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Abstract

In this study, a novel CO» adsorbent was synthesized using a rapid microwave-assisted process, combining iron and
cobalt metal ion precursors with terephthalic acid. A spindle-shaped bimetallic MOF sorbent with a crystal structure
similar to MIL-88B was observed. The properties of the bimetallic MOFs were studied in comparison with their
monometallic equivalents, and the mixed-metal MOFs showed a higher surface area and greater CO, adsorption
capabilities. X-ray photoelectron spectroscopy studies revealed the presence of both bi- and trivalent ions, although only
Fe’" and Co?* were used in the synthesis. Furthermore, the bimetallic MOFs exhibited coordinatively unsaturated metal
sites, as evidenced by the acid-base titrations. Structural defects from incomplete coordination due to rapid synthesis and
mixed-valence metal ion substitutions led to strong acidity. As a result, the bimetallic adsorbent exhibited a CO»
adsorption capacity of 1 mmol g*! with a 40-fold selectivity of CO, over N> under ambient conditions. The synthesis of
adsorbents via the microwave process provides an energy-efficient pathway to produce MOFs with abundant active sites

for selective CO; capture.

Keywords: Metal-organic frameworks, Microwave synthesis, CO capture, High selectivity, Coordinatively unsaturated

metal sites

Introduction
Anthropogenic carbon dioxide (CO;) emissions methods that could be used to minimize this

have increased global atmospheric CO; concentration to
an annual average of 419 ppm in 2022/2023,
corresponding to a rise in global mean surface
temperature of 1.1 °C [1]. As predicted, the atmospheric
CO, concentration will increase significantly in the
following decades with the increase in global energy

consumption. Researchers are developing various

phenomenon, where direct air capture (DAC) is
considered one of the promising technologies that can
be scaled up to achieve net negative CO, emissions,
possibly in the near future. Scalable, non-toxic, energy-
efficient, and sustainable materials that are appropriate
for large-scale carbon capture plants are crucial for CO,
capture at ambient pressure. Metal-organic frameworks
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(MOFs) are one of the well-studied materials for CO,
sorption and have outperformed most traditional
sorbents, indicating their potential to be utilized in large-
scale applications [2].

Metal-organic frameworks are a unique category
of highly porous materials, formed by coordinating
metal ion clusters (secondary building units -SBUs)
with organic linkers. These highly ordered porous
structures create one-, two-, or three-dimensional
networks with various physicochemical properties. The
crystalline structure and porosity of the MOFs can be
varied by choosing different types of metal ions and
organic linkers [3]. MOFs are used in various
applications owing to their advantageous properties,
including high surface area and tunable structure. Due
to their highly porous nature, high surface area, and
framework flexibility, MOFs have been extensively
used in CO; capture applications. ZIF-8 [4], IRMOF-1
[5], and MIL-101 [6] are among the few materials well-
studied for their CO; sorption properties, with sorption
capacities of 0.84, 1.92 and 1.60 mmol g!, respectively.
Various strategies have been employed to enhance the
CO; adsorption performance of MOFs, including linker
modification and the use of modulators to introduce
structural defects. These modifications, including
introducing binary metal ions, have not only increased
CO; uptake but also contributed to improved structural
stability of the MOF candidates [7]. Mg-MOF-74 is one
of the top-performing MOFs, which has shown reduced
CO;, uptake properties due to the structural
compensation via competitive coordination of water
molecules in the coordinatively unsaturated sites [8].
The moisture stability of Mg-MOF-74 has been
improved by incorporating a second metal ion, such as
Co?* and Ni?*, which are stable in moisture conditions,
unlike Mg? [9].

Hence, our interest is in using bimetallic MOFs, as
they have shown impressive performance in gas
sorption, compared to monometallic MOFs. Introducing
a secondary metal ion into the SBUs leads to defects in
the MOF framework, arising from differences in the
radius or charge of the newly added metal ions, forming
coordinatively unsaturated metal sites (CUS) in the
framework. The CUS plays a vital role in CO;
adsorption in MOFs, being the primary coordination site
for guest molecules. Among various reported materials,
Mg/DOBC MOF is an interesting example of MOFs that

possess coordinatively unsaturated sites (CUS) or open
metal sites (OMS) in its structure [7]. The CPO-27-M
MOF series, containing a large number of OMSs, has
demonstrated excellent CO, adsorption properties of
approximately 25-30 wt% CO; at elevated temperatures
of 437 K [10]. MOFs with OMSs or Lewis’s acid sites
interact with CO, molecules due to the partial positive
charges on the uncoordinated metal centers [11]. The
study carried out by Yazaydmn et al. [12] by screening
14 different MOFs for CO; capture from flue gas at low
pressure (0.1 bar), suggested that the observed higher
CO; adsorption capacity is due to the higher density of
coordinatively unsaturated sites in the MOF structure. It
was further stated that the improved CO, adsorption
properties and conversion capability in Cu-based mixed
metal MOFs were also due to the numerous OMSs [13].
Hence, it is clear that the enhanced adsorption capacity
of CO, is caused by forming potent and selective
interactions between the host structure and the CO» via
coordinatively unsaturated sites. The MIL-88 series has
garnered our interest due to its flexible framework and
the potential to introduce coordinatively unsaturated
sites into the structure through cluster modification.
Moreover, most of the reported studies have focused on
enhancing the BET surface area or incorporating
functional groups to improve CO; uptake capacity,
while relatively few have concentrated on improving the
sorption capabilities of MIL-88B through the
introduction of heterometallic SBUs.

This work focuses on the CO, adsorption
properties of bimetallic Fe/Co MOFs synthesized by a
microwave-assisted solvothermal route compared to
their monometallic equivalents. Furthermore, the study
investigates the role of coordinatively unsaturated sites
in CO; selectivity over N gas in the synthesized MOFs.
The bimetallic MOFs were characterized using FTIR,
XRD, TEM, FE-SEM, and XPS to determine the
chemical and physical properties. Furthermore, the N>
adsorption properties at 77 K and acid-base titrations
were conducted to understand the porosity and
coordinatively unsaturated sites, respectively. The CO,
adsorption tests were conducted at room temperature
from 0-1 bar pressure to determine the adsorption
capacity and selectivity over N,. Furthermore, the
bimetallic MOF underwent heat treatment at high
temperatures to destabilize the framework, and CO;

adsorption was performed to validate the significance of
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the CUS and the well-defined framework for gas
adsorption. Therefore, this study provides a fast and
energy-efficient method to prepare heterometallic
MOFs, which could enable large-scale production of
active materials for selective CO, capture applications

in various industries.

Materials and methods

Materials

The chemical used in this study was analytical-
grade and used without any purification. Iron(III)
chloride hexahydrate (FeCl3-6H,0, >= 99 %), cobalt(Il)
chloride tetrahydrate (CoCl,-4H,0, 98-102 %), sodium
hydroxide pellets (NaOH, 98 %), methanol (CH3;0H,
99.9 %), N,N-dimethylformamide (DMF, 99.9 %), and
sodium nitrate (99 %) were obtained from Carlo Erba
Reagents, Italy. Concentrated hydrochloric acid (HCI-
37 %) was purchased from Quality Reagent Chemicals,
Malaysia, and 1,4-benzene dicarboxylic (BDC, 99+ %)

linker was obtained from Thermo Scientific, USA.

Heterometallic
Clusters

Rapid
Microwave
+ Synthesis

H:BDC Linker

Synthesis of metal-organic frameworks

The synthesis and optimization of bimetallic and
monometallic MOFs have been reported in detail in our
previous work [14]. In brief, 5 mmol of iron and cobalt
metal ions were mixed with 5 mmol of terephthalic acid
(BDC) linkers and 0.4 M Sodium hydroxide solution
using DMF as the solvent. The bimetallic MOF was
synthesized using optimized iron and cobalt metal salts
in a 2/3 ratio, as established in our previous work. The
reaction was conducted in a 100 mL Teflon-lined
microwave reactor at 140 °C for 20 min, where the ramp
time was set to 10 min (maximum power of the
microwave reactor was set to 500 W). Figure 1
illustrates the arrangement of heterometallic clusters
with BDC linkers in forming bimetallic MOFs via
microwave-assisted synthesis. Further, the bimetallic
MOF was heat-treated at different temperatures under a
N> atmosphere, and its CO, adsorption properties were

studied compared to the as-synthesized samples.

Fe/Co Bimetallic MOF

Figure 1 Illustration of the rapid microwave-assisted synthesis of bimetallic MOFs.

Characterizations of MOF

The crystal structures of the synthesized samples
were examined using powder X-ray diffraction (PXRD),
performed on a Bruker D8 Advance diffractometer
(Bruker, Massachusetts, USA) equipped with a Cu-Ka
radiation source (A= 1.5406 A), with a step size 0f 0.02°,

operating at 40 kV and 40 mA. The morphology of the
bimetallic MOFs was studied using TEM (Jeol TEM-
2100Plus, Jeol Ltd., Tokyo, Japan) and FE-SEM
(Hitachi FE-SEM model SU8030, Hitachi High-Tech,
Tokyo, Japan). IR spectroscopy (ATR-FTIR) was
conducted on all synthesized MOF samples, and
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functional group analysis was carried out using (Nicolet
iS5 - Thermo Scientific, Massachusetts, United States).
X-ray photoelectron spectroscopy (XPS) was performed
on a Kratos Analytical AXIS Supra instrument (AXIS
Supra, Manchester, United Kingdom) using
monochromatic Al Ko radiation at 225 W for high-
resolution analysis. To determine the surface area and
pore size, N> adsorption-desorption isotherms were
measured at 77 K using a Micromeritics 3Flex
(Micromeritics, Georgia, USA). Before the analysis, the
samples were degassed at 150 °C for 12 h to remove any

adsorbed species.

Room temperature CO: adsorption analysis

All the CO; adsorption analyses were carried out
using Quantachrome Autosorb iQ-CMP gas adsorption
analyzer. The CO; adsorption capacity between 0 - 1 bar
of all synthesized MOFs was analyzed at 25 °C. Before
the adsorption experiments, the samples were degassed
at 100 °C for 2 h to remove any pre-adsorbed gases.
Approximately 80 -100 mg of the synthesized MOF
sorbent was used for each measurement. High-purity
CO2 (99.995 %) and N> (99.999 %) gases were
employed to study the selective adsorption behaviour of
the Fe/Co-BDC MOF. The selectivity factor from the
single-component gas adsorption isotherms was
calculated following the method described in our
previous work [15].

Results and discussion

Physicochemical properties of the synthesized
materials

Morphological analyses have been conducted on
all synthesized samples to identify their distinctive
microcrystalline structures. Figure 2 shows the FE-
SEM and TEM images of Fe/BDC, Co/BDC, and
Fe/Co-BDC MOFs. Cobalt BDC MOFs were observed
as 2D layers, similar to the Co(OH),BDC MOF
structure reported [16]. The average size of the Co/BDC
particles was larger than that of the bimetallic and
monometallic counterparts. The shape of Co/MOF
was a perfect 2D parallelogram of 2.8x1.9 pm in size.
However, the Fe/BDC showed an irregular spherical
shape where most particles were aggregated into several
clusters. There was no evidence of the formation of
spindle-shaped MIL-88B in the Fe/MOF sample. It was
clear that a drastic morphological change occurred when

Fe and Co were mixed, forming needle-shaped spindle-
like microcrystals of MIL-88B. The crystal structure and
nitrogen adsorption/desorption properties of the rapidly
formed bimetallic MIL-88B sample were further studied
to understand its porosity.

ATR-FTIR analysis was conducted initially to
identify the coordination environment, as the formation
of MOF occurs through the coordination between metal
nodes and carboxylate group (-COO) of organic linkers.
Successful coordination of the linker with Fe and Co
metal ions could be observed from the ATR-FTIR
spectra shown in Figure 2. (a) (red colour) showing the
asymmetric (~1544 c¢cm™) and symmetric stretching
vibration (~1387 ¢m™!) of -COO group of BDC linker.
The difference (A) between the asymmetric and
symmetric stretching frequencies (vas and vs) provided
valuable insights into the coordination environment of
the carboxylate groups (COO-) of the synthesized
materials. The separation between the asymmetric and
symmetric stretching bands in the Co/BDC MOF was
around 220 cm™, similar to the vibrational splitting seen
in the reported Co2(OH), BDC MOF featuring a two-
dimensional layered morphology. The splitting reduced
to approximately 190 cm™ in the bimetallic sample,
likely due to the coordination of BDC ligands with both
iron and cobalt within a ps-oxo-centered SBU
characteristic of MIL-88B, in contrast to the edge-
sharing CoOs SBUs in the two-dimensional Cobalt
MOF structure [14,17]. The observed shifts in the IR
spectra indicate variations in the coordination
environments of the synthesized MOFs, and PXRD
patterns were analyzed subsequently to further
understand their structural properties.

The crystal structures of Fe/Co-BDC, Fe/BDC,
and Co/BDC MOFs are shown in Figure 2 (b). The
prepared Co/BDC MOF appeared to have characteristic
diffraction patterns located at 26 8.8°, 14.1°, 15.8° °,
17.4° and 17.8°, which correspond well to the simulated
pattern of layered Cobalt MOF reported by Kumroo et
al. [18]. Fe/BDC MOF showed mixed phases of
intermediate MOF-235 [19], and the presence of peaks
at 24.2°, 33.1° and 35.6° confirms the formation of iron
oxides (a-Fe»O3). Hence, it was clear that the short
reaction time disfavours the formation of monometallic
MIL-88B(Fe), due to the effect of [FeCls]” counter ion,
which leads to the formation of MOF-235(Fe) [20]. In
the bimetallic MOF sample containing both Fe and Co,
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the diffraction pattern corresponded to that of MIL-88B,
showing characteristic peaks at 28 values of 8.8°, 9.3°,
10.5°,16.7°, 18.6° and 20.8° [21]. The peaks observed at
9.3°, 10.5° 16.7°, 18.6° and 20.8° correspond to the
swollen or open phase of the MIL-88B, which is
characterized by an increased unit cell volume.
Moreover, the computational study on metal ligand
covalency in the carboxylate ligands showed that the

Co/BDC
(@) Feico-BDC
Fe/BDC

Intensity (a.u.)

IVA N

1650 1500 1350 1200 1050 900 750

Wavenumber (cm™)

L (b)
| PN

Co/BDC

Fe/Co-BDC

JJ_L__»__.J\.A._A_

Fe/BDC

Intensity (a.u.)

8 12 16 20 24 28 32 36 40 44
20 (degree)

fraction of covalency increases as the oxidation state of
the metal cation increases [22]. Since cobalt is in its 2+
state and Fe3" is highly reactive, the second metal in the
synthesis process has significantly influenced the
formation of bimetallic MOFs. Hence, it was confirmed
from the PXRD patterns that the bimetallic MOF has
taken MIL-88B topology in a short reaction time.

Figure 2 (a) FTIR spectra and (b) XRD patterns of Fe/BDC, Co/BDC, and Fe/Co-BDC MOFs. FE-SEM, TEM images
of Co/BDC (c) and (d), Fe/Co-BDC (e) and (f), Fe/BDC MOF (g) and (h).

The microwave-assisted synthesis method
produces MOFs in an energy-efficient way under a short
reaction time, whereas solvothermal techniques
generally take a few days. In a typical solvothermal
setup, achieving high temperatures takes longer, thus
consuming more energy. The rapid heating of the
reaction mixture in a microwave setup, where energy is
primarily absorbed by the solvents while the reactor
remains unaffected, makes this method ideal for scaling
up. Similarly, the synthesis of MIL-100 using the
energy-efficient microwave approach has reduced its
reaction time from 4 days to 4 h [23]. Unlike

conventional heating, microwave heating is volumetric,
enabling uniform reaction through the entire reaction
volume, thus ideal for use in continuous flow tubular
reactors. The reported work on Iron-based MIL-100
MOF was synthesized using a microwave-assisted
continuous flow reactor, achieving a high space-time
yield of ~771 kg/m*/day [24], demonstrating the
efficiency of the microwave-assisted technique. The
synthesized MOFs were further characterized using
nitrogen adsorption-desorption isotherms to gain
insights into their porosity-related properties.
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Figure 3 N, adsorption-desorption isotherm and pore size distribution. Co/BDC (a), (al), Fe/Co-BDC (b),(bl) and

Fe/BDC (c),(cl).

The surface area and pore size of the synthesized

MOF materials were evaluated by N, adsorption-

desorption isotherm experiments performed at 77 K.
Co/BDC MOF, Figure 3 (a) showed type IV isotherm
with a hysteresis loop between 0.8 and 1, indicating the

presence of mesopores, which corresponds with the
study reported by Xuan et al. [25]. The Fe/BDC MOF,
shown in Figure 3 (c), exhibited the typical type I

isotherm, indicating its microporous structure [26].

Interestingly, when Fe and Co metals are mixed, the
bimetallic MOF showed the type I and type IV isotherms
with a hysteresis loop, suggesting the presence of
micropores as well as mesopores within the structure
[27]. However, from the BJH pore size distribution
shown in Figures 3 (al), (b1) and (c1), it was clear that
Co/BDC showed the maximum pore size of ~2.71 nm
and a pore size range between 6.44 and 16 nm,

confirming the mesoporous nature. Monometallic
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Fe/BDC showed very high microporosity with a pore
size of 1.92 nm, and the Fe/Co-BDC MOF showed
mixed pore size with ~1.92 nm and pores ranging
between 6.42 - 16 nm, describing the presence of both
micropores and mesopores. Although the surface area
was not extensive, a notable enhancement was seen in
the Sger surface area of the bimetallic MOF (79.3 m? g
1) compared to its monometallic variants (Sggr of 8.9 m?
g!'- Co MOF and 24.1 m?g™!' - Fe MOF). Hence, doping
Fe with Co to create a heterometallic MOF has resulted
in a material with unique mixed pore properties and high
surface area, distinguishing it from monometallic
MOFs. Therefore, the synthesized Fe/Co-BDC
bimetallic MOF was further evaluated using XPS

analysis.

XPS analysis

The metal nodes of the MOFs were characterized
via X-ray Photoelectron Spectroscopy to gain more
information about the binary metal ions and their
valences. Wide scan XPS spectra of all synthesized
MOFs show the presence of Fe and Co metal ions, C and
O in the samples. The two spin-orbit components and
satellite peaks were observed in the Fe 2p region, which
was deconvoluted using the Gaussian fitting method
(Figures 4 (b) and (c¢)). The peaks correspond to 2p1/2,
and Fe 2p3/2 were observed at 725.3 eV and 711.6 eV,
indicating that the valence state of Fe was largely in the
Fe'! state, considering the band separation of 13.4 eV
[14,28,29]. The presence of Fe!' in the bimetallic MOF
was evidenced by the peak shift observed towards the
lower energy region with a slight shoulder, unlike its
monometallic Fe/BDC sample. Therefore, the peak at
709.7 eV in the deconvoluted Fe 2p3/2 was attributed to
Fe'l, while the peak at 711.6 ¢V was assigned to Fe'
[14,30].

The high-resolution Co 2p spectra were also
deconvoluted using the Gaussian fitting method
(Figures 4 (d) and (e)), which identified 2 spin-orbit
states along with 2 shakeup peaks. Peaks observed at
794.7 and 779.2 eV in both the cobalt-containing MOFs
were ascribed to Co 2p1/2 and Co 2p3/2. The valence
states of cobalt were identified by analyzing the
difference in spin-orbit coupling values for Co 2p1/2
and Co 2p3/2, which was 15.5 eV, suggesting that both
Co" and Co' coexist, even though only Co*" ions were
used during the synthesis [31]. Hence, the XPS analysis

revealed that the secondary building units of the
bimetallic MOFs contain both Fe?*** and Co?"?*, which
could potentially result in structural mismatches within
the framework during synthesis due to the competition

between metal ions and ligands.

Acid-base titration of the synthesized MOFs

Morphological and physicochemical analysis of
synthesized MOF samples evidence that the presence of
hetero metal ions and rapid synthesis process could
create favorable conditions for MOF formation with
structural defects via mismatch during the synthesis. To
gain further insights into these defective sites, an acid-
base titration was conducted to identify the types of
protons present in the synthesized MOF samples
(Figure 5). The surface solid acid properties/Bronsted
acidity was probed using acid-base titrations, where the
acidity possibly could originate from the water
molecules situated in the coordinatively unsaturated
sites, structural hydroxyl groups, and hydroxyl groups
stabilizing the MOF structure [32]. Two equivalence
points were observed for Co BDC MOF measured at 0.8
+ 0.01 and 1.94 + 0.01 with assigned pKa values at 4.2
and 7.7. Similarly, the equivalence points for Fe BDC
MOF were measured at 0.7 + 0.01 and 0.9 + 0.01 with
pKa values assigned at 3.3 and 3.6, respectively. Three
major equivalence points were observed in the
bimetallic MOF samples measured at 1.04 £ 0.01, 1.80
+0.01 and 2.18 £ 0.01 with pKa values assigned at 3.3,
4.1 and 5.0, respectively. The first pKa value observed
for each MOF could be assigned to the p3-OH proton in
the structure, and the common pKa value ~4 is most
likely due to the uncoordinated -COOH terminals of the
BDC linkers. The third observed proton presumably
corresponds to defect sites in the MOF structure, which
was observed only in the bimetallic MOF sample [33].
Hence, the three pKa values observed for the bimetallic
MOF candidate could be attributed to ps-OH, -OH»/-
COOH, and -OH protons, whereas monometallic MOFs
only observed the pKa values mainly corresponding to
the p;-OH.

Moreover, we have observed that the bimetallic
MOF sample acidifies neutral DI water to pH 4.2 upon
incubation, a phenomenon consistently seen over 10
successive cycles. The strong bonding between
coordinatively unsaturated sites/defective sites and ps-
OH in the dispersed MOF solution can lead to the
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detachment of a proton from water molecules, resulting pKa values for bimetallic MOF as shown in Figure 5
in acidic aqueous solutions, which agrees with the (b), confirming the existence of coordinatively
results obtained from the acid-base titration. The unsaturated metal sites due to the mismatch during the
Bronsted acidity was clearly evidenced with the synthesis.

presence of multiple equivalent points, resulting in three
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CO: adsorption properties and CO: selectivity
over N2

The CO; adsorption carried out at room
temperature at low pressure between 0 to 1 bar is shown
in Figure 6 (a). It was noticed that the Fe/BDC and
Co/BDC could absorb 0.39 and 0.11 mmol g,
respectively. However, a significant improvement was
observed when Fe/Co-BDC MOF with 1 mmol g! CO»
adsorption capacity, which was the highest among the
synthesized samples. The higher CO, adsorption can be
attributed to the strong electrostatic interactions between
incoming CO, molecules and coordinatively unsaturated
sites in the MOF structure observed in the synthesized
bimetallic MOF [13]. Furthermore, this phenomenon
was explained by L. Grajciar ef al. [11] in their work on
Cu-BTC MOF, where DFT and ab initio calculations
were used. Grajciar concluded that the CO, adsorption
on Cu-BTC MOF was due to the electrostatic
interactions with the coordinatively unsaturated sites (or
open metal sites) (Cu?>") and the dispersion-driven
interactions in the cage window sites. PDC Dietzel et al.
have experimentally proven the direct interaction of
CO; with nickel cations in the monometallic CPO-27-Ni
framework via FTIR analysis [34]. Hence, the higher
CO; adsorption capacity observed in Fe/Co MIL-88B of
this work could also be attributed to open metal sites
(OMS) and the OMS-driven larger cages in the
structure. Furthermore, the multivalent species Fe**/?*
and Co?"3* observed in the MOF structure can further
generate defects or mismatches in the structure,
resulting in larger cages due to the incompletely
coordinated metal sites, which favor the adsorption of

CO; molecules [35]. A similar phenomenon was
observed in our previous work on defective UiO-66,
where reo-defects played a significant role in CO;
capture by stabilizing CO; within the confined pores
[15]. Zhou et al. [36] further reported that the Mg metal
sites in the bimetallic MIL-101(Cr,Mg) framework
exhibit stronger interactions with CO> compared to the
Cr sites, contributing to the higher CO, adsorption
observed. When evaluating the Fe-MOF or the MOF-
235 phase, we notice a lower CO, adsorption of 0.39
mmol g due to the lack of unsaturated active sites.
Thus, the defects in the bimetallic MOF directly
contribute to its higher CO, adsorption capacity and
increased selectivity. The selectivity of CO, over N» for
Fe/Co-BDC MOF was studied considering a single gas
component at 1.0 bar and 25 °C and calculated using the
equation reported in our previous work, where the
maximum quantity of CO, and Ny (mmol g) is
considered at the relative pressure of 1 bar, respectively
[15]. The equation for calculating CO; selectivity over
N> is shown below. The obtained CO»/N> selectivity
was 40 times as shown in Figure 6 (b), higher than some
of the bimetallic MOF candidates reported by several
researchers. The CO»/N; selectivity of Cu'TMA(Co) and
CuTMA(Fe) is about 16 times [13], while MOF-74(Ni)
shows 27.6 times [37] at 1.0 bar pressure and 25 °C. This
was mainly due to the contribution of the metal centers
for the selective sorption, which can be attributed to the
direct interaction of CO, with the metal cation

framework.
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q1/p1

Selectivity factor =
ty q2/p2

(M

In this expression, the maximum quantity of CO,
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Moreover, the bimetallic MOF sample was then
heated at elevated temperatures to destabilize the
framework, turning it into carbon to understand the
effect of coordinatively unsaturated sites and well-
defined pores in the framework. The FTIR spectra of the
MOF samples heat-treated at different temperatures
were also collected and examined for the disappearance
of the characteristic peaks of coordinated BDC linkers
to confirm the framework disassembly (Figure 6. (c)).
The CO, adsorption capacity of the destabilized/heated
sample significantly decreased from 1 to 0.08 mmol g!
(Figure 6 (d)), further highlighting the importance of

the coordinatively unsaturated sites and the well-defined
pore structure of the MOF framework for CO;
adsorption. In summary, the rapid synthesis has caused
defect formation in the bimetallic MOF framework,
while the presence of multivalent mixed metal ions
further promotes the mismatch via competitive
coordination. When the CO; and N, were introduced,
the CO;

unsaturated metal centers, resulting in higher adsorption

interacted particularly with the open

and selectivity.
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Conclusions

This study demonstrates an efficient, rapid
microwave-assisted synthesis of Fe/Co-BDC MOFs
with a MIL-88B topology for CO» capture at ambient
conditions. Reducing the synthesis time to under 20 min
provides a scalable and energy-efficient approach to
MOF production without compromising
physicochemical properties. The microwave synthesis
in this study consumes approximately 0.25 kWh per
batch. In contrast, the solvothermal oven, rated at 3,000
W and assuming it operates at 50 % of its full power for
about 2 days, consumes roughly 70 kWh per batch. The
Fe/Co-BDC MOF features a high surface area and
coordinatively unsaturated sites, which enhance CO,
adsorption and selectivity, showing around 40 times
higher affinity for CO, over N,. The mixed-valent Fe
and Co metal centers were unveiled via XPS analysis,
and the acid-base titrations evidenced the defect-
mediated CUS sites in the mixed metal MOF sample.
The enhanced CO: adsorption capacity and selectivity
over N2 in bimetallic MOFs can be attributed to the
strong electrostatic interactions between CO, molecules
and the MOF framework. Therefore, the microwave-
assisted synthesis approach presented in this work offers
an energy-efficient and rapid method, showing strong
potential for the large-scale production of materials
aimed at industrial CO, capture. This study provides
insights into the design of metal-organic frameworks
(MOFs), particularly highlighting the role of
heterometallic centers and coordinatively unsaturated

sites in achieving selective CO; capture.
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