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1. Materials and Methods 

All the reagents were obtained from commercial suppliers and used without further purification. 

Field-emission scanning electron microscope (FE-SEM) analyses were conducted on a FEI Quanta 

600 SEM (20 kV) equipped with an energy dispersive spectrometer (EDS, Oxford Instruments, 80 

mm2 detector). Samples were treated via Pt sputtering before observation. Elemental analyses (EA) 

were performed on a Vario MICRO series CHNOS Elemental Analyzer. Powder X-ray diffraction 

patterns were obtained on a Bruker D8 Advance X-ray Powder Diffractometer equipped with a Cu 

sealed tube (λ = 1.54178 Å) at a scan rate of 0.02 ° s-1. Thermogravimetric analyses (TGA) were 

performed using a Shimadzu DTG-60AH Thermal Analyzer under flowing N2 or air, with a heating 

rate of 10 °C min-1. The MOF powder was mechanically tapped inside a glass measuring cylinder 

until there was no change in the volume of the product to calculate the tap density.1 

2. Low-Pressure Gas Sorption Measurements 

Gas sorption isotherms were measured up to 1 bar using a Micromeritics ASAP 2020 surface area 

and pore size analyzer. Before the measurements, the samples (~50 mg) were degassed under 

reduced pressure (< 10-2 Pa) at 150 °C for 12 h. UHP grade N2, He, H2, CH4, and CO2 were used 

for all the measurements. Oil-free vacuum pumps and oil-free pressure regulators were used to 

prevent contamination of the samples during the degassing process and isotherm measurement. The 

temperatures of 77 K, 87 K, 273 K, and 298 K were maintained with a liquid nitrogen bath, a liquid 

argon bath, an ice water bath, and under room temperature, respectively. Pore size distribution data 

were calculated from the N2 sorption isotherms at 77 K based on non-local density functional theory 

(NLDFT) model (assuming slit pore geometry) and Barrett-Joyner-Halenda (BJH) desorption model 

in the Micromeritics ASAP 2020 software package. 
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Figure S1. Schematic illustration of the AM-FM mode: the 1st mode amplitude is controlled 

to create the topography of the sample while the 2nd mode frequency is to calculate tip-sample 

stiffness and elasticity.
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Figure S2. PXRD patterns (a), FE-SEM images (b, d), and N2 isotherms (c) of MOF-808(Zr) 

synthesized in small and large scale. 
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Figure S3. FE-SEM images: (a) MOF-808(Zr); (b) MOF-808(Hf). EDS-mapping images: (c) 

MOF-808(Zr); (d) MOF-808(Hf). Blue, metal; red, carbon; green, oxygen. 
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Figure S4. Characterizations of MOF-808 and UiO-66: (a, b) Powder X-ray diffraction (PXRD) 

patterns; (c) N2 sorption isotherms at 77 K; (d) Pore size distribution calculated from non-local 

density functional theory (NLDFT) model (assuming slit pore geometry); (e) Pore size 

distribution calculated from Barrett-Joyner-Halenda (BJH) desorption model. 
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Figure S5. Summary of elastic moduli of representative materials. 
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Figure S6. Virial fitting of H2 sorption isotherms at 77 K and 87 K.
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Figure S7. Virial fitting of CO2 sorption isotherms at 273 K and 298 K.
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Figure S8. Virial fitting of CH4 sorption isotherms at 273 K and 298 K. 
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Figure S9. High-pressure gravimetric excess CH4 sorption isotherms of MOF-808 powder and 

pellet at 298 K.
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Figure S10. High-pressure volumetric excess CH4 sorption isotherms of MOF-808 powder and 

pellet at 298 K. Volumetric uptake capacities are calculated by tap and pellet densities, 

respectively. 
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Figure S11. High-pressure gravimetric total CH4 sorption isotherms of MOF-808 powder and 

pellet at 298 K. 
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Figure S12. High-pressure volumetric total CH4 sorption isotherms of MOF-808 powder and 

pellet at 298 K. Volumetric uptake capacities are calculated by tap and pellet densities, 

respectively.
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Figure S13. Total volumetric methane uptake isotherms of MOF-808(Hf) over 3 cycles, 

indicating no noticeable sample degradation within 3 continuous sorption cycles. The inset 

shows the variation of the total uptake at 65 bar and working capacity of 5.8–65 bar versus 

cycle number. 
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Figure S14. PXRD patterns (a-c) and optical images (d-f) of MOF-808 pellets (diameter: 12 

mm): (a, d) MHT synthesized MOF-808(Zr); (b, e) MHT synthesized MOF-808(Hf); (c, f) 

solvothermally synthesized MOF-808(Zr). 

 



S18 

Table S1. Summary of MOF-808(Hf) synthesis in the literature. 

Year Synthesis condition 
BET surface 

area (m2/g) 

Pore 

volume 
Application Reference 

2016 
FA/DMF at 100 ºC 

for 3 days 
1200 - 

Styrene oxide ring-

opening reaction 
2 

2017 
FA/DMF at 120 ºC 

for 3 days 
1340 - Benzoxazole synthesis 3 

2018 
FA/DMF at 100 ºC 

for 3 days 
458 0.3 

Meerwein–Ponndorf–

Verley reduction 
4 

2018 
FA/DMF at 100 ºC 

for 3 days 
458 0.3 

Meerwein–Ponndorf–

Verley reduction 
5 

2018 
FA/DMF at 100 ºC 

for 3 days 
1201 - Imine synthesis 6 

2020 
FA/H2O at 100 ºC 

for 12 h 
1210 0.69 Gas storage This work 
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Table S2. Optimization in the MHT synthesis of MOF-808. 

Modulator 
ZrCl4 / HfCl4 

(g, 5.1 mmol) 

BTC 

(g, 5 mmol) 

Molar ratio 

(modulator to ligand) 

Relative 

XRD 

crystallinity 

AA 

1.2/1.6 1.05 17 - 

1.2/1.6 1.05 35 - 

1.2/1.6 1.05 70 - 

1.2/1.6 1.05 105 - 

1.2/1.6 1.05 140 - 

FA 

1.2/1.6 1.05 26 - 

1.2/1.6 1.05 53 ~20% 

1.2/1.6 1.05 106 100% 

1.2/1.6 1.05 159 ~60% 

1.2/1.6 1.05 212 — 

TFA 

1.2/1.6 1.05 13 - 

1.2/1.6 1.05 26 ~10% 

1.2/1.6 1.05 52 ~50% 

1.2/1.6 1.05 78 ~20% 

1.2/1.6 1.05 104 - 

“-“ indicates amorphous products. 
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Table S3. Summary of porosity, gas uptake, and Qst values of MOF-808. 

 MOF-808(Zr) MOF-808(Hf) 

BET SAa) 1650 1210 

Langmuir SAa) 2100 1620 

Pore volumeb) 0.81 0.69 

Pore sizec) 6.9 & 19 6.9 & 16 

CO2 uptaked) 

298 K 1.61 1.45 

273 K 2.81 2.40 

H2 uptaked) 

77 K 6.65 5.84 

87 K 4.22 2.92 

CH4 uptaked) 

298 K 0.39 0.29 

273 K 0.57 0.52 

Qst of CO2
e) 23.2 25.3 

Qst of H2
e) 6.6 8.2 

Qst of CH4
e) 15.8 16.5 

Metal/carbon molar ratiof) 0.263 0.259 

a) m2 g-1; b) cm3 g-1, c) Å, d) mmol g-1, e) kJ mol-1, f) EA analysis. 
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Table S4. Summary of gravimetric and volumetric methane working capacities of common 

porous materials. 

Materials 

SBET 

(m2 

g−1) 

Initial Qst 

(kJ/mol) 

Gravimetric 

working 

capacity (g g–

1)a) 

Volumetric 

working 

capacity (cm3 

(STP) cm–3)a) 

Volumetric 

capacity at 65 

bar (cm3 (STP) 

cm–3) 

MOF-5(Zn)7 3320 - 0.196 166 182 

UTSA-76a(Cu)8 2820 15.4 0.201 197 257 

monoHKUST-19 1193 - 0.121 185 259 

HKUST-1(Cu)10 1850 17.0 0.154 190 267 

NOTT-101a(Cu)11 2805 15.5 0.189 181 237 

PCN-14(Cu)10 2000 19.0 0.200 157 230 

MOF-519(Al)7 2400 14.6 0.157 210 260 

Al-SOC-MOF-112 5585 11.0 0.370 176 197 

UTSA-110(Cu)13 3241 14.5 0.226 190 241 

MOF-905(Zn)14 3490 11.7 0.241 181 206 

Co(bdp)15 2780 73.4 - 197 205 

NJU-Bai-43(Cu)16 3090 17.8 0.221 198 254 

DUT-49(Cu)17 5476 - 0.36 157 179 

MAF-38(Zn)18 2022 21.6 0.176 187 263 

MFM-115(Cu)19 3394 16.3 0.223 191 238 

BUT-22(Al)20 4380 12 0.295 158 182 

Fe(pbpta)21 4937 22.3 0.37 192 219 

FJU-101a(Cu)22 1909 17.3 0.172 144 212 
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MOF-74(Mg)23 1542 18.5 0.111 142 230 

PCN-68(Cu)24 5100 15.2 0.216 107 125 

COP-15025 120 - 0.137 30 38 

CBZ-126 1622 18.5 0.145 95 126 

PAF-126 4784 16.6 0.328 120 145 

F40027 1070 - 0.11 60 144 

LMA73827 3290 - 0.30 174 221 

Zeolite 13X 

(estimated)28 
- 115.3 0.067 105 164 

UiO-67(Zr)29 1575 13.4 0.146 145 183 

NU-1100(Zr)30 4020 11 0.240 156 180 

NU-1501(Al)31 7310 9.7 0.370 147 163 

MIL-53(Al)-OH32 1283 - 0.118 164 217 

MIL-53(Al)-(OH)2
32 1193 - 0.055 71 86 

monoUiO-66(Zr)33 982 - 0.118 172 211 

UiO-66(Zr)34 970 15.8 0.055 97 156 

MOF-808(Hf) (pellets) 1210 16.5 0.064 (0.041) 110 (86) 130 (98) 

MOF-808(Zr) (pellets) 1650 15.8 0.074 (0.044) 96 (69) 118 (81) 

a) Working capacity is defined as the difference in the total uptake between 65 and 5.8 bar. 
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