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Experimental section

1. Synthesis of Na-IM

Na-IM was synthesized according to the reported literature. 1 Na2MoO4·2H2O (2.117 g, 8.75 

mmol based on Mo) was dissolved in 26 mL of H2O. Then metal Mo (0.15 g, 1.56 mmol) and Fe3O4 

(0.192 g, 0.83 mmol) were added in sequence, followed by adding 6.1 mL of H2SO4 (9.1 wt%). The 

mixture was introduced into a 50 mL stainless-steel well sealed autoclave with a Teflon liner, and 

the autoclave was fixed in an oven with a mechanical rotation system. Hydrothermal synthesis was 

performed at 175 oC with tumbling (4.2 rpm) for 48 h. After the hydrothermal reaction and the 

autoclave had been cooled down, the crude solid was moved to a 100 mL beaker, and 60 mL of 

water was added. For purification and solid recovery, the resulting suspension (containing the 

product) was centrifuged (3900 rpm, 5 min), and the solids on the bottom of the centrifugation tube 

were collected. The unreacted Fe3O4 was removed by a magnet. After addition of 60 mL of H2O to 

the remaining solids, the solution was centrifuged (1500 rpm, 2 min), and the upper suspension 

solution was obtained. After the process was repeated for three times, the obtained suspension was 

centrifuged (3900 rpm, 60 min). The solid on the bottom of the centrifugation tube was collected 

and dried under vacuum. 

2. Characterization 

Fourier transform infrared spectroscopy (FTIR) was performed on a Bruker Vertex 70. The 

testing pellet was prepared mixture KBr with the samples homogenously. Powder X-ray diffraction 

(XRD) patterns were obtained with a Bruker D8 Advance with Cu Kα radiation (tube voltage, 40 

kV; tube current, 40 mA; scan speed, 8 °/min; 2θ range, 5-60°). X-ray photoelectron spectroscopy 

(XPS) was recorded on a Thermo Scientific K-Alpha. The spectrometer energies were calibrated 

using the C1s peak at 284.8 eV. Thermogravimetry (TG) was carried out on a NETZSCH-STA 2500 

Regulus. About 10 mg of dried samples under a N2 flow of 20 mL/min with a heating rate of 10 

°C/min from 20 °C to 600 °C.

3. Adsorption experiments

The materials were calcined at 200 oC for 2 h under a vacuum to remove the occupied H2O in 

these materials before all adsorption experiments. Adsorption of CO2 and CH4 were separately 

carried out on the materials by a Micromeritics (3FLEX) sorption analyzer. Adsorption temperature 

was kept by at 0 oC and 25 oC, respectively. N2 adsorption under high pressure was carried out on 
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Micromeritics (HPVAII-200) sorption analyze.

Adsorption enthalpy 2 and ideal adsorption solution theory (IAST) selectivity 3 calculation 

In this paper, a dual-site Langmuir−Freundlich equation was used for medium temperature line 

fitting, adsorption enthalpy calculation and IAST fitting (Figure S6), given by

                                                                    (1)
𝑞 =

𝑞1𝑏1𝑝𝑛1

1 + 𝑏1𝑝𝑛1
+

𝑞2𝑏2𝑝𝑛2

1 + 𝑏2𝑝𝑛2

Where q is the adsorption capacity, p is the pressure, q1, q2, b1, b2, n1, and n2 are fitting 

parameters. 

The resulting R2 values of the fitting processes were quite close to 1, indicating that simulated 

isotherms by using the dual-site Langmuir–Freundlich model fitted the experimental isotherms well.

The adsorption enthalpies of CO2 and CH4 for the material were calculated by the Clausius-

Clapeyron equation using the dual-site Langmuir-Freundlich fitting results (Figure S8 and Figure 

S9) and the equation was as follows: 

                                                                            (2)

𝑑𝑙𝑛𝑝
𝑑𝑇

=
∆𝐻

𝑅𝑇2

Here p was pressure, T was temperature, and ∆H was enthalpy of adsorption.

4. Breakthrough measurement

The breakthrough measurements were performed in a self-made apparatus (Figure S10). The 

sample (1 g) was packed in a stainless-steel adsorption column with an inner diameter of 4.6 mm 

and a length of 50 mm to form an adsorbent bed. Before the breakthrough measurement, the 

adsorbent bed was heated under vacuum at 200 oC for 2 h, and cooled to room temperature. The 

gases with certain flow rates controlled by a flowmeter were mixed and introduced into the 

adsorbent bed at a certain temperature that was controlled with a water bath or an aluminum beads 

bath. In the case of the breakthrough measurement under humidity, water was introduced by 

bubbling and the content was controlled by temperature. The outlet composition was continuously 

monitored by gas chromatography (Agilent Technologies 7890B) with a thermal conductivity 

detector (GC-TCD) until the two gases reached equilibrium. Before the cycle breakthrough 

experiment, the material was heated at 200 oC vacuum for 2 h to remove the adsorbed gas molecules 

for regeneration. 
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The water content (percentage) was calculated to show the different water contents in different 

conditions. The water content was estimated again by the following equation: 

                                              (3)
𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑝𝑤𝑎𝑡𝑒𝑟

𝑝𝑡𝑜𝑡𝑎𝑙
× 100%

where pwater is saturated water vapor pressure at a certain temperature, ptotal is the total pressure of 

the separation column during the breakthrough measurement measured by a pressure sensor, and 

ptotal of the breakthrough measurements with humidity is 110 kPa.  

Breakthrough selectivity

CO2/CH4 selectivity for Na-IMs was defined, the values were calculated by the equation:

                                   =                                             (4)𝑠𝐴/𝐵

𝑥𝐴/𝑦𝐴

𝑥𝐵/𝑦𝐵

Where  is the adsorption capacity of the final breakthrough gas (mmol/g),  is the adsorption 𝑥𝐴 𝑥𝐵

capacity of the first breakthrough gas (mmol/g),  and  are the mole fractions of gas A and gas 𝑦𝐴 𝑦𝐵

B in the mixture of gases, respectively.

The adsorption capacity of the gas i (i = A, B) was calculated by the equation:

                                                           (5)
𝑥𝑖 =

𝑉
22.4 × 𝑚

×
𝑡

∫
0

(1 ‒
𝐶(𝑡)
𝐶0(𝑡))𝑑𝑡

where  is flow rate of gas i (mL/min),  is the adsorption time (min),  and  are the inlet 𝑉 𝑡 𝐶 𝐶0

and outlet gas molar flow rates, respectively, and m is the mass of the sample (g).

5. Structure modeling and the DFT calculation

The primitive cell was used for DFT calculation. Static binding energy and transition state 

energy were conducted on Density functional theory (DFT) calculations. Optimizing the structures 

of the materials was carried out with Vienna Ab initio Simulation Package (VASP). 4, 5 The PBE 

exchange-correlation functional based on generalized gradient approximation was employed. 6 The 

Plane wave basis sets used to approximate wave functions of valence electrons were included to a 

400 eV kinetic energy cut-off. The projector-augmented wave (PAW) method was adopted to 

describe interactions between valence electrons and atom cores. 7 All calculations were spin-

polarized. Gaussian smearing with a width of 0.1 eV was imposed for electron distributions near 

the Fermi Level. The electronic structures and geometries of structures were optimized until the 
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energy differences between successive steps were less than 1 × 10-4 eV and 1 × 10-3 eV respectively. 

For modeling the dispersion interactions, the DFT-D3 method was adopted. 8 The primitive cell 

used for simulation contains two ɛ-Keggin units. The 1 × 1 unit cell with a corresponding 3 × 3 × 3 

Gamma k-point mesh generated by post-processing VASPKIT package was used. 9, 10

Complete linear synchronous transit (LST) method was adopted to generate an initial pathway 

of gas molecules passing through the unit cell. 11 The diffusion barrier energies were obtained with 

climbing image nudged elastic band (cNEB). 12, 13

Static binding energy calculation that predicted the interaction of the gas molecule and the 

solid material. Generally, the formation energy is given by

   Es = E(material) + E(molecule) – E(material + molecule)                          (6)

where Es is the static binding energy, E(material) is the energy of the material, E(molecule) is the energy 

of the molecule, and E(material + molecule) is the energy of the material with the adsorbed molecule.

Activation energy calculation that predicted the energy difference between the transition state 

and the energy of the system with molecule in the cavity. 

ΔEt = Ets – E(material + molecule)                            (7)

where ΔEt is the activation energy, Ets is the energy of transition state, and E(material + molecule) is the 

energy of the material with the adsorbed molecule.

Structure modeling, average aperture size estimation, and pore volume estimation were 

performed with the Materials Studio package (Accelrys Software Inc.). The values of unit cell 

volume are directly calculated by the Materials Studio software package with the program of “atom 

volumes & surfaces”. The values of average aperture are calculated by the equation: 

average aperture =  - dO,                                       (8)�̅�

where  is the average distance of O in the pore opening in a single cell, which was measured in the �̅�

Materials Studio software; dO is diameter of oxygen atom (2.92 Å). 14

The values of pore volume are calculated by the equation: 

pore volume =                          (9)
free volume ×  

NA × 10 - 24

M(H18O80Fe6Mo24)

where NA is Avogadro constant, M is molar mass of the material with the formula of H18O80Fe6Mo24, 

and free volume was obtained by the Materials Studio software package with the program of “atom 

volumes & surfaces, Connolly surface, and ultra-fine”. 
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Figure S1. XPS profiles of Mo in a) Mo in Na-IM, b) Mo in Na-IMAC40, c) Mo in Na-IMAC80, 

d) Mo in Na-IMAC150, e) Mo in Na-IMRe0.003, f) Mo in Na-IMRe0.03, g) Mo in Na-IMRe0.1, 

h) Mo in Na-IMRe0.3, i) Fe in Na-IM, j) Fe in Na-IMAC40, k) Fe in Na-IMAC80, l) Fe in Na-

IMAC150, m) Fe in Na-IMRe0.003, n) Fe in Na-IMRe0.03, o) Fe in Na-IMRe0.1, and p) Fe in 

Na-IMRe0.3. 
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Figure S2. Structure models of ε-Keggin POM unit of Na-IM with the reduction degrees of a) 0%, 

b) 25%, c) 50%, d) 75%, and e) 100% and f) corresponding theoretical (black solid line) and 

experimental (black dash line) unit cell volume, average pore volume (red solid line), and pore 

volume (blue solid line) changes with reduction degree, Mo (lilac), Fe (orange), O (red), H (white). 
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Figure S3. TG curve of Na-IM, Na-IMAC40, Na-IMAC80, Na-IMAC150, Na-IMRe0.003, Na-

IMRe0.03, Na-IMRe0.1, and Na-IMRe0.3.
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Figure S4. a) CO2 and b) CH4 adsorption (solid line)-desorption (dash line) isotherms of Na-IM, 

Na-IMAC40, Na-IMAC80, Na-IMAC150, Na-IMRe0.003, Na-IMRe0.03, Na-IMRe0.1, and 

Na-IMRe0.3 at 0 oC. c) CO2 and d) CH4 adsorption (solid line)-desorption (dash line) isotherms of 

Na-IM, Na-IMAC40, Na-IMAC80, Na-IMAC150, Na-IMRe0.003, Na-IMRe0.03, Na-

IMRe0.1, and Na-IMRe0.3 at 25 oC.



11

Figure S5. IAST selectivity of CO2/CH4 with the ratio of 1/1 (v/v) for Na-IMs 
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Figure S6. CO2 and CH4 adsorption isotherms and the fitting with the dual-site Langmuir-

Freundlich model for the IAST selectivity calculation, a) CO2 adsorption of Na-IM, b) CH4 

adsorption of Na-IM, c) CO2 adsorption of Na-IMAC40, d) CH4 adsorption of Na-IMAC40, e) 

CO2 adsorption of Na-IMAC80, f) CH4 adsorption of Na-IMAC80, g) CO2 adsorption of Na-

IMAC150, h) CH4 adsorption of Na-IMAC150, i) CO2 adsorption of Na-IMRe0.003, j) CH4 

adsorption of Na-IMRe0.003, k) CO2 adsorption of Na-IMRe0.03, l) CH4 adsorption of Na-

IMRe0.03, m) CO2 adsorption of Na-IMRe0.1, n) CH4 adsorption of Na-IMRe0.1, o) CO2 

adsorption of Na-IMRe0.3, and p) CH4 adsorption of Na-IMRe0.3 at 0 oC.
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Figure S7. Adsorption enthalpy of a) CO2 and b) CH4 for Na-IM, Na-IMAC40, and Na-IMRe0.03. 
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Figure S8. CO2 adsorption isotherms and the fitting with the dual-site Langmuir-Freundlich model for the 

adsorption enthalpy calculation, a) Na-IM at 0 oC, b) Na-IM at 25 oC, c) Na-IMAC40 at 0 oC, d) Na-

IMAC40 at 25 oC, e) Na-IMRe0.03 at 0 oC, and f) Na-IMRe0.03 at 25 oC.



16

Figure S9. CH4 adsorption isotherms and the fitting with the dual-site Langmuir-Freundlich model for the 

adsorption enthalpy calculation, a) Na-IM at 0 oC, b) Na-IM at 25 oC, c) Na-IMAC40 at 0 oC, d) Na-

IMAC40 at 25 oC, e) Na-IMRe0.03 at 0 oC, and f) Na-IMRe0.03 at 25 oC.
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Figure S10. Schematic figure of the instrument for the breakthrough measurements.
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Figure S11. XRD patterns of a) Na-IMAC40 and b) Na-IMRe0.3 and FTIR spectra of c) Na-

IMAC40 and d) Na-IMRe0.3 after the breakthrough measurements under different conditions. 
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Figure S12. The water vapor adsorption of Na-IMRe0.1. 



20

Figure S13. Structure models of ε-Keggin POM unit with different H sites, a) H in Site 1, b) H in 

Site 2, c) H in Site 3, and d) corresponding system energies with different H sites. Mo (lilac), Fe 

(orange), O (red), H (white).
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Figure S14. Structural models of Na-IM with different reduction degree. a) CO2 and b) CH4 in the 

cavity of Na-IM with100% reduction degree. c) CO2 and d) CH4 in the cavity of Na-IM with 50% 

reduction degree. e) CO2 and f) CH4 in the cavity of Na-IM with 0% reduction degree, Mo (green, 

lilac, and yellow), Fe (purple), O (red), H (white), C (grey), Na (blue).
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Table S1. Valence of Mo and Fe and reduction degree for Na-IMs. 

Materials MoⅤ : MoⅥ FeIII : FeII
Reduction degree (%) 

(Based on Mo)

Na-IM 3.28 1.28 77

Na-IMAC40 2.34 ∞ 70

Na-IMAC80 1.5 ∞ 60

Na-IMAC150 0.49 ∞ 33

Na-IMRe0.003 1.45 ∞ 59

Na-IMRe0.03 2.25 ∞ 69

Na-IMRe0.1 ∞ 1.45 100

Na-IMRe0.3 ∞ 1.25 100
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Table S2. Microporosity of Na-IMs with different reduction degrees

Material 

Reductio

n 

degree/% 

(Based 

Mo)

Limiting 

micropore 

volume/cm3 

STP g-1 

(CO2)

Limiting 

micropore 

volume/cm3 

STP g-1 

(CH4)

maximum 

adsorption 

capacity/cm

3 g-1 (CO2)

maximum 

adsorption 

capacity/cm

3 g-1 (CH4)

Pore 

volume/c

m3 g-1 

(N2)

Pore 

size/

Å

BET 

surface 

area 

/cm2 g-

1

The 

number 

of CO2 

in a 

cage

The 

number 

of CH4 

in a 

cage

Na-IM 77 0.0283 0.0066 14.85 1.76 0.0141 5.89 33.9 1.208 0.157

Na-IMAC40 70 0.0320 0.0072 16.74 1.72 0.0138 5.93 33.4 1.508 0.154

Na-IMAC80 60 0.0223 0.0067 12.48 1.81 0.0134 6.07 32.2 1.111 0.161

Na-IMAC150 33 0.0028 0.0028 1.90 0.69 0.0098 6.51 23.8 0.169 0.061

Na-IMRe0.003 59 0.0112 0.0047 7.14 2.25 0.0141 6.10 33.9 0.635 0.200

Na-IMRe0.03 69 0.0287 0.0118 16.58 5.45 0.0352 3.87 84.6 1.476 0.485

Na-IMRe0.1 100 0.0313 0.0177 16.80 7.57 0.0341 3.94 81.8 1.496 0.674

Na-IMRe0.3 100 0.0504 0.0250 26.05 10.50 0.0210 5.26 50.7 2.319 0.935

The values of the number of gases in a cage were calculated by the equation:

the number of gases in a cage = 

adsorbed amount (cm3/g) ×  molecule weight of the material (g/mol) 

22400 (cm3/mol)
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Table S3. Separation performance of CO2/CH4 for Na-IMs with different reduction degrees.

Material
Reduction degree (%) 

(Based Mo)
Breakthrough selectivity Δtb (min)

Na-IM 77 25.7 37

Na-IMAC40 70 21.4 35

Na-IMAC80 60 35.0 34

Na-IMAC150 33 2.6 4

Na-IMRe0.003 59 4.3 7

Na-IMRe0.03 69 8.6 65

Na-IMRe0.1 100 18.6 62

Na-IMRe0.3 100 31.8 60
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