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Experimental Procedures

Materials and instruments

All reagents were commercially available and used without further purification.
1H Nuclear Magnetic Resonance (NMR) spectra were obtained on a Bruker 600 MHz 

NEO nuclear magnetic resonance spectrometer. Powder X-ray diffraction (PXRD) was 

carried out on a Bruker D8-Focus Bragg-Brentano X-ray powder diffractometer 

equipped with a Cu sealed tube at 40 kV and 15 mA. Scanning electron microscopy 

(SEM) images were taken with Hitachi Regulus8100 scanning electron microscope. 

Gas sorption measurements were conducted on a Micrometritics ASAP 2020 surface 

area analyzer. Breakthrough experiments were carried out on BSD-MAB multi-

component adsorption breakthrough curve analyzer monitored by Hiden HPR-20EGA 

mass spectrometer.
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Synthesis of Al-MOFs

Synthesis of MIL-160. A mixture of 2,5-furandicarboxylic acid (FDA) (130 mg, 

0.83 mmol), AlCl3·6H2O (200 mg, 0.83 mmol) and sodium formate (120 mg, 1.76 

mmol) in 15 mL deionized H2O was placed into a glass vial (20 mL) and heated at 

100°C for 24 h. The vial was then cooled to room temperature at a rate of 5 °C/h. The 

obtained white powders were filtered, washed with H2O and dried in air.

Synthesis of MOF-303. A mixture of 3,5-pyrazoledicarboxylic acid (PDA) (130 mg, 

0.83 mmol), AlCl3·6H2O (200 mg, 0.83 mmol) and sodium formate (120 mg, 1.76 

mmol) in 15 mL deionized H2O was placed into a glass vial (20 mL) and heated at 

100°C for 24 h. The vial was then cooled to room temperature at a rate of 5 °C/h. The 

obtained white powders were filtered, washed with H2O and dried in air.

Synthesis of MOF-303/MIL-160. A mixture of FDA (65 mg, 0.415 mmol), PDA 

(65 mg, 0.415 mmol), AlCl3·6H2O (200 mg, 0.83 mmol) and sodium formate (120 mg, 

1.76 mmol) in 15 mL deionized H2O was placed into a glass vial (20 mL) and heated 

at 100°C for 24 h. The vial was then cooled to room temperature at a rate of 5 °C/h. 

The obtained white powders were filtered, washed with H2O and dried in air.
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Gas sorption measurements

The activated samples were prepared by immersing the as-synthesized MOFs in 

deionized water for solvent exchange followed by activation at 423 K under vacuum 

for 12 h. Gas adsorption experiments containing N2 at 77 K, as well as CO2 and CH4 at 

273 and 298 K, were performed by using ASAP-2020 surface area analyzer. The 

Brunauer-Emmett-Teller (BET) specific surface area and the pore size distribution were 

calculated based on the N2 adsorption isotherm at 77 K. Liquid nitrogen bath was used 

to stabilize the temperature at 77 K, respectively, whereas other test temperatures were 

maintained via a circulating water bath. The Brunauer-Emmett-Teller (BET) surface 

area was calculated using multi-point BET equation with the P/P0 range of 0.005-0.035. 

Pore volume was calculated with the maximal adsorption capacity.
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Breakthrough experiments

Breakthrough experiments were carried out on BSD-MAB multi-component 

adsorption breakthrough curve analyzer. The activated samples of multivariate MOF-

303/MIL-160 (0.4419 g) were packed in a quartz tube (4 mm inner diameter × 210 mm 

length) and further flushed with He (≥ 99.99%) at 393 K for 10 h with a flow rate of 15 

mL/min. During the experiments at 298 K, the equimolar CO2/CH4 (≥ 99.99%) mixture 

was used at a flow rate of 2 mL/min, and the outlet gas was monitored by Hiden HPR-

20EGA mass spectrometer. Between each breakthrough cycle, the samples were 

regenerated at 393 K for 2 h with He at a flow rate of 15 mL/min. The humidity control 

part was integrated in BSD-MAB analyzer. The gases were humidified by a widely 

used bubble humidification method, by which the gases could pass through a tailor-

made temperature-regulated humidification bottle with water inside. The humid 

environments were created by introducing test gases into water until the water signal in 

mass spectrometer was steady before breakthrough experiment.
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Computational methods

Isosteric heat of adsorption

A Virial equation comprising the temperature-independent parameters ai and bj was 

employed to calculate the enthalpies of adsorption for CO2 and CH4, which were 

measured at 273 and 298 K.
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1
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Here, P is the pressure expressed in mmHg, N is the amount absorbed in mmol/g, T 

is the temperature in K, ai and bj are virial coefficients, and m, n represent the number 

of coefficients required to adequately describe the isotherms (herein, m =5 and n = 2). 

Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas 

constant.

Selectivity based on ideal adsorbed solution theory

Before estimating the selectivity for binary gas mixture, the single-component gas 

adsorption isotherms were first fitted to dual-site Langmuir-Freundlich (DSLF) model:

𝑞 = 𝑞𝐴,𝑠𝑎𝑡
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𝑛1
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where q is the amount of adsorbed gas (mmol/g), p is the bulk gas phase pressure 

(kPa), qsat is the saturation amount (mmol/g), b is the Langmuir-Freundlich parameter 

(kPa-1), and n is the Langmuir-Freundlich exponent (dimensionless) for two adsorption 

sites A and B indicating the presence of weak and strong adsorption sites. bA and bB are 

both temperature-dependent.

𝑏𝐴 = 𝑏𝐴0exp (𝐸𝐴

𝑅𝑇); 𝑏𝐵 = 𝑏𝐵0exp (𝐸𝐵

𝑅𝑇)
The adsorption selectivity Sads was calculated by ideal adsorbed solution theory:

𝑆𝑎𝑑𝑠 =
𝑞1 𝑞2

𝑝1 𝑝2
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where q1 and q2 are the molar loadings in the adsorbed phase in equilibrium with the 

bulk gas phase, p1 and p2 are partial pressure.

Grand canonical Monte Carlo simulations

Grand canonical Monte Carlo (GCMC) simulations were carried out using the 

Sorption module of Materials Studio package. The Locate and Metropolis methods 

were used to predict the possible binding sites of CO2 and CH4 onto the framework. 

During the simulation, the CO2 and CH4 molecules including the frameworks were 

considered as rigid bodies. The optimal adsorption sites were simulated under 298 K 

and 100 kPa by the fixed loading task and Metropolis method. The atomic partial 

charges of the host MOF skeleton and all gas molecules were obtained from QEq 

method. The equilibration steps and the production steps were set to 5.0 × 106 and 1.0 

× 107, respectively. The gas-skeleton interaction and the gas-gas interaction were 

characterized by the standard universal force field (UFF). The cut-off radius used for 

the Lennard-Jones interactions is 15.5 Å and the long-range electrostatic interactions 

were considered by the Ewald summation method.

Density functional theory calculations

Density functional theory (DFT) calculations were performed using Dmol3 module 

embedded in the Materials Studio software. Since it is a vast task to do the DFT 

calculations using a whole MOF unit cell, we used fragmented cluster models cleaved 

from unit cells representing the actual situations as high as possible, and the cleaved 

bonds at cluster boundaries were saturated by protons. The generalized gradient 

approximation (GGA) with the Perdewe Burkee Ernzerh of (PBE) exchange-

correlation functional was employed for the spin-unrestricted DFT calculations. The 

electronic wave functions were expanded by the double numerical plus polarization 

(DNP) basis set. The van der Waals correction was considered by Grimme to precisely 

describe the adsorption of gas molecules on the MOF framework. The convergence 

criterion was 1 × 105 Ha for energies, 2 × 103 Ha/ Å for forces, and 5 × 103 Å for atomic 

displacements. The global cutoff radius was set as 6.0 Å. In all the DFT calculations, 

all the atoms were allowed to fully relax. The adsorption energy (ΔEads) is expressed 
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by the equation:

ΔEads = Eads+fram – Efram – Eads

where Eads+fram, Efram, and Eads are the total energy of the adsorbate-framework 

adsorption system, adsorbent framework, and adsorbate molecule, respectively.

Equilibrium adsorption capacity and separation factor

The gas adsorption capacity can be calculated from the breakthrough curves by the 

equation:

𝑞 =

𝐹𝑖𝑡0 ‒

𝑡0

∫
0

𝐹𝑒𝑑𝑡

𝑚𝑉𝑚

where q is the equilibrium adsorption capacity (mmol/g), Fi is the influent flow rate 

of the specific gas (mL/min), t0 is the adsorption time (min), Fe is the effluent flow rate 

of the specific gas (mL/min), m is the mass of the adsorbents (g), and Vm is the molar 

volume of gas (L/mol).

The separation factor of the breakthrough experiment is determined as:

𝛼 =
𝑞1 𝑞2

𝑦1 𝑦2

where α is the separation factor, q is the equilibrium adsorption capacity, y is the 

molar fraction of gas.
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Figures S1-S25

Fig. S1 PXRD patterns of MIL-160.

Fig. S2 PXRD patterns of MOF-303.
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Fig. S3 PXRD patterns of MOF-303/MIL-160 after treatment in different solutions for 24 h.

Fig. S4 SEM image of MOF-303/MIL-160.



S11

Fig. S5 SEM image of MIL-160.

Fig. S6 SEM image of MOF-303.
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Fig. S7 1H NMR spectrum of 2,5-furandicarboxylic acid.

Fig. S8 1H NMR spectrum of 3,5-pyrazoledicarboxylic acid.
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Fig. S9 Pore size distribution of MIL-160, MOF-303, and MOF-303/MIL-160.

Fig. S10 Virial fitting of CO2 for MIL-160.
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Fig. S11 Virial fitting of CO2 for MOF-303.

Fig. S12 Virial fitting of CO2 for MOF-303/MIL-160.



S15

Fig. S13 Virial fitting of CH4 for MIL-160.

Fig. S14 Virial fitting of CH4 for MOF-303.
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Fig. S15 Virial fitting of CH4 for MOF-303/MIL-160.

Fig. S16 Langmuir-Freundlich fitting of CO2 for MIL-160 at 298 K.
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Fig. S17 Langmuir-Freundlich fitting of CO2 for MOF-303 at 298 K.

Fig. S18 Langmuir-Freundlich fitting of CO2 for MOF-303/MIL-160 at 298 K.
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Fig. S19 Langmuir-Freundlich fitting of CH4 for MIL-160 at 298 K.

Fig. S20 Langmuir-Freundlich fitting of CH4 for MOF-303 at 298 K.
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Fig. S21 Langmuir-Freundlich fitting of CH4 for MOF-303/MIL-160 at 298 K.

Fig. S22 Comparison of breakthrough time of CO2 and CH4 on MOF-303/MIL-160 in three 
consecutive cycles.
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Fig. S23 Breakthrough curves of equimolar CO2/CH4 mixture (2 mL/min) on MOF-303/MIL-160 
under humid condition (RH = 80%) at 298 K and 1 bar.

Fig. S24 Density distribution of CO2 on MOF-303/MIL-160 at 100 kPa and 298 K.
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Fig. S25 Density distribution of CH4 on MOF-303/MIL-160 at 100 kPa and 298 K.
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Tables S1-S2

Table S1. Comparison of CO2/CH4 adsorption and separation performance in MOFs at 298 K.

Materials
CO2 uptake 

(cm3/g)
CH4 uptake 

(cm3/g)
CO2 Qst 
(kJ/mol)

CH4 Qst 
(kJ/mol)

IAST 
selectivity

Ref.

MOF-303/MIL-160 93.5 23.6 24.5 14.0 6.7 This work
MIP-202 12.44 0.90 30.7 − 72.9 1

NKU-521a 86 11 41 18 22 2

Cu-F-pymo 69.2 1.82 29.1 − >107 3

FJU-44a 53.2 11.3 40.4 22.2 16 4

ZnAtzCO3 62.8 14.7 32.6 22.4 151 5

NiNi-Pyz 92.5 32.3 30.0 23.7 7.2 6

SU-102 22.87 5.57 29.73 15.21 7.19 7

CPM-20(Co) 34 15 20.16 18.66 45 8

Zn-dmtrz-mip 65.4 19.7 26.5 − 17.8 9

MFM-126 103.7 20.0 30.7 17.3 11.7 10

MOF-801(Zr) 48.6 9.6 28.1 15.3 21.48 11

SNNU-325 41.5 16.4 19.1 18.4 4.0 12

Ni(dpip) 58.6 14.3 30.3 14.2 7.5 13

ZJNU-63 17.9 5.2 19.6 15.7 3.5 14

Cu-MTABA 33.6 11.9 38.5 16.1 9.94 15

CUMT-1 102.7 27.6 30.8 20.2 10.2 16
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Table S2. Comparison of adsorption performance of MOF-303, MIL-160 and MOF-303/MIL-160.
Materials MIL-160 MOF-303 MOF-303/MIL-160

BET surface area (m2/g) 1110.4 1438.0 1348.3
CO2 uptake at 273 K(cm3/g) 108.5 175.6 138.0
CO2 uptake at 298 K(cm3/g) 85.9 112.4 93.5
CH4 uptake at 273 K (cm3/g) 38.8 39.1 37.3
CH4 uptake at 298 K (cm3/g) 23.3 24.6 23.6

CO2 Qst (kJ/mol) 26.7 22.7 24.5
CH4 Qst (kJ/mol) 15.4 13.1 14.0

IAST selectivity at 298 K 8.1 5.3 6.7
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