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yield orders of magnitude higher gas per-
meances because of its atomic thickness 
and low cross-membrane transport resist-
ance.[3,4] Because perfect single-layer gra-
phene is almost impermeable to gases,[5,6] 
in-plane pores, which are vacancy defects 
in the graphene lattice, are necessary for 
gas permeation. To realize the enormous 
potential of porous graphene for gas sepa-
ration, the areal pore density in graphene 
should be considerably high. Our group 
theoretically predicted that the pore den-
sity needs to exceed 1014 m−2 for a gra-
phene membrane to surpass the Robeson 
upper bound for polymers.[7,8] Further, to 
enable selective gas transport, the pore 
sizes in the graphene membrane should 
be precisely controlled such that they are 
commensurate with the gas molecular 
sizes. In fact, the pore sizes in porous gra-
phene are typically widely distributed and 
fitted by a lognormal distribution, where 
a small fraction of larger pores determine 
the total gas permeance.[9–12] As a result, 
an even higher pore density is needed for 
porous graphene to achieve a high gas 
permeance with enough competitiveness.

Etching away atoms from pristine graphene has been the 
most widely applied strategy to increase the pore density in 
a graphene membrane. High-energy ion or electron bom-
bardment was used to perforate graphene in some early 
studies.[12–15] Later, chemical oxidative etching was developed 
as a more scalable graphene perforation method.[16–18] For 
example, He et al. used O2 plasma to perforate as-synthesized 
graphene from chemical vapor deposition (CVD) and meas-
ured a H2/CH4 selectivity >  15.[11] Zhao et  al. exposed pristine 
graphene to O2 plasma for a short pore nucleation burst, and 
then to mild O3 etching for controllable pore expansion, in 
order to partially decouple the pore nucleation and growth and 
to obtain a narrow pore size distribution.[19] However, despite 
the efforts made to decouple the pore nucleation and growth, 
the correlation between them still exists for those etching-based 
methods. Because the nucleation and growth of the pores are 
both triggered by etching (e.g., O2 plasma), one needs to raise 
the energy intensity of the etching reaction to increase the pore 
density, which in turn generates larger, less selective pores. This 

Single-layer graphene containing molecular-sized in-plane pores is regarded 
as a promising membrane material for high-performance gas separations due 
to its atomic thickness and low gas transport resistance. However, typical 
etching-based pore generation methods cannot decouple pore nucleation 
and pore growth, resulting in a trade-off between high areal pore density 
and high selectivity. In contrast, intrinsic pores in graphene formed during 
chemical vapor deposition are not created by etching. Therefore, intrinsically 
porous graphene can exhibit high pore density while maintaining its gas 
selectivity. In this work, the density of intrinsic graphene pores is systemati-
cally controlled for the first time, while appropriate pore sizes for gas sieving 
are precisely maintained. As a result, single-layer graphene membranes with 
the highest H2/CH4 separation performances recorded to date (H2 permeance 
> 4000 GPU and H2/CH4 selectivity > 2000) are fabricated by manipulating 
growth temperature, precursor concentration, and non-covalent decoration 
of the graphene surface. Moreover, it is identified that nanoscale molecular 
fouling of the graphene surface during gas separation where graphene pores 
are partially blocked by hydrocarbon contaminants under experimental 
conditions, controls both selectivity and temperature dependent permeance. 
Overall, the direct synthesis of porous single-layer graphene exploits its tre-
mendous potential as high-performance gas-sieving membranes.

1. Introduction

Membrane separation technology has attracted considerable 
interest due to its much lower energy consumption compared 
with thermal-based separation methods such as distillation.[1,2] 
To enhance the competitiveness of membrane separation 
processes, membranes exhibiting both high permeance and 
selectivity are in high demand. Compared with conventional 
membrane materials, single-layer graphene has the potential to 
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trade-off between the pore density and the selectivity remains a 
major challenge for graphene membranes.

A promising way to tackle this challenge is to control the 
formation of intrinsic pores in graphene during its CVD syn-
thesis.[20] According to the theoretical study by Wang et al., the 
formation of the intrinsic pores during CVD is triggered by the 
random insertion of catalytic metal atoms into the front-most 
graphene edge during growth,[21] which is decoupled from oxi-
dative etching. Therefore, the density of these intrinsic pores 
can be significantly increased without sacrificing their gas 
selectivity, as long as the density is not too high to induce pore 
coalescence. Several reported studies have investigated the gas 
separation performances of these intrinsic pores.[22–26] How-
ever, the precise control over the density and the sizes of the 
intrinsic pores has not been realized, resulting in unsatisfactory 
permeances and selectivities.

In this study, for the first time, we systematically investi-
gate the formation mechanism of the graphene pores that are 
intrinsically formed during CVD, and systematically control 
the density of the intrinsic pores by tuning the CVD synthesis 
conditions. This can be done without significantly increasing 
the pore sizes. This is important because it allows graphene 
membranes to present higher gas fluxes while maintaining 
high selectivities. Further, we demonstrate that the sizes of 
these intrinsic pores can be effectively modulated by manipu-
lating the hydrocarbon adsorbates that partially block the 
pores. Using the strategies above, we reproducibly fabricated 

single-layer graphene membranes exhibiting high densities of 
intrinsic gas-sieving pores that exhibit record-high H2/CH4 sep-
aration performances to date: H2/CH4 selectivity > 2000 while 
H2 permeance >  4000 GPU (gas permeation unit, 1 GPU =  
3.35 × 10−10 mol s−1 m−2 Pa−1) , or H2/CH4 selectivity > 100 while 
H2 permeance > 104 GPU.

2. Results and Discussion

2.1. Formation of Intrinsic Graphene Pores

Porous single-layer graphene was synthesized by one-step CVD 
using Cu as the catalyst and CH4 as the precursor (see Experi-
mental Section for details).[27] Figure 1a shows the positive cor-
relation between the CH4 partial pressure P(CH4) during gra-
phene growth and the D to G peak intensity ratio (ID/IG) of 
graphene measured by Raman spectroscopy. Corresponding 
Raman spectra are presented in Figure  1b. According to the 
amorphization trajectory of graphene, ID/IG is a non-monotonic 
function of the areal defect density ρ—it reaches a maximum 
when the average defect distance LD (= ρ−1/2) is ≈3  nm.[28,29] 
The high 2D peaks shown in Figure 1b indicate that the defects 
are sparse (LD > 3 nm).[28] In this range, ID/IG is approximately 
proportional to the defect density ρ.[29] This positive correla-
tion between P(CH4) and ρ can be explained by the mechanism 
proposed by Wang et  al. as follows.[21] After a defect forms at 
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Figure 1. a) D to G peak intensity ratio (ID/IG) of CVD graphene's Raman spectrum as a function of CH4 partial pressure during CVD at 900 °C. b) 
Raman spectra of CVD graphene samples grown with various CH4 partial pressures at 900 °C. c) ID/IG (left y axis) and 2D to G peak intensity ratio 
(I2D/IG, right y axis) of CVD graphene as functions of position in the CVD heating zone along the CVD tube axis. Position = 0 stands for the center of 
the heating zone. d) Raman spectra of CVD graphene samples grown at 800 °C at different positions. The CH4 partial pressure is 0.018 Torr for (c) and 
(d). The Raman excitation wavelength is 532 nm.
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the front-most graphene edge during growth, it can be healed 
before the front-most edge extends and moves past it. Other-
wise, the defect gets “frozen” inside the lattice and cannot 
be healed.[30] As a result, when P(CH4) is high, the graphene 
growth is fast, leading to less time for the defects to be healed 
and subsequently, to a high defect density.[31–33]

Figure 1c demonstrates the effect of CVD temperature on the 
density of the intrinsic defects, where ID/IG is larger for gra-
phene grown at 800  °C (blue) than for that grown at 900  °C 
(orange). According to ab initio calculations, the defect forma-
tion energy at the front-most graphene edge is 1.3  eV, while 
the energy barrier associated with defect healing is 1.86  eV.[21] 
Therefore, although a lower CVD temperature reduces the 
probability of defect formation, it reduces the probability of 
defect healing to a greater extent, resulting in a higher defect 
density. Similar temperature dependence was observed by Kid-
ambi et al.[34] and Khan et al.,[25] but its mechanism has not 
been unveiled.

Figure 1c also presents the effect of a typically hidden CVD 
parameter—the position inside the heating zone. Ideally, the 
defect density should be nearly independent of the position. 
However, the density the intrinsic defects is spatially heteroge-
neous on the same Cu substrate from the same growth batch. 
More specifically, the defect density monotonically increases 
as the sample moves upstream. For example, ID/IG of CVD 
graphene grown at 900  °C (orange) increases as the position 
along CVD tube axis moves upstream from −0.8 to 1.6 cm rela-
tive to the heating zone center. The defect density of the gra-
phene sample grown at 900  °C is low (Figure S1, Supporting 
Information), and therefore, is positively correlated with ID/IG, 
according to the amorphization trajectory of graphene when 
LD  > 3  nm. In contrast, ID/IG of CVD graphene grown at 
800 °C (blue) first increases and then decreases while moving 
upstream. This is because LD reaches the maximum point of 
the amorphization trajectory at ≈3  nm. The monotonically 
decreasing I2D/IG moving upstream (green curve in Figure 1c,d) 
indicates that the defect density increases.[29] This consistent 
spatial heterogeneity in defect density indicates the existence of 
a spatially variable parameter along the CVD tube axis.

We hypothesize that the parameter is the concentration 
of O2 from an air leak (see Section S2, Supporting Informa-
tion, for more details about ruling out other possibilities). O2 
is known to significantly affect the CVD growth of graphene, 
even at a low concentration.[35–38] For a CVD system operated 
under vacuum, an air leak is difficult to be eliminated, and O2 
is the only major reactive component in air. In order to identify 
the source of the air leak (upstream or downstream), we artifi-
cially increased the air leak by using a pair of leakier O-rings 
to seal the connection between the CVD quartz tube and the 
metal flanges. The increased air leak led to a decrease in defect 
density (Figure S2, Supporting Information). Therefore, we: i) 
confirmed the effect of O2 on the graphene defect density, and 
ii) confirmed that the correlation between the O2 concentration 
and the defect density is negative. Note that in this work, O2 
does not cause defect nucleation. Instead, O2 inhibits defect 
nucleation by reducing the graphene growth rate, because 
O2 can react with graphene edges or active carbon species.[39] 
Because the defect density was found to monotonically increase 
from downstream to upstream, the O2 concentration should 

monotonically decrease from downstream to upstream, which 
indicates a major air leak source from the downstream pipe-
line, most likely, the vacuum pump (see Section S2, Supporting 
Information, for more discussions). We believe this finding is 
important because the unnoticed difference in air leak condi-
tions among laboratories might have caused the low reproduc-
ibility of graphene CVD synthesis.

An alternative hypothesis of the intrinsic defects is that 
they are solely formed at grain boundaries due to imperfect 
merging.[40,41] We have ruled out this hypothesis because con-
sistent ID/IG  >  0 can be observed inside a single graphene 
crystal (Figure S3, Supporting Information). Furthermore, we 
have confirmed that the graphene defects are mainly vacancies 
instead of sp3-like defects or boundary defects because the D to 
D’ peak intensity ratio (ID/ID') of our CVD graphene is 8.2 ± 0.2 
(Figure S4, Supporting Information), consistent with the study 
by Eckmann et al. (ID/ID'  ≈7 for vacancies, ≈3.5 for boundary 
defects, and ≈13 for sp3-like defects).[42] Therefore, the majority 
of the defects in our graphene membranes are vacancies, which 
are regarded as in-plane pores.

2.2. Gas Separation Performances

After synthesizing a continuous single-layer graphene film 
with intrinsic pores on Cu, we transferred the graphene onto 
a Ni disk with a 100 × 100 array of 4.2 ± 0.3-µm-diameter holes 
(Figure  2a,b). In order to prevent graphene rupture, we uti-
lized a porous carbon scaffold (PCS) as mechanical support 
(see Experimental Section for details).[23,43] The PCS ensures 
that the graphene membrane remains intact on the hole-array 
(Figure  2c). The enhanced graphene membrane remained 
intact after several weeks’ testing. Furthermore, its gas perme-
ances remained nearly the same after two month's storage in a 
petri dish. The carbon scaffold is highly permeable (Table S1, 
Supporting Information), such that the gas permeance through 
the porous carbon/graphene composite membrane is domi-
nated by the graphene layer (Figure 2d).[19,23]

After graphene synthesis and membrane transfer, the gra-
phene membranes suspended over the hole-array were tested 
for their H2, He, CH4, and SF6 permeances using a mass spec-
trometer. Because the mass spectrometer is not sensitive to 
H2, the H2 permeance data of some membranes exhibit high 
uncertainty (Figure S13c, Supporting Information). As a solu-
tion, we used He as the representative for small gas molecules 
(kinetic diameter Dm  = 0.26  nm),[44] because i) its signal was 
higher and more stable, ii) the H2/He selectivity was ≈1.4 for 
all the membranes investigated, close to the Knudsen selectivity 
for effusion-type gas transport (Table S1, Supporting Infor-
mation), and iii) He/CH4 separation is essential for helium 
recovery from natural gas.[45,46]

Figure  3a,b show the He/CH4 and He/SF6 separation per-
formances of the graphene membranes. Datapoints of the 
same color represent the same membrane measured under dif-
ferent conditions, including temperature, surface decoration, 
and air exposure. The graphene membranes were classified 
into four color families, red, orange, green, and blue, corre-
sponding to four different CVD parameter sets. Comparing the 
blue family (900  °C, P(CH4) = 0.19  Torr) to the green family  
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(1000 °C, P(CH4) = 0.19 Torr), or the red family (800 °C, P(CH4) =  
0.018 Torr) to the orange family (900 °C, P(CH4) = 0.018 Torr), 
we observed that a lower CVD temperature yields higher He 
permeances because of the higher pore density (Figure 1c). Fur-
ther, a lower CVD temperature does not lead to a significant 
decrease in selectivity. The effect of P(CH4) is different. Com-
pared to the orange family (P(CH4) = 0.018  Torr, 900  °C), the 
blue family (P(CH4) = 0.19  Torr, 900  °C) exhibits higher He 
permeances but also lower selectivities. The observed selectivity 
decrease for high P(CH4) can be attributed to the coalescence of 
overly dense intrinsic pores into larger ones, thereby reducing 
the selectivity. In Figure 3a, several top-left datapoints with long 
dashed error bar upward indicate the lower bound of He/CH4 
selectivities, because their CH4 signals were below the detec-
tion limit (Section S8, Supporting Information).

The position of graphene inside the CVD heating zone 
also plays a major role. Within each color family, datapoints 
of deeper color represent a membrane sample closer to the 
upstream (legend in Figure  3a,b; also see Figure S5, Sup-
porting Information). For example, in the orange family in 
Figure  3a,b, the membrane position moves upstream from 
the light yellow to the orange, and then to the brown circles. 

Generally, the upstream membranes exhibit higher selectivi-
ties compared to the downstream ones while exhibiting similar 
He permeances, making moving a graphene sample upstream 
in the CVD heating zone a simple and reliable strategy to 
improve its membrane performance. This trend suggests that 
the upstream membranes have smaller pore sizes as well as 
higher pore densities. This further strengthens the hypothesis 
that the spatial heterogeneity of intrinsic graphene pores was 
caused by the gradient of O2 concentration. Here, O2 serves as 
an etchant that expands graphene pores.[39,48,49] The monotonic 
decrease of O2 concentration from downstream to upstream 
was consistent with the pore size decrease in the same direc-
tion. Note that O2 has a dual effect on the intrinsic graphene 
pores: O2 inhibits the nucleation of the intrinsic pores, but also 
expands the pores that survive the defect healing process (see 
Section S3, Supporting Information, for more discussions). 
Therefore, a low O2 concentration is beneficial for both gas 
permeance and selectivity. Note that membrane ID = 17 was 
synthesized one month later than membrane ID = 10. This 
consistency indicates that our fabrication method of porous 
graphene was robust enough to withstand random external 
fluctuations.

Adv. Mater. 2021, 33, 2104308

Figure 2. a) Schematic of the final membrane (not to scale). Scanning electron microscopy (SEM) images of a single-layer graphene membrane sup-
ported by a porous carbon scaffold on a 100 × 100 hole-array, using accelerating voltages of b) 7 kV and c) 2 kV, respectively. (b) shows a zoomed-in 
image and (c) shows that the membrane is intact. d) SEM image of a top view of the edge of the porous carbon scaffold.
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2.3. Iso-Pore-Density Trade-Off Curves

After evaluating the effects of the CVD parameters (tem-
perature, CH4 partial pressure, and sample position), in this 
subsection, we examine how the gas separation property of 
the same graphene membrane depends on the condition of 
permeation measurement. The effects of measurement tem-
perature and surface decoration are illustrated in Figure 3c,d, 
where the selectivity-permeance trade-off of two individual 
graphene membranes are presented. Figure  3c corresponds 
to the deep blue datapoints in Figure  3a, and Figure  3d cor-
responds to the red datapoints. Regarding Figure  3c,d, we 
make the following observations. First, a higher measurement 
temperature yields a lower selectivity and a higher gas perme-
ance. A plausible hypothesis is that the gas permeation is an 
activated process, and the energy barrier of pore crossing is 
positive.[5,7] However, this hypothesis cannot explain the low 
and similar apparent energy barriers (derived by direct fitting 
to the Arrhenius equation) of He, CH4, and SF6 for some low-
selectivity samples (see Sections S5, Supporting Information, 
for details). To resolve this inconsistency, we hypothesize that 

under experimental conditions, graphene pores are partially 
blocked by airborne hydrocarbon contaminants adsorbed on 
graphene surfaces. As the temperature increases, the con-
taminants partially desorb, alleviating the pore blockage and 
effectively expanding the pore size. In our previous work, we 
fitted the theory of gas permeation through graphene pores 
to the data reported in the literature,[11,19,25,26] and showed that 
the graphene pores have to effectively expand thermally to 
obtain a reasonable fitting.[50] Further, Zhao et al. showed that 
annealing the graphene membrane at high temperature allevi-
ates the contamination and increases the gas permeance.[19] It 
has also been observed that the adsorption of airborne hydro-
carbons on graphitic surfaces renders them more hydrophobic 
during water contact angle measurements.[51,52] This contami-
nation hypothesis also explains the observed shift from data-
point 1 to 2 in Figure  3c resulting solely from exposing the 
membrane to air (the numbers below the datapoints represent 
the testing sequence).

The second observation from Figure  3c,d is that the non-
covalent decoration of 1-aminopyrene (1-AP) on the graphene 
membranes leads to increased selectivity and reduced He 

Adv. Mater. 2021, 33, 2104308

Figure 3. a) He/CH4 selectivities and He permeances of graphene membranes. Datapoints of the same color represent the same membrane under 
different conditions (temperature, surface decoration, etc.). Top-left datapoints with long dashed error bar upward indicate the lower bound of He/CH4 
selectivities, because CH4 signals were below the detection limit. Dashed grey curves indicate the theoretically predicted selectivity-permeance trade-off 
curves for various pore densities (iso-pore-density trade-off curves).[47] Right y axis presents the theoretically predicted average effective pore diameter 
that corresponds to the left y axis. b) He/SF6 selectivities and He permeances of graphene membranes. Other details are the same as in (a). c,d) He/
CH4 separation performance history of two graphene membranes, tested at different temperatures and surface decoration states. The numbers below 
the datapoints represent the testing sequence. 1-AP indicates 1-aminopyrene.
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permeance (hollowed squares vs solid circles). 1-AP can strongly 
bind to the graphene surface due to strong π–π stacking, 
thereby enhancing pore blockage and effectively reducing the 
pore sizes. The effect of 1-pyrenebutyric acid (1-PBA) is almost 
identical to that of 1-AP, suggesting that pyrene plays the major 
role (membrane ID = 1  vs 2 in Table S1, Supporting Informa-
tion). Furthermore, the temperature dependences of the selec-
tivity and the permeance in Figure 3c,d are very similar before 
and after the 1-AP decoration. This strongly suggests that the 
undecorated graphene surface has already been covered by 
some pore-blocking adsorbates, which play a similar role as 
those of 1-AP or 1-PBA, albeit weaker in terms of pore blockage.

Based on the analysis above, we can attribute the selec-
tivity-permeance trade-off curves observed in Figure  3c,d 
to the effective pore size change, which is induced by the 
status change of the pore-blocking contaminants, or the 
“nanoscale fouling.” Graphene membranes are susceptible to 
this nanoscale fouling effect because the gas transport resist-
ance through graphene pores is dominated by the entrance/
exit resistance at the surface.[47] Assuming that the pore den-
sity of a graphene membrane remains constant during its 
testing history, hereafter, we refer to the selectivity-permeance 
trade-off curves as “iso-pore-density trade-off curves,” where 
moving along the curves reflects the changes in the effective 
pore size.

These iso-pore-density trade-off curves can also be observed 
for other graphene membranes, as shown in Figure 3a,b. Gen-
erally, at a higher selectivity, there are sharper changes in selec-
tivity with small changes in permeance, indicating that smaller 
pores are more sensitive to the nanoscale fouling. To explain 
this trend, we carry out theoretical investigation as follows. 
According to the gas permeation mechanism through perfectly 
clean porous graphene,[47] direct impingement from bulk gas, 
surface diffusion, and cross-pore translocation all affect the gas 
permeance. However, our nanoscale fouling hypothesis moti-
vates us to consider solely the direct impingement permeance, 
the contribution that is not affected by the condition of the 
graphene surface. Therefore, the permeance of gas i through 
a graphene membrane can be predicted as follows, assuming 
uniform pore sizes:[47]
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where ρ is the areal pore density, Dp is the effective pore diam-
eter (after partial blockage by nanoscale fouling), mi is the 
molecular weight of gas i, Dm,i is the kinetic diameter of gas i, 
kB is the Boltzmann constant, and T is the measurement tem-
perature in degrees Kelvin. We assume that the graphene pores 
are circular because the most probable pore isomers generated 
in the graphene lattice are nearly circular.[53] The (1 / )m, p− αD Di

i 
term in Equation (1) describes the steric rejection effect due to 
the collision between gas i and the pore edges, and αi is a gas 
i-dependent parameter which equals 3 if all gas-graphene inter-
actions, other than collisions, can be neglected.[47] According to 
Equation  (1), the slope of the iso-pore-density trade-off curve 
(Figure 3c,d) can be expressed as follows (see Section S4, Sup-
porting Information, for derivation):
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where i = 1 and 2 denote the more and the less permeable gas 
species, respectively. As shown in Equation  (2), the slope of 
the iso-pore-density trade-off curve significantly increases (in 
absolute value) in a nonlinear manner as Dp approaches the 
kinetic diameter of the larger gas Dm,2. This nonlinearity is dis-
played by the right y axes in Figure  3a,b, where the predicted 
average effective pore diameter corresponding to the left y axes 
is plotted. As the average Dp approaches 0.38 or 0.55 nm (Dm 
of CH4 and SF6, respectively), the He/CH4 or He/SF6 selectivity 
significantly increases.

Assuming that the pore diameters in the graphene mem-
branes follow lognormal distributions, which are widely 
observed in graphene pore ensembles,[9,11] we attempted to 
fit the theoretical model to the experimental gas permeance 
data (see Section S4, Supporting Information, for details). 
The fitting predicts that the effective pore diameter shrinks by 
(9  ±  3)% from 150 to 100  °C and shrinks by (23  ±  6)% from 
150 to 20 °C (Table S2, Supporting Information). Theoretically 
predicted iso-pore-density trade-off curves are plotted as the 
dashed curves in Figure 3a,b, where each curve corresponds to 
a certain pore density ρ (or LD). The predicted iso-pore-density 
trade-off curves successfully reproduce the selectivity-perme-
ance trade-off observed in Figure 3a,b. Note that the pore den-
sity estimated according to the iso-pore-density trade-off curves 
is typically lower than that estimated by ID/IG because i) the 
PCS blocks some membrane area, and ii) only a fraction of the 
pores contribute to gas permeation due to the pore size distri-
bution. The applicability of Equation (1) to other datasets in the 
literature is discussed in Section S6, Supporting Information.

2.4. Comparison with the Literature

Figure 4 presents a comparison of the H2/CH4 separation per-
formances of our intrinsically porous single-layer graphene 
membranes and other state-of-the-art membranes in the 
selectivity-permeance Robeson plot (see Figure S9, Supporting 
Information, for He/CH4 Robeson plot). Some of the highest-
performance graphene membranes in our study show H2 per-
meance > 104 GPU and H2/CH4 selectivity > 100, exceeding the 
Robeson upper bound for 1-µm thick polymer membranes and 
the performances of some other materials.[2,8,55–80] Some highly 
selective graphene membranes that we fabricated exhibit very 
low CH4 permeances at room temperature such that their CH4 
signals are lower than the detection limit of the mass spectrom-
eter, leading to extremely high H2/CH4 selectivities of at least 
2000 (Section S8, Supporting Information). Meanwhile, they still 
exhibit decent H2 permeances > 4000 GPU. If the iso-pore-den-
sity trade-off curves predicted in Figure 3 remains valid for these 
highly selective membranes, they can be regarded as nearly CH4-
impermeable. In comparison, the highest H2/CH4 selectivity 
obtained from a single-layer graphene membrane in previous 
studies was 37.5 (with H2 permeance ≈7200 GPU), obtained 
recently by Huang et al.[54] In general, the highest-performance 

Adv. Mater. 2021, 33, 2104308
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graphene membranes were synthesized under the following 
conditions: low CVD temperature (800 to 900  °C), P(CH4) = 
0.018  Torr, and upstream position in the CVD heating zone. 
These conditions contribute to the high membrane performance 
because i) the low CVD temperature generates more pores, ii) 
the appropriate P(CH4) prevents pore coalescence, and iii) the 
upstream position increases the pore density and reduces the 
pore sizes. Figure 4 demonstrates the advantage of single-layer 
graphene membranes for gas separations due to their atomic 
thickness and negligible interior gas transport resistance. This 
advantage is realized by effectively increasing the pore density 
while preserving small pore sizes, which relies on the effective 
control over the intrinsic pore formation during graphene CVD.

3. Conclusion

In summary, we demonstrated a strategy to synthesize single-
layer graphene with a high density of gas-sieving pores using 
one-step CVD. By generating intrinsic graphene pores during 
CVD, we decoupled pore nucleation and growth. This allowed 
us to overcome the challenging trade-off between a high pore 
density and a high selectivity, which has been a key bottle-
neck for oxidative etching methods. We gained deep insight 
into the formation mechanism of the intrinsic graphene pores 
and substantially increased the pore density while maintaining 
precise pore sizes for gas separation. The resulting graphene 
membranes exhibit record-high gas separation performances  
to date, reaching H2/CH4 selectivity >  2000 while H2 perme-
ance > 4000 GPU, or H2/CH4 selectivity > 100 while H2 perme-
ance > 104 GPU. We also proposed the nanoscale fouling effect,  
where the graphene pores are partially blocked by hydro-
carbon contaminants. This effect highlights the critical role of 
the adsorbed molecules near the pore edge in gas permeation. 
Overall, the straightforward one-step CVD approach represents 
an important advance toward the application of nanoporous gra-
phene as high-performance gas separation membranes.

4. Experimental Section
Graphene Synthesis: Single-layer graphene was synthesized by CVD on 

a Cu foil (Sigma-Aldrich, 99.98% purity, 25 µm thick, 2.4 cm × 1.6 cm in 
length and width) using CH4 (diluted in H2) as the precursor. Prior to 
CVD, the Cu foil was electropolished in an acidic electrolyte to reduce 
its surface roughness. The electrolyte was prepared by mixing water 
(400  mL), ethanol (200  mL), isopropanol (40  mL), orthophosphoric 
acid (200  mL), and urea (4  g) followed by stirring. A voltage of 6.0  V 
was applied between the cathode (Cu foil to be electropolished) and the 
anode (Cu foil) for 90 s, while the cathode and the anode were placed 
2–3  cm apart. The electropolished Cu foil was rinsed with deionized 
water, ethanol, and isopropanol in sequence, dried under air flow, and 
placed inside the quartz tube (1″ outer diameter) on a quartz boat (see 
Figure S11, Supporting Information, for a diagram of the CVD setup). 
A single-zone split tube furnace was used (MTI Corp., OTF-1200X-S). A 
pair of Quick Clamp Hi-Vacuum Flanges (MTI Corp.), along with a pair 
of high temperature silicone rubber O-rings (MTI Corp., QF-OR), were 
used to seal the connections between the quartz tube and the metal 
flanges. After sealing all immobile metal fittings using Torr Seal epoxy 
(K. J. Lesker), the minimum air leak rate was 5 mTorr L min−1 (excluding 
the vacuum pump). Before CVD growth, the Cu foil was annealed at 
the growth temperature (800–1000 °C) in 0.5 atm H2 for 16 h while the 
H2 flow rate was 70 sccm. During a growth period of 3 h (except for 
membrane ID = 16–18, 1 h), a certain flow rate of CH4 (ranging from 
0.1 to 3.0 sccm, depending on the desired CH4 partial pressure) was 
fed, while the H2 flow rate was 10 sccm. The chamber pressure during 
CVD growth was 1.5  Torr. The CVD chamber was evacuated by an oil-
sealed rotary vacuum pump (Edwards RV12, ultimate pressure 1.5 mTorr, 
pumping speed 14.2 m3 h−1) with its gas ballast closed. The pump oil 
was Edwards Ultragrade 19. A molecular sieve foreline trap (MDC 
Precision, 4.5″ body, NW25) was connected to the vacuum pump to trap 
hydrocarbons and water. The CVD growth was terminated by stopping 
the CH4 feed and shutting down the furnace. A trace oxygen analyzer 
(1–1000  ppm, EQ-W1000-LD, MTI Corp.) was sometimes connected to 
the quartz tube to measure the concentration of O2. The trace oxygen 
analyzer must be detached from the reactor during the CVD growth of 
graphene because the organic electrolyte in the analyzer would interfere 
with the CVD process.

Graphene Membrane Fabrication: The as-synthesized graphene/Cu 
sample was spin-coated (500 rpm, 1 min) with a solution of poly(styrene)-
poly(4-vinylpyridine) (PS-P4VP, 0.1 g, Polymer Source, Mn(PS) = 11 800 g 
mol−1, Mn(P4VP) = 12 300 g mol−1, Mw/Mn = 1.08) and turanose (0.2 g, 
Sigma-Aldrich, ≥98% purity) in N,N-dimethylmethanamide (2  g). The 
solution was heated at 150  °C for 16 h before use. The spin-coated 
graphene/Cu was then pyrolyzed at 460 °C in an H2/Ar atmosphere for 
1.5 h, forming the PCS adhering to graphene (≈200 nm thick, Figure S10, 
Supporting Information). Flat Cu surface is recommended during spin-
coating. Otherwise, the thickness of the PCS would be uneven, causing 
the PCS to fracture. The PCS/graphene/Cu was cut into ≈0.8  cm ×  
≈0.8  cm pieces, and the Cu foil of each piece was etched away by an 
aqueous solution of Na2S2O8 (Transene Co.) for 2 h. After being rinsed 
twice with deionized water, the PCS/graphene composite was transferred 
by scooping onto a 100-µm-thick Ni disk with an array of 100 × 100 laser-
drilled 4.2 ± 0.3-µm-diameter holes with a 30 µm pitch (Oxford Lasers). 
For some membranes, 50-µm-thick W disks with an array of 20 ×  
20 laser-drilled holes were used. The membrane was dried at room 
temperature overnight. Non-covalent decoration of the graphene surface 
was carried out by submerging a graphene membrane into a 2 mmol L−1 
solution of 1-aminopyrene (97%, Sigma-Aldrich) or 1-PBA (97%, Sigma-
Aldrich) in ethanol. Subsequently, the graphene membrane was dried in 
the air for at least 30 min before gas permeation testing.

Gas Permeation Testing: The Ni disk carrying the graphene membrane 
was mounted into a homemade permeation module (Figure S12, 
Supporting Information). A gas mixture containing H2, He, CH4, and 
SF6 was fed toward the membrane. The pressure difference for gas 
permeation was 1.0 bar. Permeated gases were swept by an Ar flow into a 
pre-calibrated mass spectrometer (Agilent 5977A with Diablo 5000A real 
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Figure 4. Selectivity-permeance Robeson plot of H2/CH4 separation. 
Results of this study are plotted as solid markers. Datapoints with long 
dashed error bar upward indicate the lower bound of H2/CH4 selectivi-
ties, because CH4 signals were below the detection limit. Performances 
of other state-of-the-art membranes in the literature are plotted as hol-
lowed markers, including graphene,[18,19,23,54] zeolite,[55–60] metal-organic 
frameworks (MOF),[61–66] graphene oxide (GO),[67,68] carbon molecular 
sieves (CMS),[69–72] silica,[73–80] and Robeson upper bound for polymers 
assuming 1 µm thickness.[8]
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time gas analyzer). The permeances of the gases and their confidence 
intervals were calculated based on the mass spectroscopy signals 
collected in a 5-min duration after steady state was reached (Section S8, 
Supporting Information). Because graphene adhered to the Ni support 
could not contribute any gas flow,[5] in this work, gas permeances were 
calculated based on the area of the laser-drilled holes (see Figure S8, 
Supporting Information, for permeances calculated based on the total 
area of the Ni support). The gas permeance from a pure feed was also 
measured, and was almost identical to that from a mixture feed (Figure 
S14, Supporting Information).

Membrane Characterization: Graphene membranes were imaged 
using a Zeiss Sigma 300 VP SEM operated at an accelerating voltage 
of 0.5–10 kV. Raman spectra of graphene samples were collected using 
a Horiba LabRAM micro-Raman spectrometer with a 532 nm excitation 
laser wavelength, 1800 grooves mm−1 grating, and 50x objective. For 
Raman spectroscopy measurements, graphene samples were transferred 
onto a Si wafer using polymethyl methacrylate (PMMA)-assisted transfer, 
where the PMMA layer was removed by acetone. Each ID/IG data point 
in Figure 1a,c was the average over a mapping of 25 individual Raman 
spot measurements. The pitch between neighboring spots was 30  µm 
in the x direction, and 25 µm in the y direction. The laser spot diameter 
was ≈1 µm.[24]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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