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1. Supplementary Figures 

 

Supplementary Fig. 1. SEM images of the layered precursors formed by self-assembly of 

melamine and cyanuric acid. Inset is the schematic diagram of the layered precursor. C: gray; 

N: blue; O: red. 

  



  

3 

 

 

Supplementary Fig. 2. The top-down fabrication process of g-C3N4 nanosheets. C: gray; N: 

blue. 
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Supplementary Fig. 3. The 13C solid-state NMR spectrum of bottom-up g-C3N4 nanosheets. 

The peak heights of C1 and C2 carbon should be should be equal in 13C NMR spectra, 

theoretically. However, the peak heights of C1 and C2 carbon are not equal, which is 

probably because the 13C spectra obtained by the 1H-13C CP-MAS NMR technique cannot 

provide information regarding the relative abundance of carbon atoms in different chemical 

environments according to the signal strength, but rather record the diversity in CP 

efficiencies1. Actually, the signal intensity ratio varies due to different proximities to 1H 

species in the 1H-13C cross polarization/MAS (CP-MAS) mode. The peak of C1 shows higher 

intensity, which because that C1 is closer to protons of nonpolymerized NH2 or partially 

polymerized NH species, where 13C spin polarized NMR signals are greatly enhanced from 

neighboring 1H species via a 1H-13C dipolar coupling2. 
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Supplementary Fig. 4. a) FTIR patterns and b) XRD patterns of g-C3N4 nanosheets prepared 

through the top-down and bottom-up method, respectively. 

As shown in Supplementary Fig. 4a, the characteristic peak at 810 cm-1 is ascribed to the 

vibrations of the tri-s-triazine ring. The wide bands at 1690-1150 cm-1 and 3680-2970 cm-1 

belong to the stretching vibrations of C-N heterocycles and the N-H stretching vibrations of 

the terminal NH2/-NH of g-C3N4, respectively3. In the XRD patterns (Figure S4b), the (100) 

peak results from the lattice planes along c-axis due to the 2D planer disorder as shown in 

Supplementary Fig. 4b4. Another reflection was observed at 2θ = 27.46°, which is attributed to 

the staking motif of the very same tri-s-triazine on top of each other, confirming the 

successful synthesis of g-C3N4 nanosheets through this method. 

The XRD and FTIR results of the two g-C3N4 nanosheets confirmed that the structures of 

the two types of nanosheets were similar. However, the in-planar atomic structure of g-C3N4 

was easy to be destroyed during the top-down methods5,6, which can be confirmed the XRD 

results that the (100) plane was not detected in the g-C3N4 nanosheets prepared through the 

top-down method. 
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Supplementary Fig. 5. Schematic diagram of the hydrogen bond structure in g-C3N4 

nanosheets. C: gray; N: blue; H: white. 

  



  

7 

 

 

 

Supplementary Fig. 6. (a) TEM image and (b) corresponding EDXS mapping image of the 

bottom-up g-C3N4 nanosheets. Red for C atoms and green for N atoms. 
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Supplementary Fig. 7. The Tyndall scattering effect in the g-C3N4 nanosheets colloidal 

solution: (a) top-down; (b) bottom-up. 
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Supplementary Fig. 8. (a) UV-vis absorption spectra of the g-C3N4 nanosheets suspension. 

(b) Dependence of the UV absorbance on the g-C3N4 nanosheets suspension concentrations. A 

strong peak at 322 nm can be observed. Moreover, the absorbance showed a strong linear 

relationship with the g-C3N4 nanosheets concentration. 
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Supplementary Fig. 9. Light yellow g-C3N4 membranes supported on AAO were observed 

after filtration of the g-C3N4 suspension. (a) Blank AAO substrate. g-C3N4 membranes were 

assembled by two types of g-C3N4 nanosheets prepared through the (b) top-down and (c) 

bottom-up method, respectively. 
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Supplementary Fig. 10. Top-view (a, c, e, g,) and cross-sectional (b, d, f, h,) SEM images of 

the g-C3N4 membranes with different thicknesses from 0.15 μm to 1 μm. 
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Supplementary Fig. 11. Cross-sectional SEM images and corresponding EDXS mapping 

images of the g-C3N4 membranes with different thicknesses from 0.15 μm to 1 μm. C (blue) 

and N (yellow) is the tracer for the g-C3N4 membranes, and Al (green) is the tracer for the 

AAO substrate. Scale bar: 1 μm. 
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Supplementary Fig. 12. (a) Top-view SEM image and corresponding EDXS mapping images 

of the g-C3N4 membrane assembled by g-C3N4 nanosheets prepared through the top-down 

method. (b) Cross-sectional SEM image and corresponding EDXS mapping images of the g-

C3N4 membrane assembled by g-C3N4 nanosheets prepared through the top-down method. C 

(blue) and N (yellow) is the tracer for the membrane, and Al (green) is the tracer for the AAO 

substrate. Scale bar: 1 μm. 
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Supplementary Fig. 13. Zeta potential values of g-C3N4 nanosheets suspension. 

The higher zeta potential of the g-C3N4 suspension dispersed in isopropanol compared 

with those of g-C3N4 suspension dispersed in deionized water, demonstrates its more 

negatively charges, causing the stronger repulsive interactions to weaken the π-π interaction 

between adjacent nanosheets. 
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Supplementary Fig. 14. (a) The DFT calculations about stacking states of g-C3N4 nanosheets 

prepared through the top-down method in g-C3N4 membranes. The front represents the first 

layer of nanosheets in a two-layer system of g-C3N4 and the rear represents another layer of 

nanosheets below the first layer of nanosheets. (b) AB stacking of top-down g-C3N4 

nanosheets. C: gray; N: blue; H: white. 
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 g-C3N4 membrane 

Rq (nm) 44.8 

Ra (nm) 36.3 

 

Supplementary Fig. 15. AFM images of the g-C3N4 membrane surface. (a) 2D and (b) 3D 

AFM images. 
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Supplementary Fig. 16. GIAXRD patterns of g-C3N4 membranes assembled by two types of 

g-C3N4 nanosheets prepared through the top-down and bottom-up methods, respectively. 
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Supplementary Fig. 17. XPS spectra of (a) C 1s and (b) N 1s core levels of the g-C3N4 

membrane. 

The C 1s spectrum of the g-C3N4 membrane could be divided into two peaks at 288.4 

and 284.8 eV, respectively. The peak at 288.4 eV can be assigned to sp2 C bonded to N in an 

aromatic ring, while the peak at 284.8 eV is corresponding to the standard reference carbon. 

Besides, the N 1s spectrum of the g-C3N4 membrane can be divided into four peaks at 398.7, 

399.6, 400.6 and 404.6  eV. The dominant peak at 398.7  eV is ascribed to the sp2 nitrogen (C-

N=C), and the peaks at approximately 399.6 eV could be attributed to the bridging N atoms in 

N(-C)3. The peak at 400.6  eV is the terminal amino group (NH2 or NH). The weak peak at 

404.6  eV is ascribed to the positive charge localization in the heterocycles. 
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Supplementary Fig. 18. Stress-strain curves of the PES-supported g-C3N4 membranes with 

different thicknesses from 0.15 µm to 1 µm, and the bare PES substrate. 
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Supplementary Fig. 19. (a) Apparatus scheme of a homemade Wicke-Kallenbach 

permeation cell for gas separation. MFC: Mass flow controller (Qixinghuachuang, D07-19B). 

GC: Gas chromatograph (Agilent 7890A) with a thermal conductivity detector (TCD) and a 

flame ionization detector (FID). Photos of the membrane module for gas permeation. (b) 

Overview photo of the membrane module. (c) Inside view photo of the membrane module. 
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Supplementary Fig. 20. Single gas permeance through the g-C3N4 membranes assembled by 

two types of g-C3N4 nanosheets prepared through the top-down and bottom-up method, 

respectively, which have the same thickness (1 μm) at room temperature and 1 bar. Errors 

bars indicate the standard deviation of three measurements. 
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Supplementary Fig. 21. The gas selectivity of a 1-μm-thick g-C3N4 membrane assembled by 

the g-C3N4 nanosheets prepared through the top-down method, at room temperature and 1 bar. 

Errors bars indicate the standard deviation of three measurements. 
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Supplementary Fig. 22. Single gas permeance through a 1-μm-thick g-C3N4 membrane as a 

function of gas molecular weight (amu, atomic mass unit) at room temperature and 1 bar. 

There is no obvious proportional relationship between the gas permeances and gas molecular 

weight. 
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Supplementary Fig. 23. Permeance and separation factors of the 1-μm thick g-C3N4 

membrane in the equimolar mixed-gas permeation. Errors bars indicate the standard deviation 

of three measurements. 
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Supplementary Fig. 24. Illustration of the gas permeation rig with humidity control. MFC: 

Mass flow controller. GC: Gas chromatograph. HT: Humidity transmitter. 

Supplementary Note 1 

𝑎w =
RH

100
=

𝑃H2O

𝑃sat
   (1) 

Table. Saturated vapor pressure of water at different temperatures 

Temperature Saturated vapor pressure of H2O 

25 oC 3.169 × 103 Pa 

90 oC 70.12 × 103 Pa 

120 oC 198.48 × 103 Pa 

When the membrane was tested at room temperature with controlling the temperature of 

the water tank at 25 °C, water vapor with a partial pressure of 3.169 × 103 Pa is introduced 

into the feed gas. As a result, in a gas stream at 25 °C and 1 atm (Pressure: 101.32 × 103 Pa), 

the water activity (aw) is 0.03. 

When the membrane was tested at 120 °C with controlling the temperature of the water 

tank at 90 °C, water vapor with a partial pressure of 7.012 × 104 Pa is introduced into the feed 

gas. As a result, in a gas stream at 120 °C and 1 atm (Saturated vapor pressure: 1.9848 × 105 

Pa), the water activity (aw) is 0.353.  
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Supplementary Fig. 25. Long-term stability of a 1-μm-thick g-C3N4 membrane in the 

equimolar mixed-gas permeation with an added 3 vol% water vapor at room temperature and 

1 bar. 
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Supplementary Fig. 26. Gas permeances and H2/CO2 separation factor of a 1-μm-thick g-

C3N4 membrane as a function of temperature in the equimolar mixed-gas permeation and 1 

bar. 
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Supplementary Fig. 27. Arrhenius temperature dependence of H2 and CO2 permeances 

through the g-C3N4 membrane at room temperature with equimolar mixed gas feeding. 

The Arrhenius equation states the temperature dependence of gas permeation: 

𝑃 = 𝐴exp (−
𝐸act

R𝑇
)   (2) 

ln𝑃 = −
𝐸act

R
·

1

𝑇
+ C   (3) 

where P is the gas permeance, A is the pre-exponential factor, Eact is the apparent activation 

energy, R is the ideal gas constant (8.314 J mol-1 K-1), and T is the absolute Kelvin 

temperature (K). ln(P) versus 1/T displays a straight line in which the slope was used to 

calculate Eact. 

As shown in Supplementary Fig. 27, the 𝐸act,H2
 is about 2.4 kJ mol-1, and 𝐸act,CO2

 is about 7.4 

kJ mol-1. The apparent activation energy is an association between diffusion activation energy 

and adsorption heat. 

𝐸act = 𝐸diff − Δ𝐻ads   (4) 

CO2 adsorption on g-C3N4 should release more heat than H2, considering the weak adsorption 

of H2 on g-C3N4. As a result, when diffusion through the g-C3N4 membrane, CO2 should also 

have a higher activation energy than H2. It is, therefore, inferred that CO2 diffusing through g-
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C3N4 membranes was a much more activated process than H2, and it was a tighter fit for CO2 

in g-C3N4 flakes in high temperatures. The theory also explains why the H2/CO2 separation 

factor decreased with an increasing temperature. Because CO2 permeance rose faster with 

temperature than H2, CO2 diffusion was more activated than H2 in the g-C3N4 membrane. 
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Supplementary Fig. 28. Three temperature cycles operation for a 1-μm-thick bottom-up g-

C3N4 membrane with equimolar H2/CO2 mixture and 1 bar. The permeances of the bottom-up 

g-C3N4 membrane in the temperature-swing fluctuate slightly, however, the separation factor 

all return to the original level. 
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Supplementary Fig. 29. Thermogravimetric analysis result of the g-C3N4 nanosheets. The 

curve shows a relatively good thermal stability of g-C3N4 nanosheets from room temperature 

to 480 °C in a nitrogen atmosphere with a heating rate of 10 °C min-1. However, there was a 

slight weight loss (3.1%) of the g-C3N4 nanosheets during the heating process. The adsorbed 

H2O might cause the weight loss to occur at ~100 °C. 
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Supplementary Fig. 30. Long-term stability for H2/CO2 separation under dry and wet gas 

mixture (water activity of 0.353, marked by blue areas) at 120 oC and 1 bar. 
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Supplementary Fig. 31. Total energy for g-C3N4 membranes during the MD simulations. 
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Supplementary Fig. 32. The schematic diagram of the g-C3N4 layer before and after the MD 

simulations. C: gray; N: blue. 
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Supplementary Fig. 33. (a, c, e, g) PDOS of the g-C3N4 adsorbed by gas molecules (H2, CO2, 

N2, CH4). (b, d, f, h) PDOS of H2, CO2, N2, CH4 gas molecules models. The assignment of 

color: black = s orbit; red = p orbit; blue = d orbit, cyan = f orbit. 
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Supplementary Fig. 34. Adsorption isotherms of H2, CO2, N2, and CH4, on g-C3N4 

nanosheets at room temperature. 
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2. Supplementary Tables 

 

Supplementary Table 1. Organic elemental analysis of g-C3N4 nanosheets prepared through 

the top-down and bottom-up methods.  

Sample C (wt %) N (wt %) H (wt %) C/N (atom ratio) 

Top-down 28.00 50.32 2.705 0.649 

Bottom-up 32.93 56.41 2.100 0.681 

 

  



  

38 

 

Supplementary Table 2. Mechanical properties of the PES-supported g-C3N4 membranes 

and the bare PES substrate. 

Membrane 

Thickness 

(µm) 

Strain (%) Tensile stress (MPa) 

Young’s modulus 

(MPa) 

PES 0 60.86 6.18 92.29 

g-C3N4/PES 0.15 43.06 6.64 99.9 

g-C3N4/PES 0.3 49.28 7.11 106.09 

g-C3N4/PES 0.7 52.98 6.94 131.83 

g-C3N4/PES 1.0 46.5 7.43 158.95 

 

  



  

39 

 

Supplementary Table 3. Separation performance of 1-μm-thick g-C3N4 membranes 

assembled by two types of g-C3N4 nanosheets prepared through the top-down and bottom-up 

method in single gas permeation experiments. 

Name Membrane Performance of g-C3N4 membrane 

 H2 CO2 N2 CH4 C3H6 C3H8 

Ideal selectivity 

H2/CO2 H2/N2 H2/CH4 H2/C3H6 H2/C3H8 

Top-down 

M1 4.74 × 10-6 1.30 × 10-6 1.96 × 10-6 1.79 × 10-6 1.22 × 10-6 1.16 × 10-6 9.83 5.60 6.32 10.68 11.35 

M2 3.58 × 10-6 1.24 × 10-6 1.98 × 10-6 1.80 × 10-6 1.09 × 10-6 9.68 × 10-7 5.01 2.62 2.98 5.91 6.81 

M3 4.65 × 10-6 1.79 × 10-6 1.72 × 10-6 1.87 × 10-6 1.88 × 10-6 1.68 × 10-6 6.44 6.63 5.84 5.98 6.97 

Average 4.32 × 10-6 1.44 × 10-6 1.89 × 10-6 1.82 × 10-6 1.39 × 10-6 1.27 × 10-6 7.09 4.95 5.05 7.52 8.38 

Standard deviation 5.27 × 10-7 2.45 × 10-7 1.17 × 10-7 3.55 × 10-8 3.47 × 10-7 3.00 × 10-7 2.02 1.70 1.48 2.23 2.11 

Bottom-up 

M4 2.63 × 10-7 6.92 × 10-9 1.23 × 10-8 1.33 × 10-8 3.45 × 10-9 2.53 × 10-9 41.12 23.00 21.34 82.51 112.61 

M5 3.81 × 10-7 9.28 × 10-9 1.96 × 10-8 2.28 × 10-8 4.39 × 10-9 4.16 × 10-9 45.77 21.65 18.55 96.86 102.21 

M6 2.60 × 10-7 5.99 × 10-9 1.25 × 10-8 1.42 × 10-8 3.63 × 10-9 2.48 × 10-9 46.72 22.27 19.70 77.23 113.22 

Average 3.01 × 10-7 7.40 × 10-9 1.48 × 10-8 1.68 × 10-8 3.82 × 10-9 3.05 × 10-9 44.54 22.31 19.86 85.53 109.34 

Standard deviation 5.62 × 10-8 1.39 × 10-9 3.36 × 10-9 4.29 × 10-9 4.09 × 10-10 7.83 × 10-10 2.45 0.55 1.14 8.29 5.05 
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Supplementary Table 4. H2/CO2 separation performance of the g-C3N4 nanosheets 

membranes with different thicknesses from 0.15 μm to 1 μm for equimolar mixed gas feeding. 

Thickness Membrane 

H2 Permeance 

(mol m-2 s-1 Pa-1) 

CO2 Permeance 

(mol m-2 s-1 Pa-1) 

H2/CO2 

separation factor 

0.15 μm 

M1 1.79 × 10-6 1.63 × 10-7 13.23 

M2 1.77 × 10-6 1.66 × 10-7 12.80 

M3 1.76 × 10-6 1.54 × 10-7 13.65 

Average 1.77 × 10-6 1.61 × 10-7 13.23 

Standard deviation 1.29 × 10-8 4.73 × 10-9 0.35 

0.3 μm 

M4 9.50 × 10-7 5.76 × 10-8 18.20 

M5 1.17 × 10-6 9.34 × 10-8 14.24 

M6 1.30 × 10-6 9.39 × 10-8 16.04 

Average 1.12 × 10-6 8.19 × 10-8 16.16 

Standard deviation 1.45 × 10-7 1.65 × 10-8 1.61 

0.7 μm 

M7 7.39 × 10-7 3.98 × 10-8 20.35 

M8 5.02 × 10-7 2.71 × 10-8 19.79 

M9 4.25 × 10-7 2.05 × 10-8 21.90 

Average 5.55 × 10-7 2.91 × 10-8 20.68 

Standard deviation 1.34 × 10-7 8.01 × 10-9 0.89 

1 μm 

M10 1.95 × 10-7 8.51 × 10-9 23.50 

M11 4.16 × 10-7 1.50 × 10-8 29.36 

M12 3.71 × 10-7 1.58 × 10-8 25.36 

Average 3.27 × 10-7 1.31 × 10-8 26.07 

Standard deviation 9.52 × 10-8 3.26 × 10-9 2.44 
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Supplementary Table 5. Summary of the H2/CO2 separation performance of membranes 

(data in main text Figure 3d). 

Membrane Material 

Thickness 

(μm) 

Temperature 

(°C) 

H2 Permeance 

(mol m-2 s-1 Pa-1) 

Separation 

factor (H2/CO2) 

Reference 

CMS 

CMS -- 25 5.33 × 10-9 15 7 

CMS 10.69 -- 5.61× 10-8 2.5 8 

PIM 

PIM-EA-TB 181 25 1.40 × 10-8 1.09 9 

PIM-1-450 33 35 2.02 × 10-9 8 10 

PBI 

Pure PBI ~50 35 1.93 × 10-11 7.1 11 

Pure PBI ~2 35 6.00 × 10-10 8.6 12 

GO 

GO 0.009 20 1.15 × 10-7 3400 13 

GO 0.02 20 3.40 × 10-7 240 14 

ZIF-8/GO ~0.02 25 8.00 × 10-8 406 15 

EFDA-GO 1 25 2.80 × 10-7 33 16 

SOD/GO-M1 1.1~1.2 25 3.50 × 10-7 ~105 17 

HGO-4h@2 1.3 35 4.87 × 10-9 ~20 18 

MoS2 

1T MoS2 1 25 4.43 × 10-7 7.6 19 

2H MoS2 1 25 5.80 × 10-7 6 19 

MoS2 0.06 35 8.16 × 10-7 4.4 20 

MOFs 

ZIF-8 4.2 25 1.34 × 10-7 ~2400 21 

ZIF-8 6 30 1.57 × 10-7 4.6 22 

ZIF-8 12 25 9.82 × 10-8 6 23 

ZIF-8 2 25 4.22 × 10-7 3.28 24 

ZIF-22 40 50 1.63 × 10-7 7.2 25 

HKUST-1 60 25 9.82 × 10-7 6.8 26 

CAU-1 4 25 1.07 × 10-7 12.3 27 

SIM-1 25 30 8.16 × 10-8 2.3 28 

Amine-Mg-MOF-74 10 25 7.47 × 10-8 28 29 

MIL-96 (Al) 8 25 5.11 × 10-7 8.8 30 

ZIF-8/g-C3N4 0.24 25 6.70 × 10-8 42 31 

COF-MOF 97.2 25 3.77 × 10-7 13.5 32 

2D ZIFs -- 25 9.00 × 10-7 291 33 

2D MOFs 0.05 30 2.00 × 10-7 53 34 

2D MOFs 0.04 20 2.38 × 10-7 245 35 

2D MOFs 0.44 25 9.50 × 10-7 13 36 

COFs 

2D COFs 2 25 1.22 × 10-6 31.6 37 

COF-LZU1–ACOF-1 1 25 2.20 × 10-7 24.2 38 

[COF-300]-[UiO-66] 100 25 3.91 × 10-7 17.2 39 

Mxene MXene 2 25 3.71 × 10-7 167 40 

g-C3N4 

0.15 25 1.77 × 10-6 13.2 This work 

0.3 25 1.30 × 10-6 16 This work 
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Supplementary Table 6. The transition state energy ETS (eV), stable state energy ESS (eV) 

and energy barriers Eb (eV) of gas molecules on the g-C3N4 lattice. 

 

Transition state Stable state 

Eb (eV) 

Height (Å) ETS (eV) Height (Å) ESS (eV) 

H2 0 0.0346 1 -0.0976 0.1322 

CO2 0 0.7691 3 -0.1996 0.9687 

N2 0 0.5485 2 -0.2339 0.7824 

CH4 0 0.5458 1 -0.2447 0.7905 

 

Supplementary Note 2 

The theoretical H2/gas molecules selectivity can be calculated from the DFT data based 

on the Arrhenius equation defined in equation (5): 

𝑆H2/gas =
𝑟H2

𝑟gas
=

𝐴H2
exp(−𝐸H2

/𝑘B𝑇)

𝐴gasexp(−𝐸gas/𝑘B𝑇)
                 (5) 

where r is the rate of translocation and A is the ideal gas diffusion prefactor. 𝐸H2
 and 

𝐸gas are the diffusion energy barrier for H2 and other gas molecules, respectively; kB is the 

Boltzmann constant and T is the temperature. Assuming that 𝐴H2
 and 𝐴gas  are within the 

same order of magnitude, an approximate gas pair selectivity can be calculated. For example: 

H2/CO2 selectivity is calculated as: 

𝑆H2/CO2
=

𝐴H2
exp(−𝐸H2

/𝑘B𝑇)

𝐴CO2
exp(−𝐸CO2

/𝑘B𝑇)

=
exp[−0.1322 × 1.6 × 10−19/(1.3806505 × 10−23 × 298)]

exp[−0.9687 × 1.6 × 10−19/(1.3806505 × 10−23 × 298)]
= 1.3 × 1014 

Consequently, the DFT calculations predicted an excellent selectivity of H2/CO2 with 1.3 × 

1014 at room temperature. 
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