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Supplementary Note 1: Temperature elevation-induced pressure changes of ANG and CNG
The temperature dependence of methane adsorption was studied with 1.26-nm carbon pores (A20). Methane adsorption in the carbon pores decreased with increasing temperature (Supplementary Fig. 1a). Assuming methane was stored at 3.5 MPa and 298 K in containers filled by porous carbon without packing voids, with a temperature rise from 298 K to 313 K, the amount of methane adsorbed in the nanopores decreases, and a new equilibrium is achieved under the higher pressure of 6.0 MPa. Similarly, if methane is stored at 3.5 MPa and 273 K in containers filled by porous carbon, the pressure of the newly established equilibrium at 298 K is 6.5 MPa. The reported methane adsorption on MOFs is also widely affected by temperature elevation1,2. On the other hand, the pressure of a CNG vessel with an initial pressure of 25 MPa increases to 27.7 MPa (or 31.2 MPa) with an increase in temperature from 298 to 313 K (or from 273 to 298 K) (Supplementary Fig. 1b and Supplementary Table 1), i.e., the CNG method is much less affected by temperature elevation than the ANG method. The temperature-elevation induced pressure changes of ANG using porous carbon with 1.00 nm (A15), 1.26 nm (A20) and 1.62 nm (PG973) pores are shown together with those of CNG in Supplementary Figure 1c. 


Supplementary Note 2: Porosity variations of carbon during graphene grafting at pore entrances and pore reopening by air oxidation
    The porosities of carbons were evaluated with nitrogen adsorption at 77 K. The surface areas were determined by using subtracting pore effect (SPE) method3,4 as well as with the Brunauer‒Emmett‒Teller (BET) method (P/P0 range of 0.05-0.20). The pore size distribution was determined by using quenched solid density functional theory (QSDFT)5 with the slit-pore model. The total pore volume was determined from the amount of nitrogen adsorbed at P/P0 = 0.98 according to Gurvitch’s rule.
       Pore entrance wrapping of a-ACF was carried out by using the CVD method with methane as the carbon source (Supplementary Fig. 8). The nitrogen adsorption isotherms (77 K) of CVD-treated a-ACF showed a decrease in nitrogen uptake with increasing CVD temperature (Supplementary Fig. 8a,b). Moreover, distinct hysteresis at low relative pressures was observed for a-ACF treated by CVD at 1093 and 1113 K (Supplementary Fig. 8b), suggesting that the partially wrapped entrances of a-ACF had narrow pores whose sizes were close to that of the nitrogen molecule. The comparison plots of a-ACF treated by CVD at 1053 and 1073 K against the original a-ACF were generally straight with a slight downwards bend at large adsorption amounts (Supplementary Fig. 8c). The porosity variation of CVD-treated a-ACF is shown in Supplementary Figure 8d,e.
[bookmark: _Hlk88467896]The entrance-wrapped nanopores can be reopened by using air oxidation to form nanoscale windows in the pore walls (Supplementary Fig. 9). Nitrogen adsorption isotherms (77 K) for entrance-wrapped carbon prepared at 1123 K showed an increase in nitrogen uptake with increasing oxidation temperature up to 693 K and become almost constant at higher oxidation temperatures (Supplementary Fig. 9a), suggesting that 693 K was sufficient to open all inaccessible nanopores of this entrance-wrapped carbon. The comparison plots for entrance-wrapped carbon after air oxidation against the original a-ACF were straight in general with slight downwards bending at large adsorption amounts (Supplementary Fig. 9b), suggesting that the reopened pores gave a porous structure similar to that of the carbon precursor. The weight loss of entrance-wrapped carbon induced by air oxidation at 693 K was 2.7%, which is quite small. Intensive oxidation at 713 K gave rise to a weight loss of 5.2% without further development of porosity. The porosity parameters for the entrance-wrapped carbon treated by air oxidation under different temperatures are shown in Supplementary Figure 9c,d. Similarly, entrance-wrapped carbon prepared at 1113 and 1133 K was fully reopened by air oxidation at 673 and 713 K (Supplementary Fig. 10), respectively, i.e., a higher CVD temperature gave rise to more stable entrance wrapping. The porosities of entrance-wrapped carbons after full pore opening are shown in Supplementary Figure 10c,d. The pore volume of entrance-wrapped carbon decreased with increasing CVD temperature due to increased carbon deposition.
A variety of slit-shaped porous carbons with different pore widths were used as precursors to prepare pore entrance-wrapped carbons (Supplementary Fig. 11). The nitrogen adsorption isotherms (77 K) and pore size distributions of these carbons before grafting the entrance wrapping are shown in Supplementary Figure 11a,b. The required CVD temperature and the amount of carbon deposited increased rapidly with the pore widths of the carbon (Supplementary Fig. 11c) because full wrapping of wider pores was more difficult due to ineffective carbon deposition. Therefore, a porous carbon precursor with small pore widths and a large pore volume is favoured for preparation of entrance-wrapped pores with a large blocked pore volume.


Supplementary Note 3: Wall thickness and space utilization ratio of the pressure vessel6
    The formulas used for calculating the wall thickness (tr) of the pressure vessel are

tr = Ri (Z11/2 - 1),
where Z1 = (S + P)/(S - P),
S = 0.667 E* Fy

Nomenclatures:
E: Joint efficiency factor
Fy: Minimum specified yield strength
P: maximum working pressure
Ri: inner diameter of vessel
tr: wall thickness of vessel

[bookmark: _Hlk94801485]The joint efficiency factor (E) used in this calculation was 1.0 (seamless vessel). The minimum specified yield strength (Fy) was set as 1000 MPa (14504 psi)7. The density of stainless steel is 7800 kg m-3. The calculated m/V ratio at 25 MPa was 1.274, which was within those for commercial CNG vessels (1.0~1.5)8,9. The wall thickness and mass/volume (m/V) ratio of the pressure vessel for different working pressures are shown in Supplementary Figure 3. The space utilization ratio of a cylindrical pressure vessel was determined to be 0.74 by taking a cuboid structure as a standard (Supplementary Fig. 4). Ambient-condition methane storage using entrance-wrapped carbon does not require a heavy pressure vessel with a specific cylindrical or spherical shape; therefore, the weight of the container is negligible, and the space utilization ratio is close to unity.


Supplementary Figures
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Supplementary Figure 1. Effect of temperature elevation on methane storage with ANG and CNG. a, High-pressure methane adsorption on 1.26-nm carbon pores at 273, 298 and 313 K. b, Molar density of methane at different pressures and temperatures (Supplementary Table 1). c, Temperature-elevation induced pressure increase for the ANG method using porous carbon with different pore widths and the CNG method. Temperature increase from 273 K to 298 K: Light blue; temperature increase from 298 K to 313 K: Orange.
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Supplementary Figure 2. TG-mass measurements of entrance-wrapped carbon entrapped with methane. TG curve: black, DTG curve: red, mass curve (z = 15, corresponding to CH3+): blue. Here, the mass curve signal was normalized to fit the magnitude of the DTG curve.
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Supplementary Figure 3. Design of a pressure vessel for different working pressures. a-c, Required wall thickness (a), weight (b) and mass/volume (m/V) ratio (c) of the pressure vessel as a function of its working pressure. The length/diameter (L/D) = 5 was used here for working pressures > 3.5 MPa6. Pressure vessels with inner diameters of 1 foot (30.48 cm, black square) and 2 feet (60.96 cm, red sphere) were calculated independently, and the obtained m/V values of the two different pressure vessels were identical. d, m/V values for the pressure vessel with several typical working pressures.
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Supplementary Figure 4. Space utilization ratio for the pressure vessel. a, Sketch of a pressure vessel and the space occupied (red box). b, Space utilization ratio of the pressure vessel at different L/D values. The dotted blue line in (b) indicates a space utilization ratio of 0.74 at L/D = 5. The space utilization ratio of a cylindrical pressure vessel was determined to be 0.74 by taking a cuboid structure as a standard. 
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Supplementary Figure 5. Gravimetric methane deliverable capacities of the entrance-wrapped carbon in this study (red star), ANG with porous carbons (black spheres) and MOFs (green diamonds) at 3.5 MPa using a pressure vessel with a design pressure of 6.0 MPa. The red dotted line indicates the methane storage amount for entrance-wrapped carbon under ambient pressure.
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[bookmark: _Hlk103346977]Supplementary Figure 6. a, b, Volumetric (a) and gravimetric (b) methane deliverable capacities of the porous carbon with graphene locks in this study (red star), ANG with porous carbons (black spheres) and MOFs (green diamonds) under different pressures. The methane deliverable capacities of different adsorbents at 298 K are shown in detail in Supplementary Table 2-5.
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Supplementary Figure 7. Porosities of ACF before and after CO2 activation. Nitrogen adsorption isotherms at 77 K (a) and pore size distributions (b) of ACF and a-ACF.
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Supplementary Figure 8. Porosity of a-ACF after CVD at different temperatures. Nitrogen adsorption isotherms at 77 K (a, b), comparison plots (against the adsorption isotherm of a-ACF) (c), pore size distributions (d) and porosities (e) of a-ACF treated by CVD at different temperatures.
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Supplementary Figure 9. Porosity of entrance-wrapped pores after generation of nanoscale windows by air oxidation. Nitrogen adsorption isotherms at 77 K (a), comparison plots (against the adsorption isotherm of a-ACF) (b), pore size distributions (c) and porosities (d) of entrance-wrapped carbons (prepared at a CVD temperature of 1123 K) treated by air oxidation at different temperatures.
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Supplementary Figure 10. Porosity of entrance-wrapped carbon after full opening. Nitrogen adsorption isotherms at 77 K (a), comparison plots (against the adsorption isotherm of a-ACF) (b), pore size distributions (c) and porosities (d) after full pore opening for three entrance-wrapped carbons prepared at different CVD temperatures. The optimum oxidation temperature for pore opening is 673 K for the sample prepared via CVD at 1113 K, 693 K for the sample prepared via CVD at 1123 K, and 713 K for the sample prepared via CVD at 1133 K.
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[bookmark: _Hlk88471076][bookmark: _Hlk88471585]Supplementary Figure 11. Entrance-wrapped carbon prepared from carbons with different pore widths. a, b, Nitrogen adsorption isotherms at 77 K (a) and pore size distributions (b) of porous carbons with different pore widths. c, CVD temperatures required for grafting the entrance wrapping onto different carbon pores (under a two-hour reaction) and the weight increase of the carbon precursor after grafting the entrance wrapping. 
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Supplementary Figure 12. True density measurement using the buoyancy (a-c) and dispersion of carbon in water and ethanol (d). a-c, Helium excess adsorption isotherms (298 K) for a-ACF (a), entrance-wrapped carbon before (b) and after (c) pore opening. The true densities of carbons were determined using the slope from a plot of weight against pressure10,11. d, Photo showing the dispersion of a-ACF (1) and entrance-wrapped carbon (2) in water, entrance-wrapped carbon in ethanol (3) and entrance-wrapped carbon after pore opening in water (4).
[bookmark: _GoBack][image: ]
Supplementary Figure 13. Methane adsorption on entrance-wrapped carbons without pore opening. a-c, Isotherms for adsorption of methane at 298 K (hollow) and 473 K (solid) on entrance-wrapped carbons prepared at 1113 K (a), 1123 K (b), and 1133 K (c). d, Comparison of experimental (solid symbols) and calculated (dotted lines) methane adsorption on entrance-wrapped carbon at 473 K. The calculated methane adsorption isotherms shown in (d) were obtained from the computational results (Supplementary Fig. 14) and transformed in proportion to the surface area of the entrance-wrapped carbons after pore opening and ideal monolayer graphene (2630 m2g-1). The experimental amounts of methane adsorbed at 473 K were slightly higher than those from GCMC simulations based on the porosity parameters from nitrogen adsorption at 77 K, which underestimated the real accessible porosity for methane at 473 K.
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Supplementary Figure 14. Computational total and excess isotherms for adsorption of methane on slit-shaped carbon pores of 1.35 nm. a-c, Methane adsorption isotherms at 423 K (a), 473 K (b) and 523 K (c). Here, total adsorption was identical to absolute adsorption. d, Amount of methane adsorbed as a function of temperature with a pressure of 25 MPa.
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Supplementary Figure 15. a, Schematic for methane encapsulation into entrance-wrapped carbon under high pressure (25 MPa) and moderate temperatures (373~523 K). b, c, Sketch (b) and photograph (c) of the sample cell. d, Photograph of the sample fixed with stainless-steel wire.
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Supplementary Figure 16. Assessment of methane storage in entrance-wrapped carbon through TG studies. a, Encapsulation of methane was conducted at 373, 423, 473 and 523 K on entrance-wrapped carbon prepared at 1123 K. b, Encapsulation of methane was conducted at 423 K on entrance-wrapped carbons prepared at 1113, 1123 and 1133 K. c, Cycling performance of entrance-wrapped carbon for methane storage. d, Release of methane under different heating processes. Heating method 1 (blue dotted line): Continuous heating up to 873 K. Heating method 2 (red dotted line): Heating up to 473 K followed by maintaining the temperature at 473 K. Heating method 3 (black dotted line): Heating up to 423 K followed by maintaining the temperature at 423 K.
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Supplementary Figure 17. DTG curves for methane stored in entrance-wrapped carbons prepared under CVD temperatures of 1113, 1123 and 1133 K in comparison with a-ACF.
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Supplementary Figure 18. Assessment of methane storage in entrance-wrapped carbons through methane adsorption isotherms. a-c, methane adsorption isotherms determined at 473 K for entrance-wrapped carbons prepared at CVD temperatures of 1113 K (a), 1123 K (b) and 1133 K (c). The methane adsorption isotherms were obtained from computational results (Supplementary Fig. 14b) and transformed in proportion to the surface area of the entrance-wrapped carbons after pore opening and ideal monolayer graphene (2630 m2g-1). The blue dotted line indicates the amount of methane stored at 25 MPa. The green star indicates the amount of methane stored as determined by TG.


Supplementary Tables
Supplementary Table 1. The pressures of methane at different molar densities and temperatures12. 
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Supplementary Table 2. Volumetric methane deliverable capacities of MOFs under different pressures at 298 K2,13,14. The deliverable capacities shown in Figure 1d are amended by multiplying the space utilization ratio of 0.74.
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Supplementary Table 3. Gravimetric methane deliverable capacities of MOFs under different pressures at 298 K by taking into account the weight of pressure vessel. 
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Supplementary Table 4. Volumetric methane deliverable capacities of porous carbons under different pressures at 298 K15,16. The deliverable capacities shown in Figure 1d are amended by multiplying the space utilization ratio of 0.74.
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Supplementary Table 5. Gravimetric methane deliverable capacities of porous carbons under different pressures at 298 K by taking into account the weight of pressure vessel.  
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Supplementary Table 6. Apparent porosity parameters of entrance-wrapped carbons prepared at different CVD temperatures. 
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Supplementary Table 7. Apparent porosity parameters of entrance-wrapped carbon prepared at 1123 K reopened by air oxidation at different temperatures.
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Supplementary Table 8. CVD temperatures required for grafting the entrance wrapping onto different carbon pores (under a two-hour reaction) and the weight increases of the carbon precursors after grafting the entrance wrapping.
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Supplementary Table 9. Structural parameters of pristine ACF, a-ACF and entrance-wrapped carbon prepared at CVD temperature of 1123 K.
[image: ]
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MOF-519 0.938 0.953 2400 213 136 297 173 378 138
MOF-520 1.277 0.586 3290 127 86 181 116 236 104
MOF-205 0.38 2.16 4460 316 184 482 236 539 242 908 197
MOF-210 0.25 3.6 6420 328 167 468 187 664 238 1508 240
HKUST-1 0.883 0.78 1850 257 143 302 158
NU-111 0.409 2.09 4930 337 192 504 247
NU-140 0.426 1.97 4300 324 182 469 229
ZJU-35 0.657 1.156 2899 269 160 346 187
UTSA-20 0.909 0.66 1620 202 115 253 139
PCN-61 0.56 1.36 3000 305 174 391 199
NU-1501-Al 0.283 291 7310 576 245 671 259 756 256
NU-1500-Al 0.498 1.46 3560 402 203 434 204 476 204
Ni-MOF-74 1.195 0.56 1593 217 161 223 96 232 96

HKUST-1 0.881 0.75 1980 299 156 309 156 319 151
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.5 .S X X 5.
Packing density Pore volume Surface area 3.5MPa 6.5MPa 8.0 MPa 10.0 MPa 25.0 MPa

Sample /g em3 /em3g?! /m2g? Total ~ Deliverable — Total — Deliverable = Total — Deliverable = Total —Deliverable = Total  Deliverable
/emPem? /omPem?® /emPem? /emPcm? /omPem? /emPcom® /omPem? /emdem? /cm®em? /com’dem
Maxsorb 0.67 0.83 1800 133 90 166 123 201 158
LMA405 0.45 2 3551 134 88 181 135 215 169
LMA738 0.53 2.25 3290 165 118 221 174 265 218
LMA726 0.54 2.44 3425 156 114 202 160 246 204
LFC54 0.76 0.85 1930 155 135
LFC73 0.7 0.98 2400 163 143
CFC60 0.75 0.81 1740 158 136
CFC74 0.74 0.92 2862 166 150
KUA41701 0.56 1.45 3290 166 142
KUB41701 0.64 0.93 2123 165 140

Maxsorb-A 0.5 1.38 3100 152 138





image23.png
.5 .S X X 5.
Packing density Pore volume Surface area 3.5MPa 6.5MPa 8.0 MPa 10.0 MPa 25.0 MPa

Sample /g em3 /em3g?! /m2g? Total ~ Deliverable — Total — Deliverable = Total — Deliverable = Total —Deliverable = Total  Deliverable
/cm? gt /cm? gt /cm? gt JemPg!  /emdgl!  /emiPg!  /omiPg! /emig!  /cmdgl!  /omdgl
Maxsorb 0.67 0.83 1800 199 107 248 125 300 136
LMA405 0.45 2 3551 298 142 402 176 478 180
LMA738 0.53 2.25 3290 311 169 417 206 500 214
LMAT726 0.54 2.44 3425 289 161 374 187 456 198
LFC54 0.76 0.85 1930 204 145
LFC73 0.7 0.98 2400 233 165
CFC60 0.75 0.81 1740 211 148
CFC74 0.74 0.92 2862 224 165
KUA41701 0.56 145 3290 296 195
KUB41701 0.64 0.93 2123 258 173

Maxsorb-A 0.5 1.38 3100 304 206
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Oxidation temperature Sper/ M? g1 S,pas/m?gt Vi, /emd gt d/nm  Weight change / %

633K 600 490 0.33 1.35 -0.6
653K 1020 880 0.59 1.34 -1.0
673K 1270 1100 0.72 1.31 -1.6
693K 1450 1260 0.80 1.25 -2.7

713K 1450 1260 0.80 1.25 -5.2
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A5 690 1080 0.33 0.61 1013 13
A10 1000 1290 0.51 0.79 1053 23
Al5 1560 1460 0.73 1.00 1073 37
A20 1950 1620 1.02 1.26 1103 65
a-ACF 2840 2460 1.66 1.35 1123 97
PGI73 2130 1800 1.46 1.62 1153 151
PG1073 2200 1900 1.86 1.96 1173 195
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002 peak dooz /nm ID/ IG

ACF 11.24 0.408 1.79
a-ACF 11.21 0.409 1.82
Entrance-wrapped carbon 11.58 0.396 1.66
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