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Supplementary Figures

(b)

Supplementary Figure 1. Characterization of the standalone NPC film. a) Transmission electron
microscopy (TEM) image and b) small area electron diffraction (SAED) of the standalone NPC film.
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Supplementary Figure 2. Schematic of the setup for the gas permeance test.
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Supplementary Figure 3. Raw high-resolution transmission electron microscopy (HRETM) images of

the nanopores in graphene. (a-c) Intrinsic defects in CVD graphene; (d-f) ozone-treated graphene (2
minutes at 80 °C). All scale bars are 1 nm.
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Supplementary Figure 4. a) Raman spectrum of the low pressure chemical vapor deposition (LPCVD)
grown graphene. b) Histogram of Ip/Ig from Raman mapping of LPCVD graphene.
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Supplementary Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of functionalized graphene
with different ozone treatments
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Supplementary Figure 6. A comparison of single-layer graphene films (all eight membranes) with a
low-density of intrinsic defects (0.025%) with membranes in the literature in terms of the H»/CH4
separation performances. The red line is the polymer upper bond assuming 1 pm-thick skin layer!, ZIF-
82, silica’’ and zeolite membranes (SSZ-13'°, AIPO-18!!, DDR!?, LTA"3, CHA'Y).
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Supplementary Figure 7. Gas separation performance of membrane M5 treated by Oz for 1 min at 80
°C. a) gas permeances of H, and CHa, and b) Ho/CH4 and H,/CO; selectivities.
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Supplementary Figure 8. Gas separation performance of M7 treated by 2 min Os at 80 °C, a) gas
permeance of H, and CHa, b) gas selectivity between H,/CH4 and H»/CO».



Supplementary Tables

Supplementary Table 1. Gas permeance through the standalone nanoporous carbon (NPC) film.

Gas Permeance (mol m? s Pa!)
H; 1.9x10°
He 1.1x10°
CH, 7.8 x10*
N2 6.0 x10™
CO, 4.4 x10*

Supplementary Table 2. E,.; for gas diffusion across the intrinsic defects in graphene.

Eee (kJ/mol) He H, CO; CH,
Ml 16.3 20.6 30.0 27.8
M2 15.3 20.5 29.8 24.4
M3 20.8 252 37.2 324
M4 11.4 17.6 29.6 22.7
M5 13.6 18.7 29.4 26.5
M6 11.8 17.1 30.7 24.8
M7 17.5 233 34.9 31.6
MS 10.8 18.2 29.1 16.5




Supplementary Table 3. C,A,.+Asur €xtracted by adsorption model fitting to the observed transport
from the intrinsic defects of graphene membranes.

CoAactAsur He Ha CO, CH,4
Ml 3.05x10° 470 x 10°  2.82x 107 3.52 x 107
M2 1.51x10°  249x10°  1.85x10° 5.74 x 107
M3 6.13x10°  9.14x10°  124x10° 3.73 x 10
M4 455x10°  124x10°  1.85x10° 3.74 x107
M5 124x10° 249x10°  3.05x10° 1.24 x 10°6
M6 633x10° 137x10°  4.12x10° 1.37 x 10°
M7 124x10° 3.72x10°  6.79x 10 3.05 x 10°6
M8 752x107  1.76x10°  1.02x 107 4.59 x 10

Supplementary Table 4. E;¢t_qpp of membrane M2 before and after ozone functionalization (2 min

at 25 °C).
Eapp-act (kJ/mol) He H» CO, CH4
Intrinsic defects 15.3 16.5 12.8 11.4
functif))r(l)zi_zation 129 138 124 30

Supplementary Table 5. C,A,q+ Ay of membrane M2 before and after ozone functionalization (2

min at 25 °C).
CoAyuctAsur He H» CO, CH4
Intrinsic defects 1.5x10° 25x10° 19x10° 5.7x107
Post- -6 -6 -7 -8
) . 4.1x10 34x10 6.8x10 2.8x10
functionalization




Supplementary Table 6. Ey¢t_qpp of membrane M8 before and after ozone functionalization (2 min

at 100 °C).
Eapp—act (kJ/mol) He H; CO, CH,4
Intrinsic defects 10.8 14.2 12.1 3.5
Post-
functionalization 12.9 12.0 8.2 6.3

Supplementary Table 7. C,A 4.+ Agyr of membrane M8 before and after ozone functionalization (2 min
at 100 °C).

CoAgctAsur He H; CO, CH,4

Intrinsic defects 7.5x107 1.8x10° 1.0x107 4.6x10°

Post-

) o 7.5x10° 4.5x10° 2.5x107  5.6x10®
functionalization

Supplementary Table 8. The estimated density of large, non-selective pores in graphene as a function

of ay, /cH, -
PPM of nanopores (with respect to all nanopores) with an
QH,/cH, C./C, electron density gap larger than 0.38 nm
5 2.5x10° 25.0
10 1.1x 103 11.1
15 7.1x 10 7.1
20 53x10° 53
25 42x10° 4.2

10



Supplementary Table 9. He permeance* through the intrinsic defects of membranes M1-M8

Temperature
“°C)

25

100

150

200

M1

4.0 x107

1.9x10®

3.2x10%

4.4x10®

M2

3.0x108

9.9x10®

1.9 x107

M3

1.5x10®

6.4x108

1.9 x107

M4

4.8x108

9.1 x10

2.0 x107

M5

5.3x108

1.4 x107

2.8 x107

M6

5.5x108

1.4 x107

2.3 x107

M7

1.1x10%

5.2x10°%

8.7 x10°8

M8

1.0 x10°%

2.1x10®

3.4x10%

5.5x10°%

* Unit of permeance is mol m? s! Pa’!

Supplementary Table 10. CO, permeance™* through the intrinsic defects of membranes M1-M§8

Temperature
O

25

100

150

200

M1

1.5x10°

4.6 x10°

6.7 x10”°

7.5 x107°

M2

1.0 x10®

2.9x10%

4.7 x10%

M3

3.8x107°

1.6 x10®

4.5x10%

M4

1.2x10%

2.5x10%

6.1 x108

M5

2.0x10%

49x10%

8.9 x108

M6

1.6 x10®

4.8 x10%

8.2x108

M7

4.6 x10?

2.1x10%

3.8x108

M8

7.2 x10°1°

2.0x10°

2.7x107°

4.7 x10°

* Unit of permeance is mol m? s! Pa’!

Supplementary Table 11. CH4 permeance* through the intrinsic defects of membranes M1-M8

Temperature
°C)

25

100

150

200

M1

8.6 x1071°

3.3x107°

4.8 x10°

4.7 x10°

M2

5.8x107

1.4x10®

2.3x10%

M3

1.6 x10°

5.1x107°

1.9x10®

M4

8.1 x10”

1.4x10%

2.7x10%

M5

5.4x107°

1.3x10%®

2.9x10%

M6

1.2x10%

2.9x10%

49x10%

M7

1.7 x10”°

7.9 x10”°

1.6 x10®

M8

1.1 x10°

1.4 x10°

1.4x10°

1.9 x10°

* Unit of permeance is mol m? s™! Pa’!
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Supplementary Notes
Supplementary Note 1: Characterization of the NPC film

The standalone NPC film'> was fabricated and characterized as the control. Briefly, the precursor
polymer solution was coated on bare copper foil, pyrolyzed, and then transferred to a TEM grid and a
porous tungsten substrate. Bright-field transmission electron microscopy (TEM) image and the small
area electron diffraction (SAED) pattern revealed that the NPC film was amorphous (Supplementary
Figure 1). Image analysis of the pore-size-distribution (PSD) in the NPC film revealed pores with
diameter between 20-30 nm. Gas permeance test on the porous W supported NPC film exhibited gigantic
H» permeance 1.9 x 10~ mol m? s™! Pa™! (Supplementary Table 1)'°. The high-permeance of the NPC
film ensures that the NPC film does not restrict the gas permeance from the nanopores in the single-
layer graphene.

Supplementary Note 2: Fabrication of the macroporous tungsten substrate

The macroporous substrate was fabricated by drilling an array of 5 um holes (2500 holes) in 1 mm? area
of'a 50-um-thick W foil. Laser drilling was carried out by Potomac Photonics Inc. A W foil was chosen
as membrane support due to its rigidity, mechanical and thermal stability. More importantly, the W
support enabled metal-to-metal sealing, which was gas-tight. Hydrogen permeances through these 5 um
holes exceeded 10 mol m™ s! Pa’!. Therefore, like NPC film, the W support also does not restrict the
gas-transport through the single-layer graphene membrane.

12



Supplementary Note 3: Gas transport model

The adsorbed phase transport of gases through pores on the graphene can be summarized in following
steps.!&-13

Single-component feed
1) Gas adsorption on the graphene lattice;

fey
l+A &4 @)
Adsorption rate:
ky Pall] — k-1 [A] 2
2) 2D diffusion of adsorbed gas towards the pores on graphene;
k
A+ B, SAB, +1 3)
Pore-association rate:
ka[Ad[Bi] = k—2[AB][1] 4)
3) Gas diffusion across the pore;
k
AB, SRB,, (5)
Diffusion rate:
k3[AB]—k_3[RBy,] (6)

4) Dissociation of the molecule from the pore and 2D diffusion of the molecule away from the pore
(permeate side).

ko=k_
RB,, + m&—=R,, + B, (7)
Dissociation rate:
k4[RBy][m] — k_4[Rpp1[Bp] (®)

5) Desorption of molecular from the graphene lattice (permeate side).

k5: k_1

R, R+m ©)]
Desorption rate:
ks[Rm] — k_5 Pg[m] (10)

A: Feed gases with Pa; R: permeate gases with Pg;
l: Available adsorption sites of the graphene lattice (feed side);
m: Available adsorption sites of the graphene lattice (permeate side);
A;: Gas adsorbed on graphene (feed side);
R,,: Gas adsorbed on graphene (permeate side);
B;: Empty holes on graphene (feed side);
By,: Empty holes on graphene (permeate side);
AB;: Gas associated with hole (feed side);
RB,,: Gas associated with hole (permeate side);
k;: rate constant for step i;
k_;: backward rate constant for step i.

Typically, the rate-limiting step is the diffusion step (step 3), while all other steps can be considered at
the equilibrium.

13



Adsorption equilibrium:

_ ki [A]
= = o
Pore-association equilibrium:
k [4B,][1]
K, = =2 ="t 12
2Tk 4B (12)
Pore-dissociation rate:
K, = o _ [FnlBnl 13)

ks  [RBpllm]

Desorption rate:

— ks _ Prim]
Ks = s = Tkl (14)

Total sites of adsorption sites can be fixed as C;,

G = [A]] + [1] = [m] + [Rp] (15)

Langmuir adsorption was assumed to describe the adsorption of gases on the graphene lattice; fraction

of sites occupancy could be expressed as 84 = LaPa
1+K1 P4
CiK,P
[Al] = {5 (16)
—_ _ G
(1= 1+K, Py 17
Assuming that the total pore sites is fixed as C,
Co = [AB)] + [Bi] = [Bn] + [RBy] (18)
CoK1K,P
(4B, = 1-(I)-K11K22P‘: (19)
Overall transport rate = rate of molecular diffusion through the pores
_ ki k Pa PR
k3[ABl] - k—3[RBm] = Cok__llk__zzk3(1| 2z - 14K K2 ) (20)

-k_lk_sz 'k_1k_sz

14



From classical transition state theory,

s = Asrexp(=T2) @1)

k3 = Agerexp(——25) (22)

Flux = CoAgerAsure xp(— o) (f(Py) — £(Pr)) (23)
«f(P) = =

AE
1 +AsurexP(_%)Px

where A, and Agy,-are the pre-exponential factors, E,; is the activation energy to diffuse across the
pores, and E,,,-is the energy of adsorption on the graphene pore.

Mixture feed

The key steps in the transport of gases in the mixture feed can be written as following
(for the component 1)

1) Gas adsorption on the graphene lattice;

Ky
l+ Ai [—4 Ai,l (24)
Adsorption rate:
kiPialll — k_1[A;] (25)
2) 2D diffusion of adsorbed gas towards the pores on graphene;
k
A+ BiSAB +1 (26)
Pore-association rate:
ko[Ai1[Bi] — k-2[A;Bi][1] (27)
3) Gas diffusion across the pore;
k
A;B;, SR;B,, (28)
Diffusion rate:
k3[AiB]=k_3[R;Bp] (29)

4) Dissociation of the molecule from the pore and 2D diffusion of the molecule away from the pore
(permeate side).

ka=k_,
RiBm +mee—— Ri,mBm (30)

Dissociation rate:
k4 [RiBm] [m] —k_4 [Ri,m] [Bm] 31

5) Desorption of molecular from the graphene lattice (permeate side).

k5= k—l
Ri,m — Ri +m (32)

15



Desorption rate:
ks[Rim] — ks P p[m] (33)
Total sites of adsorption sites can be fixed as C,
G =X[Ay] + 1] = [m] + X[Rim] (34
Assumed total pore sites is fixed as C,
Co = X[A;iBi] + [Bi] = [Bin] + X[RiBm] (35)
Therefore, combining Eq. S25-S35, one can arrive to
Flux = C, Aqcei Asur, exp(— 2220 (g(Py ) — g(Pig) ) (36)

Py
1+ Y1 Asur exp(

*g(Px) =

AEsur
RT )F3

The transport model was fitted to the temperature dependent experimental permeation data to obtain
apparent activation energy Egpp_qct = Eqct + Esyr and products of pore density and pre-exponential
factors C,AgcrAsyr- Based on the literature,'’ E¢py = -17 kJ/mol, Ecyy syr= -13 kI/mol, Ey, = -4
kJ/mol, Eye syr= 0 kJ/mol, the E,; could be calculated by the equation Eqer = Eget—app — Esur-
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Supplementary Note 4: Estimation of the density of the non-selective nanopores in graphene

Given that the transmission coefficient for H, and CH4 from a large nanopore (effusive transport, ca. 10
8 mol 57! Pa!) is several orders of magnitude higher than that from a molecular-selective pore (activated
transport, 10?2 - 10 mol s! Pa’! for Hz, and 102 mol s Pa™! for CH,4),* > we expect that the percentage
of pores hosting an electron-density-gap larger than the size of CH4 (kinetic diameter of 0.38 nm) in our
graphene membrane is quite low, otherwise Ho/CHas selectivities greater than 2.8 could not be achieved.

Typically, the H, and CH4 permeances from the graphene membrane of can be written as
Permeancey, = Co Ny, + Cq No (37)
Permeancecy, = Co Necp, + Cq Ngcn, (38)

where N, y,and N, cp4 correspond to the permeation coefficient of H, and CHa, respectively for the
effusive transport. Ny p, and N, ¢y, correspond to the permeation coefficient of H and CHa,
respectively for the activated transport. C, and C, correspond to the pore-density (number of pores per
unit area) of pores corresponding to the effusive and the activated transport, respectively. The selectivity
of gas, ay, /cn,, 18 simply the ratio of the two permeances.

Perneance g, CeNen,+CaNgn,

a _ _ 39
H2/CH4 Perneance cp, CeNecrHyt CaNacHy &)

Rearranging above, we get

Ce NeH,
NaHZ Ca NaHz
QH,/CH, = ( ' Noc) (40)
2/CH, NacH, 1+g_e Ne,CH4
a a,CHy

Taking N, p, and Ng ¢y, to be 1072 and 10° mol s Pa™!, respectively,” and N, y,and N, ¢y, to be 10°*

mol s Pa!,?? we get

4 (1100
@y, /cH, = 10 T+ 108%e 41
Ca
Rearranging, we get
C_e _ 10_4 (1—10_4(11-12/(;1-14) (42)
Cq aH,/cH,—1

Based on above, we list the percentage of large pores in the CVD graphene (Supplementary Table 8).

17



Supplementary Note S: Statistics summary on the pores characterization by HRTEM

Statistics summary on the pores characterized by High-resolution transmission electron microscopy
(HRTEM) were based on the pores located at a minimum distance of 2 nm away from the PMMA
contaminations. 31 sub-1-nm nanopores and 10 bigger pores (1-5 nm) were found in the CVD graphene
(survey area of 14200 nm?), corresponding to a pore-density of 2.8 x 10! cm?. We found 67 sub-1-nm
nanopores and 10 bigger pores (1-5 nm) in the ozone-treated graphene in (survey area of 18200 nm?),
corresponding to a pore-density of 4.2 x 10! cm™.

18
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