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Thermodynamic correction

To include the temperature effect in this work, we carried out the thermodynamic 
correction of gaseous methane molecule and its adsorption on the Ni-MOF-74, 

ΔG = ΔH － TΔS                                         (1)

                                     (2)𝐺0
𝑖 = 𝐻0

𝑖 ‒ 𝑇𝑆0
𝑖

in which ΔG, ΔH, and ΔS is the Gibbs free energy change, enthalpy change, and entropy 

change of the system, respectively; , and  are molar Gibbs energy, molar 𝐺0
𝑖 𝐻0

𝑖 𝑆0
𝑖

enthalpy, and molar entropy of species i, respectively. The molar enthalpy can be 

composed as a sum of Eel,i (electronic energy at 0 K), Ezpe,i ( zero-point vibrational 

energy), Eth,i ( thermal energy, including translational, rotational, vibrational, and 

electronic) and PVm,i work, as shown in eqn. (3)

                          (3)𝐻0
𝑖 = 𝐸𝑒𝑙,𝑖 + 𝐸𝑧𝑝𝑒,𝑖 + 𝐸𝑡ℎ,𝑖 + 𝑃𝑉𝑚,𝑖

For gaseous species, the thermodynamic properties include the translational, 

rotational and vibrational modes (PVm,i work can be replaced by RT, assuming an ideal 

gas).  For of the gaseous species as a function of temperature, the zero-point energy 𝐻0
𝑖

correction and vibrational energy can be calculated as following, 

                  (4)
𝐸𝑧𝑝𝑒,𝑖 + 𝐸𝑣𝑖𝑏,𝑖 = 𝑅∑

𝑘
(Θ𝑘

2
+

Θ𝑘

exp (Θ𝑘/𝑇) ‒ 1)
in which is the vibrational temperature for vibrational frequency νi,k of Θ𝑘 = ℎ𝜈𝑖,𝑘/𝑘𝐵

species i, h is the Planck constant and  is the Boltzmann constant. Furthermore, for 𝑘𝐵

gaseous species moving in the three-dimensional space, the translational energy is 3/2 

RT, while the rotational energy, 3/2 RT for nonlinear. Consequently, for a nonlinear 

molecule, the of the gaseous species as a function of temperature is𝐻0
𝑖



𝐻0
𝑖 = 𝐸𝑧𝑝𝑒,𝑖 + 𝐸𝑣𝑖𝑏,𝑖 + 𝐸𝑡𝑟𝑎𝑛𝑠,𝑖 + 𝐸𝑟𝑜𝑡,𝑖 + 𝑃𝑉𝑚,𝑖

                      (5)
= 𝑅∑

𝑘
(Θ𝑘

2
+

Θ𝑘

exp (Θ𝑘/𝑇) ‒ 1) + 4𝑅𝑇

For  of the gaseous species, which also include the translational, rotational, and 𝑆0
𝑖

vibrational contributions to the entropy, we calculated the translational, rotational, and 

vibrational entropy via their corresponding partition functions. The translational and 

rotational partition functions were obtained from the Gaussian 09 software by using the 

hybrid functional B3LYP and the 6-31G(d,p) basis set.1 The translational and rotational 

entropy for the gas species can be calculated by the following equations:

                       (6)𝑆 0
𝑡𝑟𝑎𝑛𝑠 = 𝑅(𝑙𝑛(𝑞𝑡𝑟𝑎𝑛𝑠) + 1 + 3/2)

                              (7)𝑆 0
𝑟𝑜𝑡 = 𝑅(𝑙𝑛(𝑞𝑟𝑜𝑡) + 3/2)

The vibrational entropy can be obtained via calculating the vibrational frequencies 

and the following equation: 

         (8)
𝑆 0

𝑣𝑖𝑏 = 𝑅∑
𝑘

( Θ𝑘/𝑇

exp (Θ𝑘/𝑇) ‒ 1
‒ ln [1 ‒ exp ( ‒ Θ𝑘/𝑇)])

For a nonlinear molecule, the of the gaseous species as a function of temperature is 𝑆0
𝑖

                           (9)𝑆0
𝑖 = 𝑆𝑣𝑖𝑏,𝑖 + 𝑆𝑡𝑟𝑎𝑛𝑠,𝑖 + 𝑆𝑟𝑜𝑡,𝑖

In addition, both vibrational enthalpy and entropy need the vibrational frequency, 

however, since the current version of the CONQUEST code cannot compute vibrational 

frequencies, we adopted the VASP software2-5 to compute the vibrational frequency 

from the CONQUEST optimized geometries to calculate the thermodynamic 

corrections. In the calculation of VASP, the exchange and correlation energies were 

also computed within the GGA using the PBE functional and a kinetic energy cutoff of 



400 eV. Ion-electron interactions were described by the projector augmented wave 

(PAW) formalism.6

For the adsorption species, the PVm,i term is ignored because the molar volume of 

surface species is negligible and rotational modes also make a small contribution, 

neither the translational modes; only vibrational modes for the internal energy 

contribution of the adsorbed species were considered (see eqn. (10)); similarly, for 𝑆0
𝑖

the adsorbed species (see eqn. (11)) was also calculated with only vibrational modes 

(translational and rotational modes can be ignored).

                   (10)
𝐻0

𝑖 ≈  𝐸𝑧𝑝𝑒,𝑖 + 𝐸𝑡ℎ,𝑖 = 𝑅∑
𝑘

(Θ𝑘

2
+

Θ𝑘

exp (Θ𝑘/𝑇) ‒ 1)

              (11)
𝑆0

𝑖 ≈ 𝑆 0
𝑣𝑖𝑏 = 𝑅∑

𝑘
( Θ𝑘/𝑇

exp (Θ𝑘/𝑇) ‒ 1
‒ ln [1 ‒ exp ( ‒ Θ𝑘/𝑇)])

To simulate the adsorption isotherm, we adopted the dual-site Langmuir isotherm 

model as proposed by Alonso et al.7 for the different adsorption sites defined in this 

article, iSUB, L, and P sites. By using the modified Langmuir isotherm model, each 

adsorption site for its coverage is assumed to be a single Langmuir isotherm with a 

corresponding equilibrium constant. The sum of three individual Langmuir isotherms 

is the total coverage (θ) for the system. Hence, the coverage can be divided into three 

individual coverages of (1) the coverage at iSUB sites (θiSUB), (2) the coverage at the 

Linker sites (θL), and (3) the coverage at the pore sites (θpore). The total coverage 

represents the individual three coverages multiplied by the site distribution χi = Ni/Ntot, 

where i means iSBU, L, or pore sites and Ntot is the total number of sites. The 

equilibrium constant can be solved by the calculated Gibbs free energy, and then the 

total coverage can be written as follows formula: 

𝜃 = 𝜒𝑖𝑆𝐵𝑈𝜃𝑖𝑆𝐵𝑈 + 𝜒𝐿𝜃𝐿 + 𝜒𝑝𝑜𝑟𝑒𝜃𝑝𝑜𝑟𝑒



         (12) 
= 𝜒𝑖𝑆𝐵𝑈

𝐾𝑖𝑆𝐵𝑈(𝜃)𝑃

1 + 𝐾𝑖𝑆𝐵𝑈(𝜃)𝑃
+ 𝜒𝐿𝜃𝐿

𝐾𝐿(𝜃)𝑃

1 + 𝐾𝐿(𝜃)𝑃
+ 𝜒𝑝𝑜𝑟𝑒𝜃𝑝𝑜𝑟𝑒

𝐾𝑝𝑜𝑟𝑒(𝜃)𝑃

1 + 𝐾𝑝𝑜𝑟𝑒(𝜃)𝑃



Table S1. The comparison of the calculated bond lengths and bond angles of the Ni-
MOF-74 structure with the experimental crystal data. 

Experiment Calculation

d(C-H) 1.13 1.10

d(C-C) 1.48 1.45

d(C=C) 1.40 1.39

d(C-O) 1.29 1.28

d(Ni-O) 1.90 1.99

∠(C-C-C) of linker 120° 119.97°

∠(O-C-O) of linker 119.96° 119.74°

∠(O-C-C) of linker 120.14° 121.48°

∠(O-Ni-O) of iSBU (square planner) 89.97° 91.38°

∠(O-Ni-O) of iSBU (octahedron) 90.84° 89.54°



Table S2. Calculated stepwise adsorption energy of 1 to 16 CH4 on the Ni-MOF-74 
without the BSSE correction, without the dispersion, and the dispersion energy. 

Loading Eads (kJ/mol) w/o 
BSSE

Eads (kJ/mol) w/o 
dispersion

Edisp (kJ/mol)

1 -32.58 -6.18 -16.44

2 -30.37 -5.03 -17.89

3 -27.62 -4.08 -15.86

4 -29.81 -5.10 -16.64

5 -29.96 -6.00 -16.22

6 -31.68 -5.57 -17.02

7 -43.62 -13.10 -17.82

8 -44.80 -8.88 -24.71

9 -41.00 -10.35 -18.74

10 -47.39 -11.33 -22.23

11 -41.88 -7.28 -22.33

12 -41.63 -4.47 -26.22

13 -23.42 -4.03 -14.32

14 -34.37 0.00 -23.04

15 -25.10 0.00 -10.53

16 -28.06 0.00 -11.02



Table S3. Calculated average adsorption energy of 1 to 16 CH4 on the Ni-MOF-74.

Loading aEads (average) (kJ/mol)
1 -22.62
2 -22.77
3 -21.83
4 -21.81
5 -21.89
6 -22.01
7 -23.28
8 -24.57
9 -25.07
10 -25.92
11 -26.25
12 -26.62
13 -25.99
14 -25.78
15 -24.76
16 -23.90

aThe average adsorption energy is calculated by using the following formula: 

Eads (average) = (Etot[MOF + nCH4] – Etot[MOF] – nEtot[CH4])/n 

Where Etot[MOF + nCH4] represents the total energy of the Ni-MOF-74 framework 
after nCH4 (n=1~16) molecules adsorption. Etot[MOF] represents the total energy of the 
Ni-MOF-74 framework, and Etot[CH4] is the total energy of the CH4 molecule in 
vacuum; n is the numbers of methane molecules. 



Table S4. Calculated stepwise adsorption Gibbs free energy of 1 to 16 CH4 on the Ni-
MOF-74 at different Temperatures.

Loading Gads (kJ/mol) 125K Gads (kJ/mol) 270K Gads (kJ/mol) 323K

1 -7.29 7.38 11.19

2 -7.59 7.08 10.89

3 -4.61 10.06 13.87

4 -6.41 8.26 12.07

5 -6.89 7.78 11.59

6 -7.26 7.41 11.22

7 -15.59 -0.92 2.89

8 -18.26 -3.59 0.22

9 -13.76 0.91 4.72

10 -18.23 -3.56 0.25

11 -14.28 0.39 4.20

12 -15.36 -0.69 3.12

13 -3.02 11.65 15.46

14 -7.71 6.96 10.77

15 4.80 19.47 23.28

16 4.31 18.98 22.79



Table S5. Calculated average adsorption Gibbs free energy of 1 to 16 CH4 on the Ni-
MOF-74 at different Temperatures.

Loading Gads (kJ/mol) 125K Gads (kJ/mol) 270K Gads (kJ/mol) 323K

1 -7.29 7.38 11.19

2 -7.44 7.23 11.04

3 -6.50 8.17 11.98

4 -6.48 8.19 12.00

5 -6.56 8.11 11.92

6 -6.68 7.99 11.80

7 -7.95 6.72 10.53

8 -9.24 5.43 9.24

9 -9.74 4.93 8.74

10 -10.59 4.08 7.89

11 -10.92 3.74 7.55

12 -11.29 3.37 7.18

13 -10.66 4.01 7.82

14 -10.45 4.22 8.03

15 -9.43 5.24 9.05

16 -8.57 6.10 9.91



Table S6. Calculated partial charges of the framework in the present work in 
comparison with the previous works.8, 9 (The labels of different atoms correspond to the 
labels in the following picture)  

aPartial charge |e| bPartial charge |e|

Ni 1.298 0.868

O1 -0.789 -0.390

O2 -0.696 -0.384

O3 -0.785 -0.536

C1 0.895 0.276

C2 -0.349 -0.044

C3 0.418 0.174

C4 -0.173 -0.030

H 0.181 0.009

a The values were taken from the works of Becker et al. and Lee et al.8, 9

b The values were calculated in the present work.

 



Figure S1. Calculated XRD patterns for the (upper) optimized Ni-MOF-74 and (bottom) the experimental cif data of the Ni-MOF-74. The 
experimental cif data is taken from ref 19.  



Figure S2. Calculated C-H bond distribution of multiple methane molecules adsorption 
on the Ni-MOF-74: (a) 1 CH4, (b) 2 CH4, (c) 3 CH4, (d) 4 CH4, (e) 5 CH4, (f) 6 CH4, 
(g) 7 CH4, (h) 8 CH4, (i) 9 CH4, (j) 10 CH4, (k) 11 CH4, (l) 12 CH4, (m) 13 CH4, (n) 14 
CH4, (o) 15 CH4, and (p) 16 CH4. The dashed line represents the bond length of the free 
methane molecule (1.106 Å). 



Figure S2 Continued.



Figure S2 Continued.



Figure S3. Calculated C…Ni bond distance distribution of multiple methane molecules 
adsorption on the Ni-MOF-74: (a) 1 CH4, (b) 2 CH4, (c) 3 CH4, (d) 4 CH4, (e) 5 CH4, 
(f) 6 CH4, (g) 7 CH4, (h) 8 CH4, (i) 9 CH4, (j) 10 CH4, (k) 11 CH4, and (l) 12 CH4. 



Figure S3 Continued.



Figure S4. Calculated C-H…O bond distance distribution of multiple methane 
molecules adsorption on the Ni-MOF-74: (a) 1 CH4, (b) 2 CH4, (c) 3 CH4, (d) 4 CH4, 
(e) 5 CH4, (f) 6 CH4, (g) 7 CH4, (h) 8 CH4, (i) 9 CH4, (j) 10 CH4, (k) 11 CH4, and (l) 12 
CH4. 



Figure S4 Continued.



Figure S5. Calculated C-H…π distance distribution of multiple methane molecules 
adsorption on the Ni-MOF-74: (a) 1 CH4, (b) 2 CH4, (c) 3 CH4, (d) 4 CH4, (e) 5 CH4, 
(f) 6 CH4, (g) 7 CH4, (h) 8 CH4, (i) 9 CH4, (j) 10 CH4, (k) 11 CH4, and (l) 12 CH4.



Figure S5 Continued.



Figure S6. Optimized adsorption structures of multiple methane molecules in a pore of 
the Ni-MOF-74: (a) 3 CH4, (b) 4 CH4, (c) 5 CH4, (d) 8 CH4, (e) 9 CH4, (f) 10 CH4, (g) 
11 CH4, (h) 14 CH4, and (i) 15 CH4.
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