature data, and
Ni-CPO-27 can be selected as promising metal centers for further study.

The attraction of Ocop2-Mframework in Table 1 can explain why the adsorption of Ni-
CPO-27 provides the highest value compared with other metals for this work. CO, shows
a closer distance from the nickel metal center (2.04 A) compared with magnesium (2.61 A),
hence the consequences of better performance in CO, uptake. The guest-host interaction
becomes less important in the limit of high CO, uptake where the accessible volumes for
CO, are dominant [22]. Further improvement should be performed in simulation and
experimental work to identify the strength of metal ions with CO; attraction, such as includ-
ing a polarization technique and using the Density Functional Theory (DFT) calculation
with Hubbard U analysis with certain metal centers (e.g., cobalt) due to the presence of the
semi-d orbital, which cannot properly describe the strong electronic interaction [16,22]. In
addition, the molecular structure and metal center binding energy plays a certain role in
the determination of adsorption, requiring a detailed study of this factor.

5. Conclusions

In this preliminary investigation, the screening of different metal centers for CPO-27
groups (M = Mg, Ni, Co, and Zn) allowed us to discover the trend of metal centers in
the adsorption of CO,, where the initial trend gives Ni > Zn > Mg > Co. This simulation
study uses GCMC calculation for its ability to identify the adsorption capacity of CO,
with insertion, deletion, translation, and rotation movement. It is found that adsorption
may occur at three different sites (where site I focuses on the metal center, site II on
the attraction at organic linkers, and site III on the disordered center of the framework).
However, this study focuses on lower pressure, where the adsorption of CO; at site I
becomes dominant. The selection of the metal center procedure further continues with
experimental work, where the simulation study may vary with the real situation due to the
absence of impurities and structure decomposition applied; thus, the aid of experimental
studies is needed for the selection of the metal center. M-CPO-27 was further synthesized
using the solvothermal method at ambient temperature and pressure of up to 1 bar. This
study found that Ni-CPO-27 provides the highest adsorption capacity of 5.6 mmol/g of
CO;, compared with other metal centers. In the experimental result, the trend was found to
be Ni > Mg > Zn > Co, where there is agreement that nickel is the best metal for selection.
The different positions for the zinc metal center in the screening and experiment are due to
the metal ion charge, where it oxidizes and become Zn3*. Additional information regarding
XRD analysis determined that the crystalline structure of CPO-27 has been achieved in this
study. Higher adsorption of Ni-CPO-27 achieved in this work will be an advantage for
future work as it is reported to be robust in the presence of water. Further study should
be performed on the crystallographic position of CPO-27 to identify the isosteric heat of
attraction, the binding energy for the metal center, structure stability applications, and the
selectivity of CO, over other gases.
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