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H I G H L I G H T S

• The microdroplet-based spray enables
facile bimetallic MOFs manufacturing.

• Incorporation of secondary metal sites
slightly increases the surface area.

• Pore volumes positively correlate with
the atomic radii of secondary metal
sites.

• Secondary metal sites alter gas sorp-
tion capacity, adsorption heat and se-
lectivity.

• Geometry of adsorbed CO2 depends on
electronegativity of interacting metal
sites.
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A B S T R A C T

A microdroplet-based spray process was applied for the fast and facile synthesis of a range of bimetallic me-
tal–organic frameworks (MOFs), including Cu-TMA(Fe), Cu-TMA(Co), Cu-TMA(Mg), Cu-TMA(Al), and Cu-
TPA(Fe) (TMA: trimesic acid; TPA: terephthalic acid). By forming M-O (M: metal, O: oxygen) bonds with the
ligands, the secondary metal sites were incorporated into the framework partially substituting the original Cu
sites in the parent MOF (i.e., Cu-TMA), which induced changes in surface areas, pore structures, and gas sorption
properties. In particular, the bimetallic MOFs exhibited slightly higher surface areas than the parent MOF, which
was attributable to the expansion of the unit cells, specifically because of the elongated M-O bonds. Meanwhile,
the pore volumes of the MOFs showed a positive correlation with the atomic radii of the metal sites, suggesting
that the metal substitution is an effective method to adjust the pore structures of the MOFs. Additionally, diverse
gas sorption performances were observed among the bimetallic MOFs and the parent MOF, which was mainly
associated with the different electrostatic interaction between the gas molecules and the frameworks induced by
the incorporation of various secondary metal sites. Specifically, metal sites with larger electronegativity have a
higher impact on the properties of the adsorbed CO2, such as C]O bond length and O]C]O bond angle,
leading to more asymmetric geometry and polarization of the adsorbed CO2 molecules. As a result, the gas
sorption capacity, selectivity, and isosteric heat of adsorption vary with various secondary metal sites inside the
framework. The results from this work offer an alternative method for the rapid synthesis of bimetallic MOFs and
add new aspects to the fundamental understanding of gas sorption using bimetallic MOFs.
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1. Introduction

As a result of the heavy consumption of fossil fuels for the rising
energy demands, the increasing anthropogenic carbon dioxide (CO2)
emission is becoming a prominent contributor to global climate change.
Based on the data from the US National Oceanic and Atmospheric
Administration (NOAA) [1], the CO2 in atmosphere has reached
~415 ppm (May 2019), which is about 1.34 times that in 1960. To
reduce atmospheric CO2 concentration, it is vital to develop efficient
materials for carbon capture and storage (CCS). Metal-organic frame-
works (MOFs), a class of three-dimensional porous structure con-
structed with metals and organic ligands, have drawn huge attention for
CCS [2,3], primarily due to their intriguing advantages, such as having
a huge surface area, high porosity, and adjustable structure and func-
tionality [4–6].

In general, CCS using MOFs is mostly governed by the interactions
between CO2 and MOFs, which can be affected by MOFs’ properties,
such as framework topology, framework charges, and ligand chemistry
[7–10]. Taking MOF-74 for example, its excellent CO2 adsorption per-
formance mainly originated from strong Lewis acid and Lewis base
interactions through both oxygen in CO2 with metal ions and carbon in
CO2 with organic ligands [11], where the CO2 binding strengths are
tunable through adjusting the electrostatic interaction strengths by
changing metal atoms [12]. By comparing CO2 adsorption in ZIF-7, -11,
-93, and -94, which are built with the same metals and ligands but with
various topologies, pioneers pointed out the crucial role of topology in
CO2 adsorption [13]. More specifically, at low pressures (< 1 bar),
higher CO2 adsorption was observed with ZIF possessing smaller pores
(i.e., ZIF-7 and 94 with sodalite (sod) topology) rather than the coun-
terparts (i.e., ZIF-11 and -93, respectively; right half-open interval (rho)
topology). While at higher pressures, the scenario of CO2 adsorption
was reversed [13]. The adsorption of CO2 by MOFs can also be influ-
enced by environmental conditions, such as the presence of water [14].

To further improve the adsorption capacity and selectivity of CO2

molecules by MOFs, numerous strategies have been explored and de-
veloped, such as ligand functionalization [15], framework inter-
penetration [16], metal insertion [17], cation exchange [18], and

substitution of metal ions in MOFs [19]. Among these strategies, metal
ion substitution has recently drawn mounting attention, through which
bimetallic MOF structures can be created via either direct synthesis or
post-synthetic modification (PSM) [20]. Typical examples of the bi-
metallic MOF structures include MOF-74(Zn/Co) [21], MOF-5(Zn/Co)
[22], MIL-53(Cr/Fe) [23], MOF-199(Cu/Ru) [24], ZIF-8(Zn/Cu) [25],
and POST-65(Mn/Cu) [26]. In general, the partial metal substitution by
a secondary metal ion induces variations in porous structures and ad-
sorptive sites, which could subsequently affect the gas adsorption
properties [20]. For example, bimetallic MIL-101 was prepared via
partial substitution of Cr with Mg, where homogeneous dispersion of
Mg was achieved in the framework through the coordination with the
ligand (i.e., terephthalic acid) by forming Mg-O bonds [27]. The sub-
stituting Mg ions enhanced both CO2 adsorption capacity and CO2/N2

adsorption selectivity by 40% and ~4 times, respectively [27]. The
major reason for such an improvement was ascribed to the increased
surface area and additional CO2 adsorption sites after the Mg sub-
stitution. Notably, judicious selection of the substituting metal is also of
great importance. Given the vast amount of existing MOF structures,
various scenarios and mechanisms of CO2 adsorption are expected for
the bimetallic MOFs. Therefore, further efforts are still in need to
contribute to the full understanding of CO2 adsorption in bimetallic
MOFs.

Here in this work, the Cu ions in the representative MOF, Cu-TMA
(also called HKUST-1, TMA: trimesic acid), were partially substituted
with other metal ions (i.e., Fe, Mg, Co, and Al) using a microdroplet-
based spray system. In particular, this spray method enables the
synthesis process to occur inside microdroplets, where the heat and
mass transfer would be greatly enhanced [28], providing more thor-
ough mixing of the precursors and ultimately leading to the homo-
geneous dispersion of the secondary metal sites inside the bimetallic
MOFs. As demonstrated here, this method would offer an alternative
and highly facile route for the rapid synthesis of bimetallic MOFs.
Subsequently, systematic characterization was conducted to understand
the mechanism of metal substitution using this process. Results showed
that, the introduced secondary metal ions would substitute the Cu ions
and form M-O bonds (M: metal, O: oxygen) with the ligand. Both the

Nomenclature

Abbreviations

NOAA National Oceanic and Atmospheric Administration
CCS carbon capture and storage
MOFs Metal-organic frameworks
TMA trimesic acid
DFT density functional theory
TPA terephthalic acid
DMF dimethylformamide
DRIFTS diffuse reflectance infrared Fourier transform spectro-

scopy

IAST ideal adsorbed solution theory
CUS coordinatively unsaturated metal sites
TSA temperature swing adsorption

Symbols

pt total gas pressure
x mole fraction of the adsorbed gas component
y mole fraction of the gas component in bulk phase
q adsorbed quantity
S IAST selectivity
Qst isosteric heat

Scheme 1. Schematic illustration of the microdroplet-based spray process for the synthesis of Cu-TMA with in situ metal substitution.
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amount and species of the substituting metal ions affect the properties
and performances of the bimetallic MOFs. With the proper degree of
metal substitution, the as-prepared bimetallic MOFs maintained the
crystalline structure of the parent MOF. Whereas, an excessive amount
of secondary metal ions would impair the structural integrity by in-
teracting with the ligand which impedes the coordination between
Cu2+ and the ligand. In particular, the presence of the secondary metal
sites would slightly improve surface areas of the as-resulting bimetallic
MOFs, which might be due to the expansion of the unit cells. Ad-
ditionally, the pore volumes of the bimetallic MOFs increase with the
atomic radii of the secondary metals. CO2 and N2 sorption measure-
ments were carried out, from which the effects of secondary metal sites
on gas sorption were analyzed together with density functional theory
(DFT) simulations. Notably, the electronegativity of the secondary
metals was found to be vital to CO2 adsorption. Overall, this work will
shed light on both the synthesis route for bimetallic MOFs and depen-
dence of CO2 adsorption on the secondary metal sites in bimetallic
MOFs.

2. Materials and methods

2.1. General synthesis process

All the samples in this study were fabricated by using a micro-
droplet-based spray process. As shown in Scheme 1, the spray process
consists of an air supply system, a Collision nebulizer (6-jet), a tube
furnace (length: 1 m, inner diameter: 20mm), and a glass fiber filter
(EPM 2000, Whatman™) for sample collection. Typically, a precursor
solution containing metal ions and organic ligands is atomized into
microdroplets, which are subsequently carried by air flow (5 L/min)
through the tube furnace (200 °C for all samples except for Cu-TPA(Fe)
(TPA: terephthalic acid), where 100 °C was used). Inside the tube fur-
nace, the solvent evaporates, and the chemicals undergo nucleation and
crystallization. Finally, the samples were collected by the glass fiber
filter. The details of the precursor compositions are listed in Table 1.

2.2. Sample washing procedures

After their synthesis, all samples were scraped off the filter and
subjected to a dispersion-centrifugation process to remove residuals.
More specifically, Cu-TMA and Cu-TMA(Mg, Fe, and Co) were washed
with DMF twice followed by methanol once, while Cu-TPA(Fe) was
washed with DMF three times. The Cu-TMA(Al) was firstly washed with
DMF/DI water mixture (vol/vol= 2:1) twice and then methanol once.
All the samples were finally dried in the vacuum oven at 50 °C.

2.3. Material characterization

The elemental analysis of the samples was conducted using energy-
dispersive X-ray spectroscopy (EDX, Su-70, Hitachi). The powder X-ray
diffraction (PXRD) patterns were obtained from an X-ray diffractometer
(X'Pert PRO, PANalytical). Nicolet iS50 (Thermo Scientific) was used to
collect the Fourier transform infrared (FT-IR) spectra. X-ray photo-
electron spectroscopy (XPS) measurements were conducted by using a

scanning XPS microprobe (PHI VersaProbe III). Thermogravimetric
Analysis (TGA) was performed using TA Q500 under N2 flow with a
heating rate of 10 °C/min. The gas adsorption experiments were carried
out using Autosorb iQ (Quantachrome Instruments).

2.4. Dynamic CO2 adsorption

In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out to study the characteristics of adsorbed CO2

molecules and CO2 adsorption kinetics under the dynamic flow condi-
tions. Detailed procedures have been reported in a prior study.[29]

2.5. Computational methods

All density functional theory (DFT) calculations were conducted
with CP2K [30] (version: 6.1) using the Quickstep module. In parti-
cular, Perdew-Burke-Ernzerhof (PBE) function [31] was applied here
with semiempirical dispersion corrections (DFT-D3) [32]. The double-ζ
Gaussian-type basis set (DZVP-MOLOPT) [33] was used for metal
atoms, while triple-ζ Gaussian-type basis set (TZVP-MOLOPT) [33] was
employed for all other atoms. Goedecker-Teter-Hutter (GTH) pseudo-
potentials [34] were adopted here for all atoms. All calculations were
carried out with the primitive cell (Scheme 2B), which was derived
from the unit cell (Scheme 2A).

3. Results and discussion

3.1. Material characterization

As the first demonstration of the in situ metal substation via the
microdroplet-based spray process, a series of Cu-TMA(Fe) samples were
prepared by adjusting the molar ratios of Fe2+ to Cu2+ in the precursor
solutions from 0 to 1 (Fig. 1A). As shown in Fig. 1B-I, with increasing
Fe/Cu ratios, the color of Cu-TMA(Fe) was gradually tuned from blue to
yellow, indicating the successful substitution of Fe2+ with partial Cu2+

inside the frameworks. Despite the color variations, both Cu-TMA(Fe)
samples synthesized with the least and highest Fe2+ amount exhibited
spherical shape (Fig. S1), the same shape of the parent Cu-TMA as re-
ported in our prior study [35], which arose from the conversion of one
droplet to one particle in a typical microdroplet-based spray system
[36].

Further characterization of the as-prepared samples was conducted,
and detailed results are shown in Fig. 2. More specifically, the EDX
spectra (Fig. 2A) show that increasing the amount of FeCl2·4H2O in the
precursor solution will lead to a gradual increase of the Fe peak, but
consequently also leads to a decrease of the Cu peak intensity. Based on
the EDX spectra, the Fe/Cu ratios in the products were derived and
presented as a function of Fe/Cu ratios in the precursors (Fig. 2B). The
results showed that changing the Fe/Cu ratios in the precursor (mol/
mol, with fixed amount of Cu ions) from 0.1 to 1 led to the variations of
Fe/Cu ratios in products from 0.3 to 15.1, indicating that the percen-
tage of exchanged Cu in Cu-TMA(Fe) was tunable by simply adjusting
the amount of FeCl2·4H2O in the precursor solution. The discrepancy in
Fe/Cu ratios between precursors and products might be ascribed to the

Table 1
Precursor Compositions.

Samples Solvents/mL Ligands/g Cu(NO3)2·3H2O/g Secondary Metal Ions/g

Cu-TMA DMF 30 TMA 0.1261 0.2174 N/A N/A
Cu-TMA(Fe) DMF 30 TMA 0.1261 0.2174 FeCl2·4H2O 0.0179–0.1789
Cu-TMA(Mg) DMF 30 TMA 0.1261 0.2174 MgCl2 0.0086
Cu-TMA(Co) DMF 30 TMA 0.1261 0.2174 Co(NO3)2·6H2O 0.2619
Cu-TMA(Al) DMF/DI 30/15 TMA 0.1261 0.2174 Al2(SO4)3·H2O 0.0308
Cu-TPA(Fe) DMF 30 TPA 0.0997 0.2174 FeCl2·4H2O 0.0269

Notes: TMA: Trimesic Acid; TPA: Terephthalic Acid; DMF: Dimethylformamide; DI: Deionized Water.
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variations between Cu-TMA crystallization rate and Fe2+ substitution
rate (or in other words, varying preference for the TMA to interact with
Cu2+ and Fe2+) [37]. The structural integrities of the samples were
investigated with PXRD measurements. As exhibited in Fig. 2C, Cu-TMA
remained structurally intact with low Fe/Cu ratios (0.1–0.4) in the
precursors but started to become amorphous with Fe/Cu ratios over 0.4.
These structural changes were attributable to the effects of Fe sub-
stitution on the coordination of Cu with TMA as evidenced by the FT-IR
spectra (Fig. 2D). For the pure Cu-TMA, several dominant IR peaks were
observed at 760 cm−1, 1370 cm−1, and 1445 cm−1, which could be
assigned to CueO bond, symmetric and asymmetric vibration of TMA
carboxylate groups, respectively [38–41]. The peak at 728 cm−1 also
corresponds to the CueO bond, formed through the coordination of Cu
ions with TMA [42]. Notably, the intensity of this IR peak (i.e., CueO)
decreased with the increased extent of Fe substitution. Meanwhile, a
new peak appeared at 710 cm−1, corresponding to the FeeO bond [43].
This result suggested that the excessive Fe ions would interact with
TMA and thus impede the coordination of Cu with TMA to form Cu-
TMA crystalline structure. Excessive Fe ions also led to additional peaks

at 610 cm−1, which can be assigned to eOH in TMA [44]. This pro-
vided further evidence of poor coordination between TMA and Cu due
to the perturbation of excessive Fe ions. Meanwhile, the current
synthesis parameters (e.g., temperature and reaction time) were de-
signed for Cu-TMA and are unfavorable for the formation of three-di-
mensional Fe-TMA framework, which explains the amorphous structure
at high Fe/Cu ratios in precursors (Fig. 2C).

The chemical states of the elements in Cu-TMA and Cu-TMA(Fe)
were also studied using XPS. As shown in Fig. 3A, both samples ex-
hibited similar survey spectra, where dominant peaks of C1s and O1s
were clearly identified at 285 eV and 532 eV, respectively. To further
analyze the effects of Fe substitution on the chemical states of elements
in Cu-TMA, high-resolution XPS spectra of Cu2p, O1s, and Fe2p were
obtained (Fig. 3B-D). As shown in Fig. 3B, the element of Cu in pristine
Cu-TMA showed a peak at ~935 eV and two peaks between 938 eV and
948 eV, corresponding to the Cu2p3/2 main peak and satellite peaks,
respectively [45]. In the case of Cu-TMA(Fe), marginal difference was
observed for Cu2p3/2 in terms of peak positions and relative ratios,
which might be caused by various coordination environments as

Scheme 2. Unit cell (A) and primitive cell (B) of Cu-TMA.

Fig. 1. (A) Images of the Cu-TMA(Fe) precursors with various Fe/Cu ratios. Images of Cu-TMA(Fe) synthesized with increasing Fe/Cu ratios (mol/mol) in the
precursors: (B) 0; (C) 0.1; (D) 0.2; (E) 0.3; (F) 0.4; (G) 0.6; (H) 0.8; (I) 1.
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induced by the presence of secondary metal sites. Fig. 3C shows the
high-resolution spectra of O1s in both Cu-TMA and Cu-TMA(Fe). Both
samples have two peaks at around 531.8 eV and 533.1 eV, attributed to
O in metal clusters and carboxylates in TMA, respectively [46,47].
Notably, the ratios of the fitted peaks of O1s also varied between Cu-

TMA and Cu-TMA(Fe), which once again suggests that the changes in
the coordination environment were induced by Fe substitution. The
high-resolution Fe2p spectra are shown in Fig. 3D. As expected, no
peaks were observed between 705 eV and 725 eV for Cu-TMA. While an
apparent peak showed up at 714.6 eV for Cu-TMA(Fe), demonstrating

Fig. 2. (A) EDX spectra of Cu-TMA(Fe) samples; (B) The Fe/Cu ratios in Cu-TMA(Fe) as a function of the Fe/Cu ratios in precursors; (C) Powder X-ray diffraction
(PXRD) patterns and (D) FT-IR spectra of Cu-TMA(Fe) samples (From bottom to top: the Fe/Cu ratios in precursors increased from 0 to 1; Note: the amount of Cu ions
was fixed in the precursors).

Fig. 3. XPS spectra of Cu-TMA and Cu-TMA(Fe) (Note: The Fe/Cu ratio in the precursor for this Cu-TMA(Fe) is 0.3.) (A) Survey spectra; High-resolution spectra of (B)
Cu2p, (C) O1s, and (D) Fe2p.
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the successful substitution of Fe in Cu-TMA, which is consistent with
the results shown in Fig. 2.

The effects of Fe substitution on the thermal stability of Cu-TMA
were explored with TGA. As shown in Fig. 4, the pristine Cu-TMA ex-
hibited three stages of weight loss. The initial loss, at temperatures
below 80 °C, corresponds to the removal of guest molecules (e.g.,
water). The gradual weight loss between 80 and 300 °C is probably due
to the release of bounded molecules. The structure of the pristine Cu-
TMA is stable up to 300 °C, after which the decomposition of linker
begins. Similar TGA profiles were observed for the Cu-TMA(Fe) sam-
ples, all of which maintained their structural integrities up to 300 °C,
demonstrating that partial Fe substitution does not affect the thermal
stability of Cu-TMA. Interestingly, with the increasing substitution of
Cu with Fe, less weight loss was observed at the initial stage, indicating
that Fe substitution can decrease the adsorption of guest molecules
(e.g., water), which to some extent is better for the structural integrity
as Cu-TMA is vulnerable to excessive moisture [48].

In addition to Fe ions, the spray process is also applicable to sub-
stituting the Cu ions in Cu-TMA with other species, such as Mg, Co, and
Al. As demonstrated in Fig. 5A, these metal elements were clearly

identified in the EDX spectrum, indicating the successful substitution of
Cu with these metal species. The PXRD patterns of these samples were
presented in Fig. 5B, which showed that the crystalline structure of Cu-
TMA was still intact after the substation with these metals. Besides Cu-
TMA, the spray process for metal substitution also applies to other
MOFs. Here, as a demonstration, we successfully synthesized Fe-sub-
stituted Cu-TPA as shown in Fig. 5.

3.2. Surface areas and pore structures

In order to understand the effects of secondary metal sites on the gas
adsorption, four of the as-synthesized samples were selected and sub-
jected to detailed sorption analysis, including Cu-TMA, Cu-TMA(Fe),
Cu-TMA(Co), and Cu-TMA(Mg). In particular, the surface areas and
porous structures of the samples were analyzed with nitrogen sorption
isotherms at 77 K (Fig. 6A). As shown in Fig. 6A, all of the samples
showed similar nitrogen sorption isotherms. The sharp increase at low
relative pressures (P/P0 < 0.01) originating from the continuous
filling of micropores (pore width< 2 nm), which demonstrated the
domination of microporous structures in all samples. The increase at
high relative pressures and the evident hysteresis arise from pore con-
densation, which is the transition of gas to the liquid-like phase in pores
and indicates the existence of mesoporous structures. The pore size
distributions were determined using density functional theory and
agree well with the information obtained from the nitrogen sorption
isotherms. As presented in Fig. 6B, the as-prepared Cu-TMA exhibits
characteristic pore widths at 1.6 and 3.8 nm. With the substitution of Cu
with other metal ions, the overall pore structures were maintained with
minor changes (Fig. 6B). In particular, the pore size was still dominated
by ~1.6 nm while several additional pores showed up with sizes larger
than 1.6 nm, demonstrating the coexistence of microporous and meso-
porous structures. The Brunauer–Emmett–Teller (BET) surface areas of
Cu-TMA, Cu-TMA(Mg), Cu-TMA(Fe), and Cu-TMA(Co) were calculated
to be 930m2/g, 1462m2/g, 1487m2/g, and 1341m2/g, respectively
(Fig. 6C). Interestingly, the surface area of the Cu-TMA became slightly
larger after the metal substitution. The pore volumes of the samples
were derived using the DFT method, and results were also shown in
Fig. 6C. Notably, the pore volumes of the frameworks exhibit a positive
relationship with the radii of the substituting metal atoms. Specifically,
the atomic radii of Fe, Cu, Mg, and Co are 126 pm, 128 pm, 173 pm, and
200 pm, respectively. Correspondingly, the pore volumes of Cu-

Fig. 4. TGA results of Cu-TMA and Cu-TMA(Fe) samples. Note: the numbers in
parentheses refer to the Fe/Cu ratios in precursors.

Fig. 5. (A) EDX spectra and (B) PXRD patterns of Cu-TPA(Fe), Cu-TMA(Al), Cu-TMA(Co) and Cu-TMA(Mg).
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TMA(Fe), Cu-TMA, Cu-TMA(Mg), and Cu-TMA(Co) show the same in-
creasing trend with values of 0.636 cc/g, 0.662 cc/g, 0.709 cc/g, and
0.782 cc/g, respectively. The changes in both pore structure and surface
area of the framework are attributable to the unit cell expansion, which
was a result of the increased average length of the metal-oxygen bond
after the metal-substitution process [49]. For instance, the average
lengths of the Co-O and Fe-O bonds are 2.08 Å and 2.00 Å, respectively,
both of which are larger than that of the CueO bond (i.e., 1.70 Å),
eventually leading to the expansion of the unit cell of Cu-TMA(Co) and
Cu-TMA(Fe) by 0.043 Å and 0.019 Å as compared to that of Cu-TMA
[49].

3.3. Gas sorption analysis

The in-framework metal substitution plays a significant role in al-
tering the gas sorption behaviors of MOFs. To further elucidate this, the
sorption isotherms of two different gases (i.e., N2 and CO2) were
measured at 273 K and 298 K. As shown in Fig. 7, all the isotherms
exhibit reversible adsorption–desorption processes. More specifically,
Cu-TMA adsorbed 3.0mmol/g and 4.8 mmol/g of CO2 at (298 K, 1 bar)
and (273 K, 1 bar), respectively (Fig. 7A and B). With the partial sub-
stitution of Cu with Co, Fe, and Mg atoms, the capacity towards CO2

adsorption (298 K and 1 bar) of the modified structures was improved
to 3.7, 4.4, and 4.2mmol/g, respectively. This improvement in CO2

adsorption also stands at 273 K. In the case of N2 adsorption, Cu-TMA
and Cu-TMA(Co) showed similar N2 adsorption isotherms at both 298 K
and 273 K (Fig. 7C and D). While, the substitution of Cu with Fe and Mg
atoms slightly improved the N2 adsorption capacity of the structures.

To gather further insight, the adsorption selectivity of the CO2/N2

gas mixture (15% CO2 and 85% N2, mimicking flue gas composition
[50]) was analyzed on the basis of the pure-component adsorption
isotherms (Fig. 7) using the ideal adsorbed solution theory (IAST) [51].
Detailed simulation procedures are available in a prior study [52].
Briefly, the isotherms of N2 and CO2 were fitted with single-site and
dual-site Langmuir-Freundlich models, respectively. Then, the mole
fractions of the adsorbed gases were calculated using Eq. (1) with the
fitting parameters, after which, the adsorption selectivity factors were
predicted using Eq. (2).
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where, pt stands for total gas pressure (bar); x represents the mole
fraction of the adsorbed gas component; y is the mole fraction of the gas
component in bulk phase; q is the adsorbed quantity (mmol/g); S re-
presents the IAST selectivity.

As shown in Fig. 8, different scenarios for CO2/N2 selectivity were
found with various bimetallic MOFs, owing to the deviations in crys-
talline structures and distinct secondary metal sites, while only weak
dependence of selectivity on pressure was observed. Specifically, at
273 K, Cu-TMA, Cu-TMA(Mg) and Cu-TMA(Fe) showed subtle decreases
in CO2/N2 selectivity with an increasing pressure load, while Cu-
TMA(Co) exhibited slightly decreasing selectivity at low pressure
loading followed by increasing selectivity at a high pressure loading
regime. In particular, selectivity factors for Cu-TMA ranged from 16.2
to 18.3, which are higher than those for Cu-TMA(Mg) (i.e., 13.8–14.8)
and Cu-TMA(Fe) (i.e., 14.0–16.0). For Cu-TMA(Co), with increasing
loading pressure, the CO2/N2 selectivity factors initially decreased from
17.2 to 16.0, and then increased up to 16.5 at 1.0 bar. At 298 K, all
structures showed increasing CO2/N2 selectivity at higher pressure
loading. Specifically, Cu-TMA(Fe) showed the highest adsorption se-
lectivity of CO2 over N2, followed by Cu-TMA, Cu-TMA(Co), and Cu-
TMA(Mg). From pure gas isotherms, Henry’s law constants were de-
termined from the initial slopes, the ratios of which could be also used
to compare the CO2/N2 selectivity (i.e., so-called initial slope calcula-
tion). As shown in Table S1, the CO2/N2 selectivity calculated based on
the initial slopes was roughly consistent with the IAST data.

To gain insight of the CO2 adsorption in these structures, the de-
pendence of the isosteric heat (Qst) on CO2 loading was analyzed with
pure-gas sorption isotherms (Fig. 7) using the Clausius-Clapeyron
equation [52]. As shown in Fig. 9, all four structures exhibited different
Qst values and distinctive patterns at various CO2 loadings. More spe-
cifically, with the initial CO2 loadings, the Qst of CO2 adsorption in the
Cu-TMA approached 25.7 kJ/mol, which was larger than those in the
Cu-TMA(Fe) (24.5 kJ/mol), Cu-TMA(Mg) (23.2 kJ/mol), and Cu-

Fig. 6. (A) Nitrogen sorption isotherms (77 K); (B) Pore size distributions cal-
culated with density functional theory (NLDFT-N2-carbon equilibrium transi-
tion kernel (77 K) using a slit-pore model.); (C) BET surface areas and DFT pore
volumes (x axis: Fe: Cu-TMA(Fe); Cu: Cu-TMA; Mg: Cu-TMA(Mg); Co: Cu-
TMA(Co)).
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TMA(Co) (21.9 kJ/mol). This indicates that the interaction between
preliminary CO2 molecules and Cu is stronger than other substituting
metal atoms. Typically, there are two steps involved in the adsorption
of CO2 in MOFs, including (1) direct contact of CO2 with metal sites in
initial stages and (2) pore filling at higher loadings [12]. Generally, the
adsorption heat is higher in the first step, which is the case for both Cu-
TMA and Cu-TMA(Mg) here. In particular, with increased CO2 loading,
the Qst of CO2 adsorption in Cu-TMA fell to ~22.8 kJ/mol as a result of
increased adsorption coverage. Cu-TMA(Mg) also showed decreasing
Qst values at higher CO2 loading (> 4.0 mmol/g). In contrast, in the
cases of Cu-TMA(Fe) and Cu-TMA(Co), the Qst values showed overall
increasing trends with increased CO2 loading, which might be asso-
ciated with the enhanced CO2-CO2 interaction [52,53].

Despite the heterogeneous adsorption sites in Cu-TMA, the most
preferable adsorption sites for CO2 were demonstrated to be the co-
ordinatively unsaturated metal sites (CUS) [6]. In addition, the major
bonding interaction stemmed from electrostatic effects, leading to CO2

polarization (i.e., charge accumulation on O atom adjacent to CUS) and
lower-energy CO2 states [19]. Other minor contributions to the CO2

adsorption include the van der Waals interactions [12,54]. To obtain

additional insights, DFT computation was performed regarding the ef-
fects of metal substitution on the geometry and position of the adsorbed
CO2 molecule, from which the bond angle distortion and bond length of
the CO2 molecule will be obtained and can be used as another indicator
of the interaction between CO2 and the adsorption metal sites. Speci-
fically, four model MOF structures were constructed and optimized,
including the Cu-TMA primitive cell and the modified Cu-TMA primi-
tive cells with two Cu atoms substituted with Fe, Co, and Mg, respec-
tively. One optimized CO2 molecule was placed in each framework
adjacent to the metal substitution site. Subsequently, the geometries of
primitive cells with the CO2 molecules were optimized. The as-obtained
results were shown in Figs. 10 and 11. The adsorbed CO2 molecules in
the Cu-TMA and all other bimetallic MOFs exhibited head-on config-
uration to the metal sites, consistent with previous reports [12,55].
Notably, the substituting metals had a significant effect on both the
position and configuration of the adsorbed CO2 molecule. For the bare
Cu-TMA, the adsorbed CO2 molecule exhibits marginal bond bending
(179.370°), which agrees well with the results in a prior study [54]. The
bond bending is due to the electrostatic interaction between CO2 and
the adsorption metal sites. Given such a small bond angle distortion, the

Fig. 7. Adsorption (filled scatters) and desorption (empty scatters) isotherms measured with (A) CO2 at 298 K, (B) CO2 at 273 K, (C) N2 at 298 K, and (D) N2 at 273 K.

Fig. 8. IAST predicted CO2/N2 selectivity factors at (A) 273 K and (B) 298 K.
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adsorption of CO2 inside Cu-TMA is dominated by physical adsorption.
Notably, less bond bending was observed for CO2 molecules ad-

sorbed in Cu-TMA(Fe) (179.899°), Cu-TMA(Co) (179.765°), and Cu-
TMA(Mg) (179.893°). In particular, the O]C]O bond angle exhibits a
negative correlation with the electronegativity (Pauling scale) of the
adsorbing metals (Fig. 11). Meanwhile, asymmetric C]O bond lengths
were observed for the adsorbed CO2. As shown in Fig. S2, the C]O
bond adjacent to the metal ion was more stretched than the one away
from the metal ion. Overall, the average C]O bond lengths in CO2 tend
to increase with increasing electronegativity of the interacting metals
(Fig. 11). The electronegativity is a property that can be used to com-
pare the abilities of atoms to attract shared electron pairs. More spe-
cifically, during the CO2 adsorption process, the lone pair electrons
from the HOMO of CO2 will be donated to the unsaturated electronic
states of the metal as a result of electrostatic interaction [19].

Here, Cu has the largest electronegativity and thus has the strongest

ability to attract the shared electron pair towards itself, which could
lead to the highest O]C]O bond angle distortion and large C]O bond
length (Fig. 11), subsequently resulting in the strongest interaction with
CO2. This agrees well with the experimental result that the highest
isosteric heat of adsorption was obtained with bare Cu-TMA during the
initial adsorption stage (Fig. 9). Meanwhile, the distortion degree of the
O]C]O bond angle (Fig. 11) also correlated with the CO2/N2 se-
lectivity at 273 K (Fig. 8A). In particular, the metal site with larger
electronegativity induced higher distortion degree (Fig. 11) (i.e., higher
electrostatic interaction), which caused higher CO2/N2 selectivity at
273 K (Fig. 8A). On the other hand, smaller electronegativity of the
substituting metals (i.e., Mg, Fe, and Co) would provide Cu-TMA with
adjustable CO2 adsorption properties (e.g., isosteric heat of adsorption,
Fig. 9), which is critical for the regeneration process after the adsorp-
tion.

3.4. Dynamic CO2 adsorption

Additional analysis was conducted with the in situ DRIFTS to gain
further information regarding the CO2 adsorption sites and kinetics
under the dynamic flow conditions. As shown in Fig. 12A and B, the
physically adsorbed CO2 molecules in both Cu-TMA and Cu-TMA(Fe)
exhibited two characteristic peaks at ~2340 cm−1 and ~2360 cm−1,
all of which are attributed to the CO2 molecules interacting with metals
and functional groups, respectively [56]. Notably, higher peaks were
observed at 2340 cm−1 for pristine Cu-TMA, while for Cu-TMA(Fe), the
peak at 2360 cm−1 is prominent, suggesting that the metal sites in Cu-
TMA play a more critical role in CO2 adsorption than those in Cu-
TMA(Fe). This finding is well consistent with DFT results shown in
Figs. 10 and 11. Meanwhile, the variations in adsorption sites also
partially explained the differences in isosteric heat of adsorption be-
tween Cu-TMA and Cu-TMA(Fe) (Fig. 9). The area under the peaks
(from 2250 cm−1 to 2450 cm−1) is positively correlated with the
amount of adsorbed CO2 molecules, based on which, the CO2 adsorp-
tion dynamics were obtained (Fig. 12C). As shown in Fig. 12C, similar
CO2 adsorption rates were observed for Cu-TMA and Cu-TMA(Fe).
Generally, CO2 adsorption is an exothermic process, which is thermo-
dynamically driven by the partial pressure of CO2 [57]. Therefore,
temperature swing adsorption (TSA) is a promising method to re-
generate the samples given their good thermal stability as demonstrated
via TGA measurements (Fig. 4). As an example, the reusability of the
Cu-TMA(Fe) was analyzed by using in situ DRIFTS, where the areas
under the peaks from 2250 cm−1 to 2450 cm−1 were continuously re-
corded to obtain the relative amount of adsorbed CO2 molecules during
the adsorption/desorption cycles. As shown in Fig. 12D, the CO2 mo-
lecules desorbed from Cu-TMA (Fe) very quickly during the heating
process (~2min). Cu-TMA(Fe) still maintained more than 85.1% of its
original CO2 adsorption in the 5th adsorption/desorption cycle, which
demonstrates the good reusability of the Fe-substituted Cu-TMA. The
slightly decreased adsorption capacity might be related to the CO2 re-
siduals inside the framework after the desorption, causing additional
diffusion resistances to the subsequent adsorption of CO2 [58]. It should
be noted that, with a longer desorption duration and/or regeneration
techniques, the remaining CO2 residuals would be completely removed,
which could give rise to better reusability of the samples.

4. Conclusions

With the aid of the microdroplet-based spray system, a series of
bimetallic MOFs were successfully prepared, including Cu-TMA(Fe),
Cu-TMA(Co), Cu-TMA(Mg), Cu-TMA(Al), and Cu-TPA(Fe). Detailed
characterization was conducted to analyze the effects of the secondary
metal sites on the parent MOF’s properties (e.g., crystalline structure,
surface chemistry, surface area, porosity, and thermal stability). The
results showed that, during the synthesis process, the secondary metal
ions could be incorporated into the parent MOFs by interacting with the

Fig. 9. Dependence of isosteric heat of adsorption on CO2 uptake.

Fig. 10. DFT simulations of the interactions between CO2 and metal centers in
(A) Cu-TMA, (B) Cu-TMA(Fe), (C) Cu-TMA(Co), and (D) Cu-TMA(Mg).
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Fig. 11. O]C]O bond angles and average C]O bond lengths for the adsorbed CO2 as a function of electronegativity (Pauling scale) of the interacting metal sites.

Fig. 12. DRIFT spectra of adsorbed CO2 on (A) Cu-TMA and (B) Cu-TMA(Fe) from 0min to 10min; (C) CO2 adsorption kinetics; (D) five cycles of CO2 adsorption/
desorption on Cu-TMA(Fe). Note: (1) the Fe/Cu ratio in the precursor for this Cu-TMA(Fe) is 0.3; (2) desorption conditions: purging gas: helium flow (30 ccm),
temperature: 150 °C.
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ligands and forming M-O bonds. A small amount of secondary metal
ions would not damage the crystalline structures but could increase the
BET surface areas to a certain extent, which might be attributed to the
unit cell expansion induced by metal substitution. Interestingly, the
pore volumes of the bimetallic MOFs exhibited a positive relationship
with the atomic radii of the secondary metal sites. An additional gas
sorption measurement was carried out with CO2 and N2 at various
temperatures (i.e., 273 K and 298 K), with which the impact of sec-
ondary metal sites on gas adsorption capacity and selectivity was
analyzed. In particular, the introduction of the secondary metal sites
would alter the performances of MOFs in gas adsorption capacity,
isosteric heat of adsorption, and CO2/N2 selectivity. Clues provided by
DFT simulation indicate that C]O bond lengths and O]C]O bond
angles for the adsorbed CO2 have a great dependence on the electro-
negativity of the interacting metal sites, which might account for the
aforementioned variations in sorption performances. Overall, partial
substitution of the metals in MOFs offers great potentials for CO2 cap-
ture and provides a cost-effective method for the sorbent regeneration.

5. Associated content

SEM Images of Representative Cu-TMA(Fe) Products; CO2/N2

Adsorption Selectivity; C]O Bond Lengths of Adsorbed CO2.
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S1. SEM Images of Representative Cu-TMA(Fe) Products 

 

Figure S1. SEM images of Cu-TMA(Fe) synthesized with various Fe/Cu (mol/mol) in precursors: 
(A) 0.1 and (B) 1. 

 

 

 

S2. CO2/N2 Adsorption Selectivity 

Table S1. CO2/N2 adsorption selectivity. 
     

  273 K 298 K 
  IAST Initial Slope IAST Initial Slope 

Cu-TMA 16.2-18.3 13.6 17.0-18.8 14.2 
Cu-TMA(Fe) 14.0-16.0 13.9 18.7-19.0 18.3 
Cu-TMA(Co) 16.0-17.2 14.5 16.9-17.9 17.0 
Cu-TMA(Mg) 13.8-14.8 13.5 15.7-17.2 15.7 
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S3. C=O Bond Lengths of Adsorbed CO2 

 

Figure S2. C=O bond lengths of adsorbed CO2 as a function of the electronegativity (Pauling scale) 
of the interacting metal sites. Blue: the C=O bond adjacent to the metal site; Red: the C=O bond 
away from the metal site. 
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