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Millisecond lattice gasification for high-density  
CO2- and O2-sieving nanopores in single-layer graphene
Shiqi Huang1, Shaoxian Li1, Luis Francisco Villalobos1, Mostapha Dakhchoune1,  

Marina Micari1, Deepu J. Babu1, Mohammad Tohidi Vahdat1, Mounir Mensi2,  

Emad Oveisi3, Kumar Varoon Agrawal1*

Etching single-layer graphene to incorporate a high pore density with sub-angstrom precision in molecular 
differentiation is critical to realize the promising high-flux separation of similar-sized gas molecules, e.g., CO2 
from N2. However, rapid etching kinetics needed to achieve the high pore density is challenging to control for 
such precision. Here, we report a millisecond carbon gasification chemistry incorporating high density (>1012 cm−2) 
of functional oxygen clusters that then evolve in CO2-sieving vacancy defects under controlled and predictable gas-
ification conditions. A statistical distribution of nanopore lattice isomers is observed, in good agreement with the 
theoretical solution to the isomer cataloging problem. The gasification technique is scalable, and a centimeter- 
scale membrane is demonstrated. Last, molecular cutoff could be adjusted by 0.1 Å by in situ expansion of the 
vacancy defects in an O2 atmosphere. Large CO2 and O2 permeances (>10,000 and 1000 GPU, respectively) are 
demonstrated accompanying attractive CO2/N2 and O2/N2 selectivities.

INTRODUCTION

Molecular separation, a key component of industrial processes and 
at the heart of environmental issues such as carbon capture, is highly 
energy intensive (1). The energy efficiency and capital cost of the 
separation processes can be substantially reduced by using high- 
performance molecular-sieving membranes separating gases based 
on their kinetic diameters (2–5). Specifically, substantial improve-
ment in energy efficiency of separation processes such as postcombus-
tion carbon capture can be achieved by increasing the CO2 permeance 
(6, 7). Gas-sieving nanoporous single-layer graphene (N-SLG), pre-
pared by incorporating vacancy defects in the SLG lattice (8, 9), can 
be highly attractive for high-flux CO2 and O2 separation because the 
diffusion resistance is controlled by a single transition state at the 
nanopore (10–13).

While molecular simulations have predicted that graphene nano-
pores can indeed separate industrially relevant mixtures containing 
similar-sized molecules such as CO2/N2 (14), CO2/CH4 (15), O2/N2 
(16), etc., it has remained challenging to incorporate these nano-
pores in graphene with a narrow-enough pore-size distribution (PSD) 
to obtain the needed sub-angstrom resolution in molecular differ-
entiation (17–19). Furthermore, for developing practical membranes, 
the lattice transformation must take place uniformly over a macro-
scopically large area. The state-of-the-art etching methods have an 
inherent limitation; the pore expansion takes place at a much faster 
rate than that of pore nucleation. For example, the nanofabrication 
route, involving high-energy electron or ion bombardment, involves 
an energy barrier of 20 to 23 eV (20–22) to displace a carbon atom 
from the basal plane (nucleation event), much higher than that 
needed to displace a carbon atom from the pore edge (pore growth, 
~14 eV) (22). Consequently, this limitation results in a broad PSD. We 
have shown that N-SLG with broad PSD can be used for gas separation, 

albeit using an additional gas-selective layer on top of graphene 
(23, 24). Chemical etching technique involving O2 (8, 25), ultraviolet/
O3 (17), or O3 (19, 26), in principle, can obtain CO2-selective nano-
pores by slowing down the etching kinetics, e.g., using a low tem-
perature or a small concentration of etchant (17). However, approaches 
based on sluggish kinetics would not achieve the meaningful pore 
density needed to realize the primary objective of high-flux separation. 
Therefore, developing methods involving rapid etching kinetics coupled 
with short but controllable pore expansion time is critically needed. 
Here, by using a custom-made millisecond gasification reactor (MGR), 
we could control the expansion time of vacancy defects to a few 
milliseconds. High pore density (>1012 cm−2) combined with a narrow 
PSD consisting of missing 1 to 20 carbon atoms led to attractive 
CO2/N2 and CO2/CH4 selectivities. The gasification technique is 
highly scalable and could be used to produce centimeter-scale N-SLG 
membranes. Furthermore, we show that molecular cutoff can be ad-
justed by 0.1 Å by a slow expansion of nanopores in situ inside the 
membrane module. The resulting membranes yielded attractive 
sieving performances with large CO2 and O2 permeances [>10,000 
and 1000 gas permeation units (GPU), respectively], making these 
membranes highly promising for energy-efficient carbon capture.

RESULTS

Millisecond gasification of graphene
High-quality SLG (I2D/IG ratio of 4.8 ± 0.25) with a low density of 
intrinsic defects (ID/IG ratio of 0.04 ± 0.02) was synthesized by low- 
pressure chemical vapor deposition (LPCVD) (27) on an annealed 
Cu foil (28). Briefly, the Cu foils were thermally annealed to obtain 
Cu (111) to improve the uniformity of graphene and to reduce the 
density of intrinsic vacancy defects (fig. S1 and table S1) (29, 30). 
The MGR is composed of an O3 (etchant) supply to a hot chamber 
(120° to 290°C) via a millisecond leak valve (MLV) (Fig. 1, A and B, 
and fig. S2, A and B). To initiate the etching, the as-synthesized SLG 
was heated to the reaction temperature inside an evacuated MGR, 
and MLV was opened for 0.01 to 0.2 s, allowing a short O3 pulse 
(full width at half maximum of 0.3 s; fig. S2C) with peak O3 pressure 
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Fig. 1. Precise incorporation of a high density of vacancy defects in graphene by millisecond gasification. (A) Schematic of the MGR setup. (B) Profile of the O3 pulse 

in MGR. (C) Raman spectroscopy analysis showing the evolution of the N-SLG with increasing O3 dose. (D and E) Scanning tunneling microscopy (STM) images of N-SLG 

on Cu foil prepared by MGR at 250°C. The sample was annealed at 900°C before the STM imaging. (F) The temperature-dependent coverage rate of the functional oxygen 

groups on N-SLG fitted with linear regression. In the x axis, R refers to the universal gas constant and T refers to the functionalization temperature. (G and H) STM images 

of highly oriented pyrolytic graphite (HOPG) treated by MGR at 250°C. (I) The height profile of the line (AA′) in (H). The images were acquired by transferring samples to 

STM immediately after MGR, and no further thermal annealing was carried out. STM images of samples shown in (G and H) after annealing at 800°C inside the STM 

chamber (J and K). (L) The height profile of the line (BB′) in (K). a.u., arbitrary units.
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in the range of 3 to 27 torr. The O3 dose, calculated by the area 
under the curve of O3 pressure as a function of time, was controlled 
by varying the MLV opening time (t) and O3 supply pressure (Pup) 
(table S2). Optionally, a purge (Ar or He) was opened after a 
synchronized delay time (td) to facilitate a rapid removal of O3 (fig. 
S2D). Overall, O3 dosage of 3.2 × 1016 to 3.5 × 1017 molecules cm−3 
s was delivered while keeping the etching time well below 1 s (notes 
S1 and S2).

Raman spectroscopy of N-SLG films, exposed to increasing O3 
dose from 4.8 × 1016 to 3.5 × 1017 molecules cm−3 s, revealed signif-
icant D and D′ peaks (Fig. 1C and fig. S3). The ID/ID′ ratios were 
well below 7. The maximum value was around 3, indicating that 
most of the defects were edge-like defects of graphite (31, 32). ID/IG 
mapping indicated that the defects could be generated uniformly 
over a large area (fig. S3B).

Scanning tunneling microscopy (STM) was carried out directly 
on N-SLG, prepared by MGR (t = 0.1 s, td = 0.5 s, and O3 dosage of 
1.6 × 1017 molecules cm−3 s), resting over the Cu foil without the 
need of transferring graphene to understand pore size, pore density, 
and their organization in the graphene lattice. The surface of Cu foil 
was partially oxidized during gasification, and therefore, to obtain a 
conductive and smooth surface for STM, N-SLG was annealed at 
900°C in H2. The corresponding STM images revealed that millisecond 
gasification led to a high density (~1012 cm−2) of sub-nanometer 
vacancy defects (Fig. 1, D and E, and fig. S4). Several nanopores 
appeared to be aligned and were distributed more uniformly than 
typically anticipated from a stochastic etching. This unique arrange-
ment likely originated from the cooperative linear clustering of epoxy/
ether groups evolved from the chemisorption of O3 on graphene 
(33, 34). The linear clustering is driven by the low-energy configu-
ration of epoxy/ether groups (35, 36) and is facilitated by a low bar-
rier of diffusion (0.73 to 0.76 eV) of the epoxy groups (36, 37). We 
measured the apparent energy barrier for the chemisorption of O3 
by counting the coverage of functional oxygen groups using x-ray 
photoelectron spectroscopy (XPS; fig. S5). An Arrhenius-like plot 
of the function oxygen coverage rate as a function of the chemisorp-
tion temperature yielded an apparent energy barrier of 0.67 eV 
(Fig. 1F). Accounting for the negative heat of adsorption (phy-
sisorption) of O3 (~0.25 eV) (38) in the apparent energy barrier, the 
energy barrier for chemisorption exceeds the energy barrier of dif-
fusion, which explains the rapid (within milliseconds) formation of 
the functional oxygen clusters at 250°C.

To investigate the functional oxygen cluster, freshly cleaved 
highly oriented pyrolytic graphite (HOPG) substrates were gasified 
in MGR. Because of the smooth surface of HOPG, additional heat-
ing after MGR treatment was not needed, and MGR-treated samples 
were immediately placed in the ultrahigh vacuum (UHV) chamber 
for the STM imaging. Scanning an area of 30 nm by 30 nm, we 
could indeed observe several elongated clusters (>10), each sur-
rounding nanometer-sized vacancy defects (Fig. 1G and fig. S6). 
The clusters seemed to be aligned and had a density of 2.9 × 1012 cm−2, 
consistent with the observation of vacancy defects on graphene 
(Fig. 1, D and E). The size of elongated clusters surrounding the 
vacancy defect was ~2.0 nm by 2.5 nm (Fig. 1H). The height of the 
cluster was ~2.5 ± 0.2 Å (Fig. 1I), which corresponds to the typical 
height of the ether group on the graphitic lattice (35). A proof of the 
existence of the clusters also comes from high-temperature anneal-
ing experiments where the specimen was heated to 800°C for 
2 hours, and as a result, the majority of the functional oxygen cluster 

was removed as indicated by (i) the smaller size of the features sur-
rounding the vacancy defects (Fig. 1, J and K) and (ii) the maximum 
height of ~0.6 Å around the vacancy defect (Fig. 1L). We note that 
the density of vacancy defects did not change upon heating, indicat-
ing that only the functional oxygen clusters were removed.

Density functional theory calculations have shown that the ether 
chains on the graphitic lattice can lead to strain buildup, which 
eventually unzips the chain. This and the fact that we observe co-
existence of clusters with the vacancy defects indicate that the for-
mation of clusters is indeed an intermediary step in the nucleation 
of vacancy defects in O3-led gasification of graphene.

Aberration-corrected high-resolution transmission electron 
microscopy (AC-HRTEM) of N-SLG was carried out to understand 
the PSD and the diversity of nanopore lattice structure prepared 
using the same gasification condition as that for STM. To prevent 
crack formation during the transfer of N-SLG to the microscope 
grid, a porous polybenzimidazole (PBI) film was deposited on top 
of N-SLG as a mechanical reinforcement (39). The grid was annealed 
at 900°C in a reducing atmosphere to remove contaminants that mask 
the SLG lattice (fig. S7). Control experiments on as-synthesized SLG 
proved that grid preparation steps did not lead to the incorporation 
of new nanopores (fig. S8), although the loss of the pore-edge func-
tional group could not be avoided. Imaging was carried out using a 
stable 80-keV beam that did not nucleate or expand nanopores at a 
small electron dose (figs. S9 and 10 and movies S1 and S2). Overall, 
a pore density of 1.6 × 1012 cm−2, consistent with the STM findings, 
was observed. About 49 distinct nanopore lattice structures, miss-
ing 1 to 20 carbon atoms, were identified, of which 38 are reported 
in Fig. 2 (A and B) (fig. S11 and note S3). Among these, the pores 
where the degree of uncertainty in their structure is high, attribut-
ing to edge reconstruction and image resolution, are highlighted in 
fig. S11. Nonetheless, on the basis of the pore area, the predictability 
on the number of the missing carbon atom is high in the entire 
dataset. Several nanopore isomers, defined as pores of different 
structures formed by removing exactly V number of atoms, were 
observed. These isomers are referred to as P-Vj. For example, P-10i, 
P-10ii, and P-10iii are made by removing 10 carbon atoms but host 
different structures (Fig. 2, A and B). The relative population of iso-
mers was consistent with the theoretical solution to the isomer 
cataloging problem of the vacancy defects in graphene (40). For ex-
ample, P-11i and P-7i, predicted to be the most probable isomers of 
P-11 and P-7, respectively, were observed most frequently. No other 
isomer of P-7i were observed, perhaps attributing to the extremely 
high probability of P-7i (42%) and low probability of other P-7 iso-
mers (<10%). Several high-probability isomers such as P-6iii, P-8ii, 
P-11i, P-12i, P-16i, and P-17i were observed filling the gap between the 
observed and simulation-predicted gas-sieving nanopores (Fig. 2, A and B, 
and fig. S11) (40). Nanopores such as P-10i, P-13i, and P-16i, which 
have drawn vast attention for gas-sieving, were also observed, albeit 
they constitute only a small fraction of the nanopore population. 
PSD based on the number of missing carbon atoms had a majority 
of nanopores smaller than P-16 (Fig. 2C, top). We also observed a 
few large elongated nanopores that are likely generated by the co-
alescence of close-by nanopores during the sample preparation of 
the microscope grid (fig. S12) and, therefore, are not considered in 
the statistical analysis. This PSD is highly attractive because pores 
smaller than P-16 have been predicted to be highly promising for 
gas separation (10, 13–16, 18). We note that these pores appear un-
functionalized in the AC-HRTEM study because of the tricky TEM 
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grid cleaning steps, which involved heating the grids at 900°C to 
desorb contaminants from nanopores for imaging their structure 
(39). This process also removes the edge functional groups that are 
likely carbonyl groups, as discussed with the STM (Fig. 1, K and L) 
and XPS data (fig. S13). The presence of these groups will further 
reduce the electron density gap in the pores from the contribution 
of carbonyl functional group at the edge and is expected to enhance 
the molecular selectivity.

Modeling of etching kinetics
The nucleation and growth rates of the vacancy defects in graphene 
are expected to vary as per the temperature-dependent kinetics of 
lattice gasification. Etching experiments carried out at 150°C with 
the same O3 dose as above yielded much lower pore density than 
that at 250°C (fig. S14), consistent with the thermally activated 
chemisorption and clustering of the epoxy groups (26, 33, 37). To 
understand the evolution of nanopores and resulting PSD, we modeled 
the pore nucleation and expansion process. The nucleation density 

is expected to be proportional to the density of the clusters, which 
eventually yield a vacancy defect (note S4) and can be expressed as

   q  v   =  k  c   H ∫ t  0    
 t  n  

   Pdt   (1)

where qv is the fractional occupancy of the vacancy defects, P is O3 
pressure, H is Henry’s coefficient for physisorption of O3 on graphene, 
and kc is the effective rate constant for the formation of clusters.

To model PSD, we tracked the expansion of pores nucleated 
during a certain time interval as a function of time (note S4). Briefly, 
the O3 exposure was divided into n equal time intervals, ∆t. At the 
end of the O3 exposure, the number of the missing carbon atoms, vi, 
for those pores that nucleated during the time step ti could be calcu-
lated as follows

   v  i   =   ∑ 
m=i

  
m=n

     
D  C  m  

 ─ 
  ∑ 
k=1

  
m

     N  k  
   =   

D  C  i   ─   N  1   +  N  2   + …  N  i  
   + … … +   

D  C  n  
 ────────────   N  1   +  N  2   + … … +  N  n      

(2)

Fig. 2. AC-HRTEM–based analysis of the lattice structure of the vacancy defects incorporated in N-SLG from millisecond gasification. (A and B) AC-HRTEM images 

of the vacancy defects and corresponding lattice-fitted structures (dots indicate missing carbon atoms). The repeated occurrence of each defect within the set of images 

is indicated inside the bracket. For example, P-13i (×2) indicates that P-13i was observed two times. (C) Top: Distribution of the number of missing carbon atoms in the 

vacancy defects based on the AC-HRTEM. Bottom: The predicted distribution of the missing carbon atoms using the gasification kinetics model.
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where Ni is the number of new nuclei generated during a time step 
i and DCi is the total number of carbon atoms etched from the exist-
ing defects in time step i. The PSD extracted by the model is in good 
agreement with that from the AC-HRTEM observations (Fig. 2C).

CO2 sieving from graphene nanopores
Membranes were prepared by transferring graphene onto a macro-
porous W foil, hosting an array of 5-mm pores prepared by laser 
drilling, using the nanoporous carbon (NPC) film–assisted transfer 
method (29). The 100-nm-thick NPC film is used as a mechanical 
reinforcement to graphene to assist its crack-free transfer to a macro-
porous metal support. The pores in NPC film are 20 to 30 nm in 
size, and therefore, the graphene/NPC interface consists of graphene 
film resting on NPC pores (fig. S15, A to C). Attributing to the large 
size of the pores, the NPC film does not sieve gases but transports 
gases on the basis of the principles of the Knudsen transport where 
the gas flux is inversely proportional to the square root of its molecular 
mass. Control experiments based on standalone NPC film yielded 
large H2 and CO2 permeances of 5.6 × 106 and 1.3 × 106 GPU, re-
spectively, with H2/CO2, H2/N2, H2/CH4 selectivities of 4.3, 3.2, and 
2.4, respectively (fig. S15, D and E), indicating that NPC film does 
not sieve gases and only acts as a mechanically reinforcing layer.

Observation of gas flux through NPC-reinforced 1-mm2-sized 
N-SLG membranes, prepared using O3 dosage of 4.8 × 1016 to 
3.5 × 1017 molecules cm−3 s (t = 0.01 to 0.2 s), revealed that N-SLG 
could separate H2 and CO2 from CH4, with H2 and CO2 permeances 
increasing monotonically by 30-fold at the highest O3 dose (Fig. 3A, 
figs. S16 and S17, and table S3). The H2/CH4 and CO2/CH4 selectivities 
(9.7 to 19.9 and 6.1 to 18.4, respectively) were much higher than the 
corresponding Knudsen selectivities (2.8 and 0.6, respectively), 
confirming that the incorporated vacancy defects could sieve simi-
larly sized molecules. The activation energy for H2, CO2, and CH4, 
extracted by subtracting their heat of adsorption (2.7, 9.9, and 8.3 kJ 
mol−1, respectively; note S5) from the observed apparent activation 
energy, did not change significantly (Fig. 3B). The decrease in selec-
tivity at higher dosage can be attributed to the coalescence of adja-
cent pores, which is expected to promote the effusive transport (19).

Hindering the etching reaction with the synchronized Ar purge 
(td = 0–1.0 s) improved the CO2 sieving performance (Fig. 3C and 
table S4). CO2 permeance of 2620 GPU with corresponding CO2/N2 
and CO2/CH4 selectivities of 27.6 and 20.0 could be achieved at O3 
dose of 1.6 × 1017 molecules cm−3 s (t = 0.1 s, td = 0.5 s). The rapid 
removal of residual O3 by the Ar purge was also reflected in the fact 
that a relatively lower structural disorder was observed by the Raman 
spectroscopy (fig. S3C). The use of purge improved CO2/CH4 se-
lectivity without a significant loss in CO2 permeance (Fig. 3C). We 
noted that the sieving of CO2 from N2 corresponded to a resolution 
of 0.3 Å in molecular differentiation. We could also achieve CO2/O2 
selectivity of 12.6, corresponding to a resolution of 0.2 Å.

The controlled etching kinetics yield attractive CO2/CH4 selectivi-
ties at a wide range of temperatures (120° to 290°C) with optimized 
O3 dosages (Fig. 3D and figs. S18 to S20). For a given ozone dose 
(t = 0.1 s, td = 0.5 s), we observed increasing gas permeance and 
decreasing selectivity as a function of the etching temperature, 
attributing to the faster etching kinetics at the higher temperature. 
For example, HRTEM-based study of the distribution of edge-to-edge 
van der Waals gap (18) indicated that etching at 290°C increased 
the mean gap by ~0.2 nm from that obtained at 250°C (Fig. 3E). As 
mentioned before, these pores are unfunctionalized in the HRTEM 

study because of the TEM grid preparation steps. The actual distri-
bution of van der Waals gap is expected to be shifted to the left (by 
~2.4 Å) from the contribution of carbonyl functional group at the 
pore edge. We show that the mean gap could be reduced by opti-
mizing the O3 dose, i.e., by reducing td from 0.5 to 0.2 s and using a 
cooled He purge. This was reflected in the improvements in the H2/
N2 and CO2/N2 selectivities (Fig. 3D).

The controlled gasification of graphene by millisecond etching is 
highly scalable, attributing to the highly uniform etching of graphene 
under the partial vacuum in MGR (fig. S3B). To demonstrate this, 
we gasified an SLG sized 2 cm by 1.5 cm and subsequently trans-
ferred it to a smoothened metal-mesh support. Attributing to the 
higher roughness of the metal-mesh compared to the drilled W foil, 
the transfer became more challenging, and therefore, the mechani-
cal reinforcement was switched from the NPC film to a nanoporous 
polymer film, poly[1-(trimethylsilyl)-1-propyne] (PTMSP) (23, 24). 
Briefly, the mechanically reinforcing PTMSP layer was coated on 
N-SLG before its transfer to the porous support. The resulting 
centimeter-scale PTMSP-reinforced N-SLG membrane (Fig. 3F) 
yielded a CO2/N2 separation factor of 17.3 at 25°C (table S6). In 
contrast, the selectivity of the standalone PTMSP film, prepared by 
the same method (coating on Cu foil followed by transfer to the 
support by etching the foil), was ~10 (23, 24). The value is similar to 
that from millimeter-scale PTMSP-reinforced N-SLG membrane (22.5) 
and that from the NPC-reinforced N-SLG membranes prepared on 
the drilled W support, confirming that the gasification technique 
reported here is scalable.

Adjustment of the molecular cutoff
Molecular sieving from N-SLG has a unique advantage that one can 
adjust the molecular cutoff for a specific separation application. We 
demonstrate this by expanding vacancy defects using O2 at 200°C in 
situ in the membrane module. Briefly, the feed side of N-SLG mem-
brane pre-etched in MGR was pressurized with CO2/N2 mixture, 
while the permeate side was swept with Ar, and a steady-state operation 
was achieved. To initiate the etching, the sweep gas was switched to 
O2. Subsequently, the partial pressure of CO2 and N2 in the permeate 
side was tracked as a function of time using an online mass spectrom-
eter (MS). After the reaction, the sweep was switched back to Ar to 
measure the gas permeance.

Upon O2 exposure at 200°C, CO2 and N2 concentrations in the 
permeate side increased as a function of time (Fig. 4A). However, 
the increase in the CO2 concentration was much more rapid, which 
resulted in the improvement of CO2 permeance and CO2/N2 selec-
tivity (Fig. 4, B and C, and fig. S23). The improvement in the perform-
ance was permanent and could be observed after several cycles of 
testing over several days. Repeating O2-based pore expansion, on 
the same N-SLG after several days, led to further improvement 
in permeance, while the selectivity did not change considerably 
(Fig. 4, A to C, and tables S7 and S8). In contrast, the treatment of 
membranes with O3 at 25°C, which does not lead to lattice etching 
but pore edge functionalization (29), led to a decrease in the gas 
permeance (green trace in Fig.  4B), further confirming that O2 
treatment at 200°C leads to pore expansion.

The slow pore expansion with O2 could shift the molecular cut-
off by 0.1 Å, consistent with the etching kinetics of graphite with O2 
at 200°C. Assuming first-order etching kinetics with O2, we estimate 
an etching rate constant of 1.6 × 10−7 nm min−1 torr−1 at these con-
ditions (note S6) (26, 41, 42). As a result, the pore expansion for 1 to 

 o
n
 J

u
n
e
 1

4
, 2

0
2
1

h
ttp

://a
d
v
a
n
c
e
s
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



Huang et al., Sci. Adv. 2021; 7 : eabf0116     24 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

2 hours favored O2 permeation, reducing CO2/O2 selectivity from 
12.6 to 7.4 and increasing O2/N2 selectivity from 1.6 to 3.4 (Fig. 4C). 
Combined with O2 permeance of 1300 GPU, it makes N-SLG mem-
branes attractive for the decentralized O2/N2 separation for enrich-
ing O2 (43). In the context of postcombustion capture, the shifted 
cutoff allowed us to realize extremely attractive CO2/N2 separation 
performance with CO2 permeance and CO2/N2 selectivity of 9600 GPU 
and 24.4, respectively (Fig. 4D and table S9). Another membrane 
yielded CO2 permeance of 11,850 GPU and CO2/N2 selectivity of 21.7. 
The CO2/N2 separation performance from a mixed feed (20% CO2) 
was similar to that from the single component with the mixture 
separation factors approximately 10% higher than the correspond-
ing ideal selectivities (fig. S24), which can be attributed to com-
petitive adsorption of CO2 over N2. We did not observe irreversible 
pore shrinkage or physical aging during the elevated temperature 
(120°C) stability testing (44), and the performance was stable for a 
period of 3 weeks (fig. S25). We performed a techno- economic anal-
ysis (note S7) of a high-scale membrane process for postcombustion 
CO2 capture based on the obtained N-SLG membranes. The optimal 

configuration to achieve recovery and purity equal to 90% was a 
double stage with recycle of the second retentate and vacuum in 
the permeate channels (fig. S26). The lowest energy consumption 
(1.3 MJ/kgCO2) was found with the N-SLG membrane yielding CO2 
permeance and CO2/N2 selectivity of 9600 GPU and 24.4, respectively, 
using inlet CO2 concentration of 13.5% and optimized permeate 
pressures of 0.04 and 0.1 bar in the two stages. The corresponding 
capture penalty, with specific membrane cost of $500/m2 and elec-
tricity cost of $0.04 per kilowatt-hour, was equal to $31.5/tonCO2. 
This capture penalty makes the N-SLG membrane–based process 
very competitive with the state-of-art absorption (capture penalty 
of around $50/tonCO2) (7) and with the polymeric membrane–
based capture processes (capture penalty between $25/tonCO2 and 
$40/tonCO2) (6).

DISCUSSION

Overall, we report a scalable lattice gasification technique bringing 
two critical components of the lattice etching kinetics: (i) the use of 

Fig. 3. Gas separation performance from the vacancy defects in N-SLG incorporated by the millisecond gasification. Evolution of the gas permeance (A) and ex-

tracted activation energies of H2, CO2, and CH4 for transport across N-SLG (B) as a function of the O3 dosage. (C) CO2/CH4 selectivity and CO2 permeance from N-SLG 

etched at 250°C (t = 0.1 s) with varying td. (D) Comparison of the gas separation performance of N-SLG etched at 250° and 290°C and (E) the corresponding van der Waals 

gap extracted from HRTEM after heating the samples to 900°C (unfunctionalized pores). td was 0.5 s for the 250° and 290°C cases (using Ar purge) and 0.2 s for the opti-

mized 290°C case (using the He purge). (F) Photograph of the centimeter-scale N-SLG membrane on the smoothened metal-mesh support. Red lines highlight the edges 

of the membrane. Photo credit: Shiqi Huang, École Polytechnique Fédérale de Lausanne.
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high temperature to promote rapid chemisorption of O3 on graphene, 
leading to a functional oxygen clusters, which eventually nucleate 
the high-density vacancy defects (>1012 cm−2) for gas separation, 
similar to those reported for liquid separation (45, 46), and (ii) mil-
lisecond reaction time that limits the expansion of vacancy defects 
to yield CO2-sieving nanopores with a resolution of 0.2 to 0.3 Å in 
molecular differentiation. The in situ pore expansion experiments 
demonstrate that the graphene nanopore presents a unique oppor-
tunity to shift the molecular cutoff by a fraction of angstrom. Both 
gasification and pore expansion techniques are highly predictable 
and reproducible, which will pave the way to fabricate nanopores in 
SLG for separating several species based on the relative differences 
in size, even if the size difference is much smaller than 1 Å, including 
isotope purification (47), ion-ion separation (48), and organic sol-
vent nanofiltration (49). The method demonstrated here takes one 
step closer to achieve the target of incorporating vacancy defects in 
graphene with the precision of a few atoms, a major goal of material 
science and chemistry.

MATERIALS AND METHODS

Annealing of commercial Cu foil
The commercial Cu foil (Alfa Aesar, 99.8% purity and 25 mm, or 
Strem Chemicals Inc., 99.9% purity and 50 mm) was thermally 
annealed in a furnace equipped with a high-purity alumina tube 
(99.8% purity). The high-purity alumina tube reduced the silica 
contaminations on the Cu foil. The annealing was done in three 
steps. First, the Cu foil was placed inside the furnace and heated to 
1000°C in a CO2 atmosphere at 700 torr to remove the organic con-
tamination (50). Second, CO2 was purged out and a H2/Ar mixture 
(10:90 ratio) was filled to a pressure of 700 torr. Third, the tempera-
ture of the furnace was increased to 1075°C and was maintained at 
this temperature for 1 hour. Subsequently, the furnace was cooled 
down to 1000°C at a rate of 0.1°C min−1 and then to room tempera-
ture by natural convection.

Graphene growth on Cu foil
SLG was synthesized in an LPCVD setup on the surface of the 
annealed Cu foil (27, 51). Briefly, the foil was heated to 1000°C in a 
CO2 atmosphere at 700 torr and kept there for 30 min to remove the 
organic contaminations. Then, the CO2 flow was stopped, and the 
chamber was evacuated. Following this, a flow of 8 standard cubic 
centimeters per minute (sccm) of H2 was introduced for 30 min. Then, 
a flow of 24 sccm of CH4 was added, maintaining a total pressure of 
460 mtorr for 30 min, leading to the growth of polycrystalline SLG 
film. Last, the growth chamber was cooled rapidly to room tempera-
ture while maintaining the H2 flow.

Etching of graphene in MGR
The as-synthesized SLG supported on the Cu foil was etched in the 
homemade MGR setup (Fig. 1A and fig. S2A). The MGR consisted 
of a 10-cm-long temperature-controlled reaction zone with three 
inlets and an outlet. One inlet was connected to a reservoir storing 
pressurized O3/O2 mixture. The reservoir, in turn, was connected to 
an O3 generator (Atlas 30, Absolute Ozone) supplying 9 mole percent 
O3 in O2. The second inlet of MGR was connected to purge gas supply 
(Ar or liquid nitrogen–cooled He). Two MLVs (atomic layer depo-
sition valve, Swagelok) controlled a synchronized injection of O3 and 
the purge gas to the MGR. The O3 dose was controlled by opening 

the MLV for a short time and purging the MGR after a short delay 
(table S2 and notes S1 and S2). The third inlet of MGR was connected 
to H2/Ar supply. The role of this supply was to maintain a reducing 
atmosphere in the reactor before and after the gasification. The outlet 
of MGR was connected to a vacuum pump via an outlet valve. The 
MGR was heated using a heating tape wrapped around the reaction 
zone, and the heating was controlled using a feedback controller 
using input from a thermocouple placed inside the gasification zone.

For the etching of SLG, the following procedure was used. As- 
synthesized SLG was heated inside the reaction zone of MGR in a 
H2 atmosphere. Before etching, H2 was purged out with Ar while 
maintaining a chamber pressure of 0.8 torr. A custom LabVIEW 
program was used to open the O3 MLV for a short time (0.01 to 0.2 s) 
and, optionally, to open the purge valve after a certain delay (0 to 1 s). 
After etching, the sample was cooled down to room temperature in 
an Ar atmosphere. We noticed oxidation of Cu during etching, and 
therefore, for further use, the sample was annealed at 300°C in a H2 
atmosphere to reduce the oxidized Cu.

Fabrication of membrane
The fabrication of the 1-mm2-sized graphene membrane on a macropo-
rous tungsten support was similar to the previously reported method 
(29). Briefly, an NPC film was deposited on N-SLG as a mechanically 
reinforcing layer. The NPC/N-SLG/Cu was floated on a Na2S2O8 
solution [20 weight % (wt %) in water] to etch the Cu foil. After Cu 
etching, the floating NPC/N-SLG film was rinsed in deionized water 
to remove the residues. Last, the floating NPC/N-SLG film was 
scooped on the macroporous W support hosting laser-drilled 5-mm 
pores to fabricate N-SLG membrane.

The N-SLG membrane prepared using PTMSP reinforcement 
was fabricated in quite a similar way as above. First, a 1.25 wt % of 
PTMSP solution in toluene was used to spin coat a PTMSP layer on 
N-SLG surface (around 0.5 ml of PTMSP solution for 1-cm2 coating 
area). The spin-coating speeds used to prepare the thin film are as 
follows: 1000 rpm for 30 s and then 2000 rpm for 30 s. Next, the 
PTMSP/N-SLG/Cu was inserted in a vacuum oven at 25°C for 
12 hours to completely remove the solvent from PTMSP. Subsequently, 
the PTMSP/N-SLG/Cu was floated on a 1 M FeCl3 solution to etch 
the Cu foil. Last, the floating PTMSP/ N-SLG film was scooped 
on the macroporous W support to fabricate 1-mm2-sized graphene 
membrane or smoothened macroporous metal-mesh support to 
fabricate the centimeter-scale N-SLG membrane.

Gas permeation test
The single-component and mixture gas permeation tests were carried 
out in a homemade permeation module. All the permeation tests 
were conducted in the open-end mode. All equipment used in the 
permeation setup [the mass flow controllers (MFCs), oven, and MS] 
were calibrated within a 5% error. The N-SLG membranes on tungsten 
supports were directly sandwiched in the VCR-based module 
(Swagelok VCR fittings), making a leak-tight metal-to-metal seal. 
The centimeter-scale N-SLG membranes were fixed to an annular 
stainless steel disk using epoxy and then sandwiched using viton 
o-rings to ensure a gas-tight seal between the annular disk and the 
membrane module. The feed and the sweep lines were preheated 
inside the oven to prevent temperature fluctuation. An MFC regulated 
the flow rate of the feed gas, where the feed pressure (1.5 to 2.0 bar) 
was adjusted by the back-pressure regulator. Another MFC controlled 
the flow rate of sweep gas (Ar) with 1-bar pressure. The sweep gas 
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carried the permeate gas to the MS for real-time analysis of the per-
meate concentration. The MS was calibrated for the concentration 
range measured in the permeate stream for He, H2, CO2, O2, N2, CH4, 
and C3H8 in Ar. Before testing, all membranes were heated to 100°C 
to remove the atmospheric contaminations on the graphene surface. 
For the mixture permeation tests, an equimolar gas mixture (or a 
20:80 mixture of CO2/N2 whenever specified) was used on the feed 
side. The performance of the membranes was tracked continuous-
ly in real time. The gas flux was calculated once the steady state 
was established. Only the steady-state permeation data are reported.

In situ oxygen etching
O2 etching was conducted on the suspended N-SLG membrane in-
side the membrane module. A metal-metal (Swagelok VCR fittings) 
seal, where the membrane was sandwiched in the VCR-based module, 
was used to ensure a leak-proof system. Before the oxygen etching, 
the membrane module with the membrane inside was heated to 100°C 
to remove the adsorbed atmospheric contaminations and the gas 
separation performance was measured. Following this, the mem-
brane was heated to 200°C using Ar as the sweep and a CO2/N2 
mixture in the feed side. The online MS monitored the CO2 and N2 

concentration in the permeate side continuously. To start the in situ 
etching, the Ar flow in the sweep (permeate side of the membrane) 
was swapped with an O2 flow. The permeate concentration was 
monitored as a function of time to evaluate the effect of the etching 
on the gas-sieving property of the membrane. After the etching 
reaction, the sweep was swapped back to Ar and the steady-state 
membrane performance was measured.

Raman characterization
Raman characterization was carried on graphene transferred onto 
the SiO2/Si wafer by the wet-transfer method. The N-SLG/Cu was 
spin-coated with a thin poly(methyl methacrylate) (PMMA) layer 
(950 PMMA A4, 4% in anisole; MicroChem Corp.). After the coating, 
the PMMA/N-SLG/Cu was annealed at 60°C for 30 min to remove 
the solvent. Then, the PMMA/N-SLG/Cu was floated on a 20% 
Na2S2O8 solution to remove the Cu foil. Following this, the floating 
film was transferred to deionized water to rinse the residual etchant 
and was scooped by SiO2/Si wafer. To increase the bonding of PMMA/
N-SLG, the sample was annealed at 150°C and then 190°C for 
10 min. Last, PMMA was removed by acetone leaving N-SLG on the 
SiO2/Si wafer for Raman characterization.

Fig. 4. Gas separation performance of N-SLG prepared by MGR followed by in situ O2 treatment at 200°C. (A) CO2 and N2 evolution in the permeate side during the 

in situ etching. (B) Gas permeance at 25°C as a function of the kinetic diameter from the as-prepared N-SLG membrane, from those subjected to the in situ O2 treatment, 

and from that subjected to O3 at 25°C for 2 min. The term “repeat” refers to repeating the in situ O2 treatment after 2 days of gas permeance testing. (C) Comparison of the 

gas pair selectivity data at 25°C of the as-prepared N-SLG membrane with those subjected to the in situ O2 treatment. (D) Comparison of the CO2/N2 mixture separation 

performance from the membranes prepared in this study with the state-of-the-art membranes for postcombustion capture. The target area refers to the membrane 

performance needed to surpass the energy efficiency of the amine-based absorption process (6, 7). MMPs, metal-induced ordered microporous polymers.
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Single-point data collection and mapping were performed using 
Renishaw micro-Raman spectroscope equipped with a blue laser 
(lL = 457 nm, EL = 2.71 eV) and a green laser (lL = 532 nm, EL = 2.33 eV). 
Analysis of the Raman data was carried out using MATLAB. For calcula-
tion of the D and the G peak height, the background was subtracted from 
the Raman data using the least-squares curve fitting tool (lsqnonlin).

Sample preparation for TEM
The transfer-induced contaminations on the N-SLG surface were 
minimized by fabricating a thin PBI film and then transferring 
graphene on a TEM grid with the help of this film (fig. S7). The 
porous PBI was prepared separately and adhered on top of graphene, 
which allowed us to avoid polymer solution–induced contamina-
tions on the surface of N-SLG. These contaminations are difficult to 
avoid when directly forming the porous film on top of graphene 
(19, 24) or when using a PMMA-based transfer approach (52). The 
N-SLG domain resting in the micrometer-sized open areas of the 
porous PBI film was easy to find in the imaging conditions of 
AC-HRTEM (fig. S7). The porous PBI reinforcement layer was made 
of a thermally resistant PBI (fumion AM provided by FUMATECH 
BWT GmbH, Germany), which can be carbonized once it sits on 
top of N-SLG to form a thermally conductive carbon porous re-
inforcement ideal for AC-HRTEM imaging.

A thin porous PBI film was prepared using the nonsolvent induced 
phase separation (NIPS) process. Briefly, a drop of a 1.5 wt % solution 
of PBI in dimethylacetamide was spread on top of a 25-mm-thick Cu 
foil by gently pressing it with a glass slide. The wet coating was im-
mersed in an isopropanol bath to initiate phase separation, which 
led to a thin porous polymer film. After drying the resulting film, 
the Cu foil was etched and the floating porous PBI film was trans-
ferred to a water bath to rinse the residues from the etching step. Last, 
the floating film was scooped out of the water bath using as-prepared 
N-SLG on Cu foil. After drying the porous PBI film, a drop of iso-
propanol was poured on it, which enhanced the adhesion of the film 
to the N-SLG surface upon the evaporation of isopropanol. Subse-
quently, the porous PBI film resting on N-SLG/Cu was pyrolyzed at 
500°C in the flow of H2/Ar, leading to the formation of porous car-
bon. Next, the Cu foil was etched, and the resulting reinforced 
N-SLG was washed with water and transferred to a 400-mesh gold 
TEM grid (fig. S7A).

Before AC-HRTEM, the TEM grid was cleaned inside activated 
carbon in a H2 atmosphere at 900°C for 1 hour to remove the con-
taminations covering the nanopores. The cleaning was carried out 
in a temperature- and environment-controlled furnace, taking the 
following precautions to avoid the presence of O2 in the system, 
which could enlarge the pores: (i) The adsorbed gases on the N-SLG 
surface were removed by evacuating the system at 2 mtorr at 200°C 
for 2 hours; (ii) a positive pressure was maintained in the furnace 
(850 torr of H2) while heating the sample to 900°C to avoid O2 leak 
in the system. A control sample consisting of as-synthesized SLG 
(without the gasification step) was loaded in the furnace together 
with the N-SLG sample. The analysis of the control sample con-
firmed that the sample preparation did not nucleate vacancy defects 
in the graphene lattice (fig. S8).

HRTEM imaging
HRTEM imaging was performed using a Talos F200X (FEI) micro-
scope operated at an acceleration voltage of 80 kV. The dose rate was 
maintained at ~500 e− s−1 Å−2 during imaging. To reveal the nano pores 

and to verify that the pores did not expand during imaging, the fol-
lowing procedure was followed: (i) Thirty consecutive images were 
taken with an exposure time of 2 s each. (ii) The first and last images 
were compared to verify that no pore expansion occurred during 
imaging. (iii) The first five to eight images were integrated to form 
the final image. Typically, during HRTEM imaging of the nano-
porous graphene samples in Talos, the pores experienced a dose 
of ~8 × 103 e− Å−2 during focusing and imaging.

AC-HRTEM imaging
AC-HRTEM was performed using a double-corrected Titan Themis 
60-300 (FEI) equipped with a Wein-type monochromator. An 80-keV 
incident electron beam was used for all experiments to reduce the 
electron radiation damage. The incident electron beam was mono-
chromated (“rainbow” mode illumination) to reduce the effects of 
chromatic aberration, and a negative Cs of ~17 to 21 mm with a 
slight overfocus was used to give a “bright atom” contrast in the 
images. The dose rate was maintained at ~2 × 104 e− s−1 Å−2 during 
imaging, and a slit was used to expose only the area of the sample 
being imaged to the electron beam.

The maximum energy that can be transferred to a carbon atom 
by an 80-keV incident electron is 15.8 eV, which is below the knock-
on energy threshold for carbon atoms in the basal plane of graphene 
(53). In agreement, we did not observe any knock-on from pristine 
areas during imaging. Similar to the literature (53), we observed re-
configuration of the pore edge in the scale of seconds and, on occa-
sions, in less than a second. The knock-on of edge atoms (i.e., the 
expansion of vacancy defects) was observed only after a longer ex-
posure time (figs. S9 and S10 and movies S1 and S2). The pores imaged 
to construct the pore library of the graphene samples prepared by 
MGR were exposed to doses that were low enough to avoid the 
expansion. Typically, during imaging of the N-SLG samples, the 
lattice experienced a dose of ~2 × 105 e− Å−2 during focusing and 
imaging. The first 5 to 10 frames (each frame corresponds to a dose 
of ~5 × 103 e− Å−2) were integrated into the final image. When needed, 
the images were processed with a combination of Gaussian, average, 
and/or band-pass filters to make the lattice clearer.

Analysis of AC-HRTEM images
The graphene lattice surrounding the vacancy defects was manually 
fitted with a hexagonal lattice to locate the missing carbon atoms. 
Dangling bonds and Stone-Wales defects were ignored. This analy-
sis is a powerful tool to quantify the number of missing atoms and 
to draw the shape of the defects in a large library of structures (49 
distinct structures). We note the uncertainty in the edge configura-
tion of the vacancy defect because edge reconfiguration was present 
at the imaging conditions (80 keV; figs. S9 and S10 and movies S1 
and S2). A total of 118 defects from three independently prepared 
samples were analyzed. The library containing the raw and the fit-
ted images of all the defects is available in fig. S11.

The diameter of the defects was determined using the ImageJ 
software. The diameter was calculated by fitting the largest possible 
circle that fitted inside the defect as shown in fig. S22. Only pores 
surrounded by the graphene lattice were used for the analysis (i.e., 
pores touching contamination were ignored).

STM imaging
STM imaging was carried by using a low-temperature STM (CreaTec 
Fischer & Co. GmbH). To remove contamination from the graphene 
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surface, the N-SLG/Cu samples were annealed/reduced under 50-sccm 
H2 flow, at 800 torr and 900°C for 3 hours in a quartz tube furnace. 
This treatment was necessary for successful STM analysis of Cu 
foil–supported samples because after the MGR treatment, the Cu 
surface became oxidized and rough. Immediately after the 900°C 
annealing, the sample was transferred to the UHV chamber of the 
STM. The N-SLG samples were again heated inside the UHV chamber 
at 900°C for 3 hours to clean the surface from residual contamina-
tion. STM imaging was performed at 77 K and a pressure of 2 × 10−10 
mbar. The MGR-treated HOPG (Mosaic Spread 0.3-0.5 degree, 
ScanSens) sample was transferred to a UHV chamber immediately 
after MGR treatment, and STM imaging was performed at 77 and 
4.2 K. The STM probe was prepared by cutting a commercial Pt/Ir 
wire (Pt: 90 wt % and diameter of 0.25 mm; Alfa Aesar). The tilt in 
the acquired STM images was reduced by flattening in the WSxM 
software (54).

X-ray photoelectron spectroscopy
The XPS measurements on O3-treated graphene resting on Cu foil 
were carried out on an Axis Supra (Kratos Analytical) using the 
monochromated Ka x-ray line of an aluminum anode. The pass energy 
was set to 20 eV, and the step size was set to 0.1 eV. The samples 
were grounded; thus, the binding energies are presented without any 
correction. The XPS spectra were processed with CasaXPS, with back-
ground subtraction by the Shirley method.

Other characterizations
Scanning electron microscopy (SEM) imaging was carried out by 
using a FEI Teneo scanning electron microscope at 1.0 to 2.0 kV 
and working distances of 4.0 to 9.0 mm. No conductive coating was 
applied to the substrates before SEM. X-ray diffraction measurements 
were carried out in a Bruker D8 DISCOVER x-ray diffractometer 
that was equipped with a laser-based sample alignment system.

Density functional theory calculations for the heat 
of adsorption
The density functional theory calculations were performed using 
the Quantum ESPRESSO package (55, 56) to study the potential en-
ergy surface of H2, N2, CO2, and CH4 on the N-SLG lattice hosting 
two types of vacancy defects (P-13i and P-16i). To represent the 
plane wave charge density, an energy cutoff of 70 rydberg was used. 
The defects were incorporated in a graphene lattice large enough to 
mimic an infinite sheet and avoid any interactions among pores. The 
Brillouin zone was expressed with uniform 3 × 3 × 1 k-point grids. 
To prevent interactions between the adjacent lattice, a vacuum re-
gion of 40 Å was used in the z direction. Calculations were performed 
by ultrasoft pseudopotentials (57, 58); the second version of the 
van der Waals density functional (vdW-DF2) dispersion correction 
was used to correct noncovalent forces (59).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/

content/full/7/9/eabf0116/DC1
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