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Figure S1.  Pore size distributions for activated carbon flower particles and selected commercial 
carbon.  

 
 
 

 
Figure S2.  Pore size distributions for CO2 activated carbon nanoflower pellets vs. powders. 
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Figure S3. Helium buoyancy data at 100 °C for (a) empty basket; (b) basket with PACN-CO2-

9h pellet; and (c) basket with PACN-CO2-12h pellet. The true mass and volume can be 

determined from the y-intercept and slope of the linear fit, respectively. The basket has a mass of 

17.961220 g and a volume of 2.257138 cm3, while the PACN-CO2-9h pellet and -12h pellet 

samples have masses of 0.028864 g and 0.096054 g, and skeletal volumes of 0.012029 cm3 and 

0.044568 cm3, respectively. 
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Table S1. Surface area, Pore Volume, Bulk Density, and Methane Storage Performance for 
Selected Promising Porous Materials at RT and 35 or 65 bar 

Sample 
SBET 

(m2/g) 
Pore Volume 

(cm3/g) 

Bulk 
Densitya 
(g/cm3) 

Literature 
Packing Density 

(g/cm3) 

Mass Storage 
(g/g) at 35 
bar/65 bar 

Volume Storage 
(cm3/cm3) 

at 35 bar/65 bar 
Reference 

monoHKUST-1 1193 0.56 1.06 - 0.149/0.177 224/259 MOF 1 

AX-21 4880 1.13 0.47 0.49 0.225/0.298 153/203 

Activated Carbon 
Materials 2,3 

LMA405 3551 2.00 0.41 0.45 0.213/0.264 134/166 

LMA738 3290 2.25 0.36 0.53 0.222/0.296 165/220 

LMA726 3425 2.44 0.34 0.54 0.210/0.277 156/206 

CMK-3 936 1.18 0.54 - 0.111/0.149 83/111 Tested 
Commercial 

Carbon 
Maxsorb 3270 1.71 0.44 - 0.148/0.198 111/150 

PACN-CO2-9h 1143 0.77 0.75 - 0.124/0.146 131/154 

Carbon 
Flowers, Our 

Work 

PACN-CO2-12h 1381 0.85 0.74 - 0.129/0.159 135/165 

PACN-CO2-18h 1927 1.25 0.59 - 0.169/0.217 140/180 

PACN-KOH 3373 1.80 0.45 - 0.221/0.287 139/181 

PACN-CO2-12h pellet 1188 0.67 0.87 - 0.135/0.161 165/196 

PACN-CO2-9h pellet 1077 0.61 0.96 - 0.121/0.142 164/191 
aFor the literature where the bulk density was not reported, the number listed in this table was calculated following the same equations 
and procedures described in this SI. 
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Figure S4. Methane adsorption (solid symbols) and desorption (hollow symbols) isotherms at 
298 K for activated carbon nanoflower pellets. 
 
 
Pore Volume Calculations 

The selection of the relative pressure determines the upper limit of the pore size 

distribution to be included in the pore volume calculation. The upper limit of the pore 

size can be calculated using the Kelvin equation for a given adsorptive at a given 

temperature.4 For example, the relative pressure of 0.9 allows nitrogen (77 K) to fill the 

pore up to a pore radius of 

𝑟 =
−2𝛾𝑉'

𝑅𝑇𝑙𝑛(𝑝 𝑝.⁄ ) =
−2(8.85)(34.6)

(8.314 × 10:)(77)ln	(0.9) = 9.08 × 10@:	𝑐𝑚 = 9.08	𝑛𝑚 

where 𝛾 (8.85 erg/cm2) is the surface tension and 𝑉' is the molar volume (34.6 cm3/mol). 

This means that the pore volume estimated at the relative pressure of 0.9 is the total 

volume of all pores up to about 18 nm in diameter. In comparison, the pore volume 

calculated at the relative pressure of 0.995 corresponds to the total volume of all pores up 

to the size of 382 nm. 
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In a practical case, the macropores (> 50 nm) should be included in the pore volume 

estimation, since they exist as void space in the packed container. This will affect the 

subsequent volume-based methane adsorption calculations. Hence, a relative pressure of 

0.995 is selected in the pore volume calculation. 

 

Total and Excess Adsorption 

Total adsorption is defined as the total amount of gas that resides within the adsorbent 

pore space at a given temperature and pressure, which represents the storage capacity in 

gas storage applications. Excess adsorption is defined as the difference in the amounts of 

total gas that resides in the unit pore volume and the bulk gas that has the same free 

volume at a given temperature and pressure. In a typical gravimetrical adsorption 

experiment, the excess adsorption is measured, while the total adsorption is estimated 

using the following equation: 

𝑛CDC = 𝑛EF + 𝜌𝑉IDJE 

where 𝑛CDC  and 𝑛EF  stand for the total and excess adsorption, respectively. 𝜌 represents 

the bulk density of free gas at the given temperature and pressure, which is obtained from 

the National Institute of Standards and Technology (NIST) chemistry webbook. 𝑉IDJE is 

the total pore volume of the sorbent. In this work, the total pore volume is estimated from 

the nitrogen adsorption at 77 K and the relative pressure (p / p0) of 0.995. Figure S4 

illustrates the comparison of CH4 total adsorption with excess adsorption for the PACN 

materials at 298 K, where ‘bulk’ represents the product of the bulk fluid density and the 

pore volume of the sorbent (i.e., 𝜌𝑉IDJE). 
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Figure S5. Comparison of total and excess adsorption of CH4 at 298 K for the PACN materials. 

 

Gravimetric and Volumetric Adsorption 

The gravimetric adsorption can be converted into volumetric adsorption using the 

following equation. 

𝑛KDL = 𝑛MJNK
𝑅𝑇
𝑀𝑝𝜌P,RSLT 

where 𝑛KDL is the volumetric adsorption in the unit of STP cc (of gas)/ cc (of sorbent), 

while 𝑛MJNK is the gravimetric adsorption in the unit of mg (of gas)/ mg (of sorbent). R is 

the gas constant. M is the molecular mass of methane. T and p are the temperature and 

pressure at STP. 𝜌P,RSLT represents the bulk density of the sorbent, which can be estimated 

from the following equation. 

𝜌P,RSLT =
𝑚P

(𝑉CJSE + 𝑉I)U  
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where 𝑚P  is the sorbent mass; 𝑉CJSE  and 𝑉I  are the sorbent skeletal volume (i.e., true 

volume) and the pore volume, respectively. The sorbent mass and skeletal volume is 

obtained from the helium buoyancy measurements (Figure S3). 

 

Isosteric Heat of Adsorption 

The isosteric heat of adsorption (Qst) was estimated for PACN-KOH and Maxsorb, using 

the methodology specified in a previous study.5 The results are shown in the Figure S6. 

PACN-KOH shows higher Qst than Maxsorb over the entire range of methane loadings 

measured. It can be noted that the Qst for both materials decreases as the methane loading 

increases. At high methane loading (e.g., 15 mmol/g), the difference between the Qst for 

the two materials becomes larger compared with low methane loading. 

In a study by Li, et al., it was found that nitrogen sites in MOFs lead to enhanced 

methane storage capacity.6 They also performed DFT studies which clearly showed that 

there exists an increase methane affinity for the nitrogen functional sites as Lewis base. 

They also found that the contribution of the nitrogen sites is more prominent at a higher 

pressure (e.g., 65 bar). This is consistent with the findings in Figure S6 that the PACN-

KOH sample with nitrogen sites has stronger methane affinity compared with Maxsorb, 

and that the difference becomes more prominent at higher pressures. 
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Figure S6. Isosteric heat of adsorption of methane onto PACN-KOH and Maxsorb as a function 

of methane loading. 

 

Adsorption Data Validation 

The N2 sorption and CH4 sorption isotherms for the commercial carbons, i.e., CMK-3 and 

Maxsorb, obtained in this work are compared with the literature data. The comparison is 

shown in Figure S7. Note that the nitrogen sorption data for Maxsorb (Figure S7a) from 

this work matches well with two other papers in the literature, which verifies the 

accuracy of our nitrogen measurements. The CMK-3 samples (Figure S7b) varies to a 

certain degree across different papers, probably due to the samples from different vendors, 

variation in the synthetic procedures and/or different batches of synthesis, since the 

synthesis involves a number of variables including the mesoporous silica template, the 

carbon precursor, etc. In addition, the methane adsorption data obtained for Maxsorb 

(Figure S7c) in this work matches well with the literature results, which validates our 

methane adsorption measurements. The methane adsorption for CMK-3 (Figure S7d) in 

this work is in reasonable agreement with that in the literature. Interestingly, the methane 

adsorption in this work is slightly low than that from the literature at relatively low 
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pressure (< 25 bar), but is higher at relatively high pressure (> 25 bar). This is likely due 

to the slight difference in the pore structures of the CMK-3 used in our work and that in 

the literature, as indicated in the nitrogen sorption data at 77 K (Figure S7b). 

 

Figure S7. Comparison of data obtained in this work with those from the literature: Nitrogen 
sorption isotherms at 77 K of (a) maxsorb and (b) CMK-3; Methane adsorption isotherms at 298 
K of (c) maxsorb and (d) CMK-3. 2,7-11  
 

Effect of the Sample Size in the Methane Adsorption Measurements 

The minimum required amount of the sample varies depending on several factors, 

including the measurement technique (gravimetric vs. volumetric), the instrument’s 

resolution, the sample’s adsorption capacity, etc. In this work, we used a Rubotherm 

Magnetic Suspension Balance IsoSORB system with a resolution of 1 μg and a 

reproducibility of 2 μg. The methane storage measurements were corrected for dead 

volume using the skeletal volume of the sample measured by helium buoyancy. The 
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typical sample size in this study is around 200 mg. With methane capacity on the level of > 

10 mg/g, the weight change caused by methane adsorption is > 2 mg (compared with a 

non-adsorbing sample under the same influence of gas buoyancy), which is much higher 

than the instrument detection limit. We have studied the impact of sample size (Figure 

S8). The results show that 100 mg was sufficient for our instrument. 

 

Figure S8. Methane storage data (25 oC) of zeolite 13X pellets with different sample sizes. 
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