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Tuning the Transport Properties of Gases in Porous Graphene
Membranes with Controlled Pore Size and Thickness

Timur Ashirov, A. Ozgur Yazaydin, and Ali Coskun*

Porous graphene membranes have emerged as promising alternatives for
gas-separation applications due to their atomic thickness enabling ultrahigh
permeance, but they suffer from low gas selectivity. Whereas decreasing

the pore size below 3 nm is expected to increase the gas selectivity due

to molecular sieving, it is rather challenging to generate a large number

of uniform small pores on the graphene surface. Here, a pore-narrowing
approach via gold deposition onto porous graphene surface is introduced to
tune the pore size and thickness of the membrane to achieve a large number
of small pores. Through the systematic approach, the ideal combination is
determined as pore size below 3 nm, obtained at the thickness of 100 nm,

is a trade-off between these two metrics,
resulting in membranes with either high
permeance or high selectivity but not
both.>”) The ideal membranes, however,
should have both high permeance and
high selectivity, enabling a significantly
lower membrane footprint.

2D materials such as graphenel®1¢
and transition metal dichalcogenides!®-2!
have gained tremendous importance as
membrane materials due to their mechan-
ical stability and atomic thickness. The

to attain high selectivity and high permeance. The resulting membrane
shows a H,/CO, separation factor of 31.3 at H, permeance of 2.23 x 10° GPU
(1 GPU =3.35 x 107'° mol s™' m~2 Pa™'), which is the highest value reported
to date in the 10° GPU permeance range. This result is explained by com-
paring the predicted binding energies of gas molecules with the Au surface,
—5.3 versus —21 k) mol™' for H, and CO,, respectively, increased surface-gas
interactions and molecular-sieving effect with decreasing pore size.

1. Introduction

Membranes play a major role in the separation industry,
mainly due to their high energy efficiency, low operational
costs, durability, and continuous separation.l'?l Gas-separation
membranes offer numerous advantages over conventional
techniques such as pressure-swing adsorption’®! and cryo-
genic distillation.! Permeance and separation factors are the
critical metrics governing the membrane performance. There
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impermeability of graphene, however,
requires advanced pore engineering tech-
niques.??l These techniques involve ultra-
violet (UV)-induced and/or oxygen plasma
etching and focused ion beam (FIB) irra-
diation with/without subsequent chemical
etching.?¥l The plasma etching techniques
are hard to control and lead to either
very low porosity or non-uniform pores.
This is due to the fact that increasing
the plasma etching time induces pore
widening rather than the formation of new pores.”3! On the
other hand, FIB irradiation can create a large number of uni-
formly sized pores, however, achieving pore sizes below 5 nm
is challenging.? Celebi et al. demonstrated a systematic
approach for manufacturing porous graphene (PG) using FIB
irradiation and showed gas flow kinetics across the pore sizes
ranging from 76 nm to 1 pm. The graphene membrane with
76 nm pores showed incredible permeance of =2 x 10 GPU
(1 GPU = 3.35 x 107° mol s! m~2 Pa’!) with a H,/CO, sepa-
ration factor of 3.67 due to the Knudsen diffusion.®! Knudsen
diffusion is the mechanism where the separation occurs due
to differences in the mass of the components and is limited
to the square root of the masses ratio according to Graham’s
law.’ Boutilier et al. used an ion bombardment technique fol-
lowed by O, plasma to create pores on graphene and showed
the possibility of exceeding Knudsen selectivity. They achieved
a H,/CO, selectivity of =7, however, H, permeance was only
=3000 GPU.l In another study, Lee et al. applied ozone
plasma to etch the pores on graphene and achieved H,/CO,
selectivity of 6.9 and H, permeance of 328 GPU.™ As is evi-
dent from these studies, though plasma-etching techniques
enhance the selectivity by facilitating a molecular-sieving
effect, they result in low permeance due to the low porosity of
membranes. Another approach is to coat the PG surface with
functional materials in order to form a selective layer. He et al.
used polymers of intrinsic microposity-1 (PIM-1) as the selec-
tive layer on the PG and achieved a H,/N, selectivity of 20.8 at
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H, permeance of 3130 GPU.#l Whereas thick polymer coating
as the selective layer decreases the permeance owing to the
lack of direct pores, thin layers suffer from defects and cracks
leading to losses in gas selectivity.?®! Recently, we have demon-
strated the concept of adsorptive separation in the graphene-
based membranes through the deposition of metal micro
islands such as Pd and Ni onto PG membrane to control the
transport properties of a single gas in binary gas mixtures—
namely, H, in H,/He and CO, in H,/CO,, respectively—thus
enabling ultrahigh permeance and exceptional selectivity.?’]
Pd-coated membranes, however, require a thermal regenera-
tion step owing to the saturation of surface binding sites. These
results demonstrate that achieving high permeance and high
selectivity simultaneously on graphene membranes requires an
additional selective layer!?l and/or large number of small pores
(<3 nm). In this direction, herein, we demonstrated that gold
(Au) deposition onto PG enables a controlled pore-narrowing
strategy to achieve a large number of pores below 3 nm. By sys-
tematically increasing the membrane thickness upon step-wise
deposition of Au layer, we observed a clear trend in the sepa-
ration mechanism by transitioning from Knudsen diffusion to
surface diffusion and eventually to molecular sieving (Figure 1)
along with increased gas—surface interactions in agreement
with the decreased pore size. We identified the ideal pore size
of below 3 nm at the membrane thickness of 100 nm to achieve
a H,/CO, separation factor of 31.3 at H, permeance of 2.23 x
10> GPU, which is the highest value reported to date in the
ultrahigh permeance range.

2. Results and Discussion

Graphene was transferred onto a holey silicon nitride
(SiN,) support with 20 x 20 array of pores in the range of
500-1000 nm wusing a previously reported facile photore-
sist based method (Figure 1A),2"! which enables a crack-free
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graphene transfer (Figure S1A,B, Supporting Information). In
a typical membrane, there are 26 of such arrays on a single
15 x 15 mm sized membrane chip with a membrane area of
approximately 225 mm?. To ensure full coverage of the SiN, holes
and to avoid the formation of tears and cracks, we employed a
double-layer graphene. PG membranes were prepared by FIB
milling technique to achieve uniformly sized pores with high
porosity (Figure 1B). Additionally, the FIB milling is control-
lable and provides good reproducibility and repeatability com-
pared to other pore creation methods.?! We fabricated a large
number of pores (Figure 2A) with an average size of 30.1 nm
by using 30 kV voltage and 10 pA of current (Figure S1C,D,
Supporting Information). The pore size histogram of the fabri-
cated pores shown in the scanning electron microscopy (SEM)
images in Figure 2A has a Gaussian-shaped pore size distribu-
tion which is typical for the pores fabricated using FIB milling
(Figure 2B).? Pores on the graphene surface were character-
ized using transmission electron microscopy (TEM) images,
revealing a large number of pores ranging from 30 to 40 nm
(Figure 2C). Step-wise deposition of Au layer was performed
and the membrane was characterized after each step. In order
to demonstrate the reproducibility and repeatability aspect of
the proposed approach, three identical membranes (M1, M2,
and M3) were prepared with similar pore sizes and porosities.

As expected, porous double-layer graphene (PDG) mem-
brane exhibits a flow that can be described by the Knudsen dif-
fusion mechanism (Figure 1C),®l with H, having the highest
permeance among other gases (Figure 3A). The average perme-
ance (P) versus molecular weight (m) curve of the PDG fits the
power relation®! of

P=3.29%x10" xm ™" 1)
In addition, the respective H,/He, H,/CH,, H,/N,, and H,/

CO, selectivity values of the PDG membranes were found to be
below respective Knudsen selectivity values (Figure 3). After the

|
Yo ¢’ KB «

e e ©
.- o

g ¢
‘8

® ¢
@ © 9

Molecular Sieving

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I Au =80-100 nm
L

|
|
|
|
|
|
|
|
| s
|
|
|
|
|
|
|

Au = 5-70 nm

|
|
|
|
Surface Diffusion :
|

Figure 1. Schematic representation of the membrane fabrication process and separation mechanisms. A) Graphene transfer onto a holey SiN, sup-
port using a facile photoresist-based method. B) Perforation of the graphene using FIB milling. C) Gas separation in a pristine PG membrane follows
Knudsen diffusion. D) Upon deposition of a Au layer, the mechanism starts to follow the surface diffusion mechanism by faster H, permeation.
E) Further deposition of Au layer alters the separation mechanism by transforming it into molecular sieving.
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Figure 2. A) SEM images of the single =850 nm SiN, hole coated with perforated graphene and being coated with subsequent Au depositions. The
average pore size decreases upon Au deposition, eventually almost being blocked. B) Pore size distribution histograms of the samples represented
n (A). The number in the middle represents the Au layer thickness C) Bright-field TEM images of the graphene holes subsequently coated by gold
deposition. D) Average pore size versus thickness of the deposited Au layer.
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Figure 3. A) GPU versus molecular weight of the gases for pristine double-layer graphene membranes. B-D) After deposition of 5 nm (B), 10 nm (C),

and 20 nm (D) of Au layer. E-H) Graphs of H,/He (E), H,/CH, (F), H

M1, M2, and M3. The red dashed line indicates the Knudsen selectivity value for the respective gas pairs.
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2/N; (G), and H,/CO, (H) selectivity versus Au layer thickness for the membranes
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deposition of a 5 nm Au layer, the average pore size was reduced
to 278 nm (Figure 2A,B). The reduction in the pore size can
be clearly observed from the TEM images in Figure 2C. Simi-
larly, the permeance of the gases decreased slightly, however,
the permeance versus molecular weight curve deviated from
the Knudsen diffusion by favoring H, (Figures 1D and 3B).
The power relation between permeance and molecular weight
became steeper by fitting the

P=2.62x10" xm™** (2)

This leads to an increase in the H,/gas selectivity values. The
H,/He selectivity surpasses the Knudsen value at 5 nm of Au
deposition while the H,/CH,, H,/N,, and H,/CO, selectivity
values reach the Knudsen selectivity values (Figure 3). How-
ever, the H,/gas selectivity of the PDG was not expected to
increase as the pore size is still too large for molecular sieving
to occur. This increasing trend can only be explained by the
faster H, permeation compared to other gases on the Au-coated
PDG, consistently observed in all three membranes. The sim-
ilar trend in the H,/gas selectivity values continued upon depo-
sition of 10 nm of Au while the average pore size reduced to
23.8 nm (Figure 2A,B). The permeance-molecular-weight rela-
tion fit equation became steeper,

P=1.44%x10" x m™ 3)

while the H,/He selectivity did not change (Figure 3C). In
order to elucidate the gas-transport mechanism, we performed
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density-functional theory (DFT) calculations. When the pore
size is large, the effect of gas—surface interactions on the trans-
port properties of gas molecules, that is, permeance, through
the pore is not significant. However, as the thickness of Au layer
increases, the pores become narrower, and thus the interac-
tion between the pore surface and the gas molecules increases,
such that, below a certain threshold gas—surface interaction
becomes the dominating factor in determining the gas perme-
ance and selectivity. Increased gas—surface interactions explain
the decrease in the H, permeance with increasing Au layer
thickness (hence decreasing pore size) as shown in Figure 4A.
As H, gas interacts more strongly with the Au surface due to
decreasing pore size, it leads to a decreased permeance. The
same rationale implies that gases interacting strongly with the
surface are expected to have a lower permeance compared to the
gases with weaker surface interactions. The increase in the H,/
gas selectivity with the decreasing pore size (Figures 3F-H) can
be explained (Table S1, Supporting Information) by comparing
the DFT predicted binding energies of gas molecules with the Au
surface, that are —1.7, =5.3, —11.5, =177, and —21 k] mol™! for He,
H,, N,, CH,, and CO,, respectively. N,, CH,, and CO, interact
more strongly with the Au surface compared to H,. As the pores
become smaller with increasing membrane thickness, sur-
face-gas interactions start to dominate, hence the permeance
of N,, CH,, and CO, are expected to be smaller compared to
the permeance of H,, thus leading to higher H,/gas selectivity
with decreasing pore size. Accordingly, the slope of the perme-
ance-molecular-weight curve becomes even larger at 20 nm of
Au layer owing to the decreased pore size (Figure 3D):
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Figure 4. A) H, Permeance versus Au layer thickness for the membranes M1, M2, and M3. B) Average H, permeance versus 1/L; L is the thickness of
the metal layer. C) H,/CO, separation factor versus Au layer thickness for the membranes M1, M2, and M3. The dashed red line shows the Knudsen
selectivity value for the H,/CO, gas pair. D) H,/CO, separation factors for the membranes M1, M2, and M3 at different feed gas ratios.
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P=7.48x10° xm™ (4)

On the other hand, H;/He selectivity (Figure 3E) does not
show a significant change with decreasing pore size, which can
be attributed to the fact that the binding energies of these two
gases are the lowest and much narrower pore sizes are needed
for any surface effects to be observed in the H,/He selec-
tivity. The decrease in the permeance can be described by the
blocking of the pores near the edges, as observed in the SEM
images (Figure 2A) along with the increased thickness of the
Au layer as well as the decreased pore size leading to stronger
gas—surface interactions. In order to understand the relation
between permeance and the Au layer thickness, we constructed
a H, permeance versus Au layer thickness curve (Figure 4A).
The H, permeance continues to decrease as more Au is depos-
ited, which is expected since the flow changes from effusion
to diffusion.*”! However, the decrease in permeance becomes
less evident as the thickness becomes larger than the mean free
path of H, gas. The permeance versus thickness curve has an
asymptotic relation, 3031

P=1.169x10° /(1+L) )

where P is the permeance and the L is the thickness of the Au
layer. As the value of L grows, P will continue to decrease even-
tually leading to an asymptote. This equation shows that per-
meance has negative relation with thickness. To understand the
exact relationship between permeance versus Au thickness, we
constructed H, permeance versus 1/L graph (Figure 4B). This
relation fits the logarithmic relation®%3! of

P=4.3204x10" +2.0291x 10’ xln(%+0.1094) (6)

indicating that at higher thickness (L) values, its effect on per-
meance (P) will be less as modeled before.?% We also meas-
ured the H,/He and H,/CO, separation factors to correlate
with the calculated permselectivities (P, / By,) (Figure 4C and
Figure S3B, Supporting Information). In line with the cal-
culated permselectivities, the H,/He and H,/CO, separation
factors passed the Knudsen selectivity after 10 nm of Au deposi-
tion. The H,/CO, separation factor increased almost linearly up
to 70 nm of Au deposition. After this point, an abrupt increase
in the slope is noted. The reason for the increase in slope is
likely to be the transition in the gas-transport mechanism from
surface diffusion to molecular sieving (Figure 1E) along with
the enhanced gas—surface interactions. At 70 nm of Au layer,
the pore size decreased below 5 nm, which is the starting point
for molecular-sieving mechanism to happen (Figure 2D). A
cubic relation between the H,/CO, separation factor and thick-
ness is obtained from the following fitting:"-3!32

O, jco, =3.575+0.2098L —0.00151° +2.1648 x 107° x I’ 7)

where oy, co, is the H,/CO, separation factor and L is the Au
layer thickness. The equation shows that the relation is more
linear at low L values, however, at higher L values the quadratic
and cubic portions of the curve start to have a higher effect.
This fit curve almost perfectly coincides with the experimental
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results of all three membranes. Eventually, at 100 nm of Au
deposition, the TEM images revealed the average pore size of
3 nm, however, since the pore walls were found to be far from
the ideal cylindrical shape due to the stepwise deposition, it is
rather challenging to accurately calculate the pore size at this
thickness (Figure S2, Supporting Information). We also note
the formation of a large number of pores below 2 nm due to
the stepwise deposition of gold layers leading to the molecular-
sieving effect. By depositing 100 nm of Au, we were able to
achieve an exceptional H,/CO, separation factor of 31.3 at H,
permeance of 2.23 x 10° GPU permeance (Table S2, Supporting
Information), which is the highest value reported to date at this
permeance range.[*2833-4 Considering that more than 90% of
H, is produced via steam reforming process, the H,/CO, sepa-
ration is also economically very important.”! Notably, this is the
first demonstration of a large number of pores on the graphene
surface with pore sizes below 3 nm for gas-separation applica-
tions. Moreover, the other two membranes showed very close
results; the H,/CO, separation factor of 31.1 and 30.9 at respec-
tive H, permeances of 2.13 x 10° and 1.47 x 10> GPU, proving
reproducibility of our approach (Figure 4C). Furthermore, in
order to verify that the H,/CO, separation factor can be retained
at different feed gas ratios, we compared the separation fac-
tors at H,:CO, gas mixture ratios of 3:1, 1:1, and 1:3. All three
membranes showed identical separation factors at different
ratios of H, in the feed confirming the molecular-sieving-driven
separation (Figure 4D). For the H,/He separation, however,
we did not observe a clear trend with the membrane thickness
(Figure S3, Supporting Information). Once the H,/He separa-
tion factors fall below the Knudsen value, it does not drop any
further. This trend is expected as the H,/He separation requires
much smaller pores below 1 nm,“! thus further verifying the
coexistence of surface diffusion and molecular-sieving mecha-
nisms for the H,/CO, separation.’ Compared to the recently
reported Ni-coated PG membranes,? M1, M2, and M3 not
only show higher H,/CO, selectivity in the same permeance
range, but also the selectivity values are independent of the feed
gas ratio.

Finally, we modeled the permeance—selectivity trade-off for
the Au-coated graphene membranes (Figure 5). Our model
equation fits the power relation[>®*] of

P=5923.9x o %% (8)

where P is the permeance and « is the selectivity. The model
shows how the performance of the Au-coated graphene mem-
brane would evolve upon further deposition of Au and clearly
demonstrates the impact of both pore size and thickness. It can
be seen in Figure 5 that our model fit line intercepts with the
inorganic tubular membranes such as silica, alumina, and zeo-
lite membranes as our Au-coated membranes also have similar
pore structure type and eventually they reach microporous
tubular structure similar to silica type membranes. Thus, these
results also confirm the validity of our fitted models. It should
be noted that gold was chosen due to its inert nature, however,
other cheaper metals such as aluminum, tungsten, nickel,
chromium can also be used, where the gas—surface interactions
would dictate the gas-transport properties. Furthermore, the
desired permeance—selectivity can be obtained by simply tuning

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. H,/CO, separation performance of Au-coated double-layer graphene membranes compared to graphene oxide (GO),>1 PG, polyimide—
PG membrane (PI-PGM),8 carbon molecular-sieve membranes (CMS),B4 polybenzimidazole-20% polymer of intrinsic microporosity (PBI-PIM),K1!
graphene/nanoporous carbon film/multiwalled carbon nanotubes (graphene/NPC/MWNT) membrane,™ graphene/nickel microislands (G/Ni-600-
150),12% graphene on polished anodic aluminum oxide (G/AAO),128l metal-organic framework (MOF),% zeolitic imidiazole framework (ZIF),138 Mobil-5

zeolite (MFI-Z),B silica,%#2%3] and yaluminal®®3’l membranes. (Table S2, Supporting Information).

the thickness of the gold layer, which can be further decreased
by starting with smaller pores on graphene.

3. Conclusions

We have shown that the creation of a large number of pores
with pore sizes below 3 nm on the graphene surface could pro-
mote enhanced gas—surface interactions as well as the molec-
ular-sieving effect. Moreover, the deposition of Au layer altered
the graphene pore edge chemistry by enabling surface diffu-
sion mechanism to achieve H,/gas selectivities above Knudsen
selectivity despite having large pores (20-30 nm). In addition,
through our systematic approach, we showed the possibility of
achieving exceptional H,/CO, selectivity values in the ultrahigh
permeance range. Furthermore, we have successfully demon-
strated that pore narrowing could be an alternative solution for
increasing the gas selectivity in graphene membranes while
retaining high permeance values. This strategy could guide the
design of highly selective gas-separation membranes by using
2D materials as a high permeance support.

4. Experimental Section

Materials and Methods: A single-layer graphene on copper foil was
purchased from Graphenea EU and was used without any pretreatments.
The holey silicon nitride (SiN,) supports with 26 of 20 x 20 array
500-1000 nm pores were purchased by Norcada Inc., Canada. The SEM
images were obtained by ThermoFischer Scios 2 SEM-FIB instrument
using 5.0-20.0 kV accelerating voltage and 0.4 nA of current. The TEM
images were obtained by FEI Tecnai Osiris instrument using 120-200 kV
of accelerating voltage.
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Graphene Transfer: Single-layer graphene on a copper foil was
transferred using the previously reported facile photoresist-based
method.?l Graphene on a copper foil was coated with Shipley S1800
photoresist (Microposit) using drop-casting, and allowed to dry
overnight in an oven at 70 °C. Once the photoresist layer solidified,
the copper film was etched using 0.5 M ammonium persulfate (Sigma-
Aldrich) solution for 30 min. Then photoresist/graphene layer was
washed several times by floating on deionized (DI) water before
being transferred onto the holey SiN, substrates. The SiN,/graphene/
photoresist was dried at room temperature for Th to completely remove
the remaining water. Following the drying process, the SiN,/graphene/
photoresist was heated at 90 °C on a hot plate during 45-50 s. During
the heating process, the photoresist layer melts and allowed for
graphene to stick onto the substrate. Finally, the substrate with graphene
was immersed into acetone solution and kept until the photoresist layer
dissolved completely. Then the SiN,/graphene was transferred into
a fresh solution of acetone and kept for 30 min before being washed
with ethanol. Double-layer graphene was transferred following the exact
same procedure but without the heating step. Quality of the transferred
graphene on SiN, supports can be seen in the SEM images provided in
Figure S1A,B, Supporting Information.
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