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ABSTRACT Graphene is possibly the thinnest membrane that could be used as
a molecular separation gate. Several techniques including absorption, cryogenic
distillation, adsorption, and membrane separation have been adopted for
constructing separation systems. Molecular separation using graphene as the
membrane has been studied because large area synthesis of graphene is possible
by chemical vapor deposition. Control of the gate sizes is necessary to achieve high
separation performances in graphene membranes. The separation of molecules
and ions using graphene and graphene oxide layers could be achieved by the

intrinsic defects and defect donation of graphene. However, the controllability of the graphene gates is still under debate because gate size control at the

picometer level is inevitable for the fabrication of the thinnest graphene membranes. In this paper, the controlled gate size in the graphene sheets in

single-walled carbon nanohorns (NHs) is studied and the molecular separation ability of the graphene sheets is assessed by molecular probing with €0, 0,,

N,, CHy, and SF4. Graphene sheets in NHs with different sized gates of 310, 370, and >500 pm were prepared and assessed by molecular probing. The

310 pm-gates in the graphene sheets could separate the molecules tested, whereas weak separation properties were observed for 370 pm-gates. The

amount of (0, that penetrated the 310 pm-gates was more than 35 times larger than that of CH,. These results were supported by molecular dynamics

simulations of the penetration of molecules through 300, 400, and 700 pm-gates in graphene sheets. Therefore, a gas separation membrane using a

340-pm-thick graphene sheet has high potential. These findings provide unambiguous evidence of the importance of graphene gates on the picometer

level. Control of the gates is the primary challenge for high-performance separation membranes made of graphene.
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he separation of CO, and CH,; has
Tbeen increasingly studied." > Ad-

sorption techniques using porous
materials such as zeolites, porous carbons,
and metal organic frameworks have shown
that the selectivity of CO, over CH, is
1—7.578 Selectivity of 20—90 has been re-
ported in membrane separation systems
that use organic polymers.®~'" Basu and
co-workers reviewed the separation ability
of biogas using such membranes.'’ Gra-
phene is a type of ultrathin organic mem-
brane that has a thickness of 340 pm.
Graphene functionalization by edge and
molecular gate inclusions, metal insertion,
and atomic substitution are some of the
most important methods for developing
nanotechnologies as well as the synthesis
of graphene.'?~'° Jiang and co-workers per-
formed calculations using density functional
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theory and proposed that molecular gates in
graphene can separate H, and CH,.%° Kim and
co-workers fabricated multilayered graphene
and graphene oxide sheets with the ability to
separate gases.”' Graphene layers and gra-
phene oxide layers on polymer membranes
have exceeded the upper limit of the
molecular selectivity of polymer only mem-
branes. O'Hern and co-workers demon-
strated selective ion transport through gra-
phene materials.?>?* Hence, an ultrathin
graphene membrane with high separa-
tion ability is important for the future of
nanotechnology.

Single-walled carbon nanohorns (NHs)
consist of rolled-up graphene, where the
graphene sheet that makes up the NH
separates the internal and external nano-
spaces.?* 2% Thus, the separation ability of
graphene could be assessed by adsorbing
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Figure 1. Maintenance of the NH structure by applying a heat treatment in an O, atmosphere. (a) Weight changes of the NHs
with time in an O, atmosphere at 673 K. (b—d) Transmission electron microscope (TEM) images of NHO (b), NH30 (c), and NH60
(d). (e) Raman spectra, excited at 532 nm, for the NHs and the ratio of the G band over the D band as a function of the heating

time in the inset.

molecules into the internal nanospaces. Controlled
oxidation of the NHs can produce molecular gates in
the graphene sheets in the NHs.?” In this study, the
selective penetrations of CO,, O, N, CHs and SFg
through the molecular gates in the graphene sheets in
partially oxidized NHs are evaluated.

RESULTS AND DISCUSSION

The principal structures of the NHs were maintained
after partial oxidation, even though molecular gates
had opened (Figure 1). The samples were named as
follows: NHO, NH15, NH30, NH60, and NH540, accord-
ing to the oxidation time, where NHx indicates that the
NH was oxidized for x min at 673 K in an O, atmo-
sphere. The weight changes of NHO under an O,
atmosphere at 673 K correspond with the condition
of partial oxidation. The weight of NHO slightly de-
creased by heating to 673 K in an O, atmosphere, as
shown in Figure 1a, caused by partial oxidation of the
NHs. The weight losses, caused by partial oxidation for
15, 30, and 60 min correspond to 2%, 3%, and 4% of
the NHO weight. The transmission electron microscope
(TEM) images in Figure 1b—d show that the NH
particles are 40—50 nm in length and radiate in all
directions from the core in what is commonly referred
to as a dahlia-flower-like structure. The diameter of
the closed NH assembly is approximately 100 nm. All of
the NH particles maintained their structure after they
had been partially oxidized, which is also supported by
the Raman spectroscopy measurements in Figure 1e.
The molecular penetration through the nanogates in
the graphene sheets is demonstrated and evaluated
by the differences in the amounts of adsorption in
the oxidized NHs and NHO, as shown in Supporting
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Information Figure S1. The penetration of SFs, which
was the largest molecule used in this study, was not
restricted by the gates in NH60, because the amounts
of adsorption for NH60 and NH540 approximately
coincided with each other. Therefore, NH60 had large
enough gates for O,, CO,, N, and CH, to penetrate
through. We presumed that NHO did not have any
gates. There was an obvious difference between the
oxidized NHs and NHO for the adsorption isotherms of
N, at 77 K. This means that the graphene gates in the
internal nanospaces were fabricated in oxidized NHs
and have the ability to separate different molecules.
The nanospace volumes for NHO, NH15, NH30, and
NH60 were 0.14, 0.21, 0.58, and 0.58 mL g”, respec-
tively, evaluated by as-analysis of the N, adsorption
isotherms. The nanospace volumes for NH30 and NH60
were similar to each other despite the different oxida-
tion rates, indicating that the gate sizes were larger
than the molecular size of N, for oxidation times longer
than 30 min. As the difference in the nanospace
volumes between the oxidized NHs and NHO is attrib-
uted to the adsorption in the internal nanospaces, the
total volume of the nanospaces for the internal and
external nanospaces was 0.44 and 0.14 mL g_‘, respec-
tively, evaluated from the nanospace volumes of NH60
or NH30 and NHO. About 16% of the internal nano-
spaces in NH15 was available for the adsorption of N, at
77 K owing to the extremely narrow molecular gates.
The amounts of CO, and CH, that penetrated the
graphene sheets decreased with a decreasing oxidiza-
tion time, i.e., a decreasing gate size, shown in Figure 2b,e,
whereas the penetrations of O, through the graphene
sheets (Figure 2a) were all similar to each other. Only SFg
could penetrate through the NH60 gates (Figure 2f).
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Figure 2. Molecular penetrations through the graphene
gates in NHs. The amounts of O, at 273 K (a), CO, at 273 K
(b), N, at 77 K (c), N, at 273 K (d), CH, at 273 K (e), and SF¢
at 303 K (f) that penetrated through the graphene sheets
were obtained by subtracting the adsorption isotherms on
the oxidized NHs from those on the NHO. The penetration of
SF¢ through the gates in NH60 was significant, but no SFg
penetrated through the gates in NH15 and NH30. The
amounts of O, at 273 K that penetrated through NH15,
NH30, and NH60 were all similar to each other. However,
the amounts of other molecules that penetrated through
the gates were different for the different NHs. This indicated
that the graphene gates in the NHs efficiently separated
CO,, CHy4, and N; by varying the sizes of the gates.

SFg penetrations through the NH15 and NH30 gates
were decreased with increasing pressure. This was
caused by significant buoyancy of both NHs in SFg4
adsorption, because SFg rarely penetrates through the
NH15 and NH30 gates, as mentioned later. N, was pre-
vented from penetrating through NH15 (Figure 2¢,d).
CH, penetration through the NH15 gates was severely
restricted below 0.04 MPa, although the NH15 gates
slightly permitted CH, penetration above 0.04 MPa.
The gate opening by increasing pressure is a result
of graphene flexibility. The tendencies of N, adsorption
isotherms at 77 and 273 Kin Figure 2¢,d resemble each
other; penetrated molecular numbers for the NH30 and
NH60 were similar at each temperature, but those for
the NH15 were rather smaller than the others. Thus,
molecules were separated by gate size, not by blocking.

As molecular penetration occurred when the mo-
lecular size was smaller than the size of the graphene
gates, the gate size could be determined from the size
of the molecules that penetrated the sheets. Therefore,
NH30 had larger gates than the molecular sizes of O,
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Figure 3. Molecular sizes of N,, O,, CO,, CH,, and SFs. The
molecular sizes were evaluated from the collision diameter
of the Lennard-Jones potential. The average size is defined
as 2 x (a’c)'®, where a and c are the short and long radii of
the spheroids, respectively.
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Figure 4. Molecular penetration rates in NH15 (blue curve)
and NH30 (red curve) as a function of the molecular size.
The molecular sizes are defined as the shorter diameter
for a spheroid molecule and the diameter for a spherical
molecule. The symbols were obtained from the penetrated
molecular rates at 0.08 MPa in Figure 2. The solid curves are
the fitting curves, obtained by assuming that the gate sizes
had Gaussian distributions.

(299 pm), CO, (303 pm), and N, (332 pm), but slightly
smaller gates than the molecular size of CH, (376 pm).
Here the molecular sizes are shown in Figure 32573
Thus, the size of the gates in the NH30 sample was in
the range of 332—376 pm. O, molecules also pene-
trated the gates in NH15, while the penetration of CO,
in NH15 decreased and the penetration of N, and CH,
was rarely observed. This indicated that the size of the
gates in NH15 was between the CO, and N, molecular
sizes, i.e., between 303 and 332 pm. Figure 4 shows
the molecular penetration rates for NH15 and NH30 as
a function of the molecular size, evaluated by the
amount of each molecule that penetrated the samples
(shown in Figure 2). Here N, penetration was assessed
from N, adsorptions at 77 K, because N, adsorptions at
77 K gave more accurate penetration rates than
those at 273 K. Gaussian distributions of the gate sizes
(Figure 5a) were obtained by fitting the molecular
penetration rates under the assumption that a molecule
could penetrate a gate larger than its molecular size.
NH15 and NH30 had graphene gate sizes of 310 £ 20 and
370 £+ 20 pm, respectively. Therefore, the graphene
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gates in NH15 permitted O, and CO, to penetrate, but
prevented N, and CH, from penetrating through, as
shown in Figure 5b. In contrast, the graphene gates in
NH30 permitted O,, CO,, and N, to penetrate, but
prevented CH, from penetrating through (Figure 5c).
Therefore, these graphene gates could separate O,
CO,, Ny, and CH,, despite having the thickness of a
single graphene sheet (340 pm thick). Selective pene-
tration through the graphene gates was evaluated for
CO, and CHy, as shown in Figure 5d. Molecular selec-
tivity of CO, over CH,4 was defined as the ratio of the
number of CO, molecules divided by the number of
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Figure 5. Molecular separation through the graphene gates
in NHs. (a) Gate size distributions for NH15 and NH30. NH15
and NH30 had gates with average diameters of 310 and
370 pm, respectively. (b and c) Schematic diagrams of the
penetration of molecules through the graphene gates in
NH15 and NH30, respectively. (d) Selectivity of CO, over CH,
for NH15, NH30, and NH30.

CH, molecules that could penetrate through the
graphene gates in the NHs, at a constant pressure.
The graphene gates in NH15 had extremely high
separation ability, whereas both CO, and CH, could
penetrate through the gates in NH60. The selectivity of
the graphene gates in NH60 was nearly 1; that is, the
amounts of CO, and CH, that could penetrate were
equivalent because the gates were large enough for
both molecules to pass through. NH30 had a relatively
high selectivity of 2—3 because the average gate size in
NH30 was 370 pm, which is between the molecular
sizes of CO, and CH, (303 and 376 pm, respectively).
Surprisingly, a significant selectivity from 18 to more
than 35 was observed for NH15. As the average gate
size for NH15 was 310 pm, CH4 was close to the limit of
penetration through the gates in NH15, but CO, could
easily penetrate. Studies have shown that the selec-
tivity of CO,/CH, is 1—7 for adsorption separation and
20—80 for membrane separation."*”~'° Separation
using graphene gates is much higher than that using
an adsorption technique and similar to a membrane
technique. However, the membrane separation tech-
nique is different from the gate separation technique
used in this study. Furthermore, the graphene gates in
the NHs separated molecules through 340-pm-thick
graphene sheets. The selectivity is extremely high
when both the selectivity and thickness are both taken
into account.

The penetrations of N, O, CO, CH,; and SFg
through three types of gates in graphene sheets were
evaluated with molecular dynamics simulations, as
shown in Figure 6. The 300 and 400 pm-gate graphene
samples approximately corresponded to the gate sizes
of the NH15 and NH30 samples, respectively. The force
fields (Figure 7) were obtained from the Lennard-Jones
potential functions between the molecules and the
graphene sheets. The vertically aligned linear mol-
ecules against the graphene walls and spherical mol-
ecules were shifted fromz=—-25t025nmatx=y=0
in the unit cells. The positive and negative forces mean
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Figure 6. Setups for the molecular dynamics simulations of the penetrations of molecules through graphene gates. Graphene
sheets containing 4 gates with diameters of 300 pm (a), 400 pm (b), and 700 pm (c). (d) Graphene gate size distributions in the
three models. The gates were named the 300, 400, and 700 pm-gates, according to their size distributions.
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Figure 7. Force fields of the molecules in the graphene sheets. Graphene sheets with gates 300 (a), 400 (b), and 700 pm

(c) in diameter.

that a molecule receives a force in the positive and
negative directions along the z-axis, respectively. The
force fields of the penetrating molecules showed that
the penetration barrier was suppressed with an in-
creasing gate size. The force fields of the molecules
evaluated from the Lennard-Jones potential functions
indicated that a large potential barrier was observed
for the penetration through a 300 pm-gate graphene
sheet. In contrast, the barrier was suppressed for
the 400 pm-gate graphene sheet, except for SFe. All
of the molecules could penetrate through the 700 pm-
gate graphene without a considerable energy barrier.
The snapshots in Supporting Information Figures S2—S516
show the penetrations of the molecules into the
nanospaces between the graphene sheets. The num-
ber of molecules that could penetrate the samples
was evaluated from these snapshots for 300, 400,
and 700 pm-gate graphene samples, as shown in
Figure 8a—c. The number of molecules that could pass
through the gates was dependent on the size of the
gates. All of the molecular species could easily pene-
trate through the 700 pm-gates, and thus, the gra-
phene gates were open for all of the molecules.
The 400 pm-gate graphene layer also permitted the
molecules to penetrate through the gates, except
for SFs. CO, and O, could comparatively penetrate
through the 300 pm-gate and N, molecules somewhat
penetrated as well. However, CH,; and SF¢ could not
pass through the 300 pm-gates. The penetration factor
is defined as the rate that molecules penetrate through
the gates divided by the number that penetrated
through 700 pm-gates, as shown in Supporting Infor-
mation Figure S17. The decrease in the number of
molecules that penetrated the samples was a result of
the equivalent gate size and the size of the molecules.
The size restriction in the 300 pm-gate model was very
strict; the penetration factors of O,, CO,, N,, CH,, and
SF for the 300 pm-gate were 0.53, 0.68, 0.17, 0.00, and
0.00, respectively. In contrast, the penetration factors
of Oy, CO,, Ny, CH,, and SF¢ for the 400 pm-gate were

OHBA

120} (@) L (b) L (c) CO,
L L - N
CH,
. 801 - 0,
o
=]
£ L L
>
=
40 ~
- ,[" =
v _,/J
Yn £ FH—" 1 < 1 1 1 1 1
2 -1 0 2 -1

1 i
-3 03 -2 -1 0
log (Time / ns)

Figure 8. Simulations of the penetration of molecules
through graphene gates. Changes in the number of O,,
CO,, Ny, CH,4, and SFg molecules that penetrated through
the gates using graphene layer models with 300 (a), 400 (b),
and 700 pm-gates (c), obtained from the snapshots of the
molecular dynamics simulations.

0.79, 0.81, 0.74, 0.86, and 0.00, respectively. The high
penetration factor of CH, was caused by its strong
adsorption potential. Thus, the CH, and SFg molecules
were strongly repelled by the 300 pm-gates and the N,
molecules also had restricted penetration through the
gates.

The simulated selectivity, defined as the ratio be-
tween the amounts of different molecules that pene-
trated the samples, indicated that CO, and CH,; were
completely separated through the 300 pm-gate graphene,
as shown in Figure 9. Selectivity is defined as the ratio
between the amounts of the different molecules that
penetrated the sample. The selectivity of CO, over CH,
for the 300 pm-gates was significantly high, whereas
that for the 400 and 700 pm-gates was nearly one.
Thus, CO, and CH, were rarely separated for the 400
and 700 pm-gates. The significantly high selectivity of
CO, over CH, through NH15 and NH30 in the experi-
ments (Figure 5d) was caused by the selective pene-
tration through the 300 pm-gates. A high selectivity of
0O, over N, was also observed with the 300 pm-gate
graphene; 13 at 0.01 ns, 6.5 at 0.1 ns and 2.8 at 1 ns.
An experimental study on the kinetically driven
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Figure 9. Selective penetration through the 300, 400, and
700 pm-gates. Selectivity between CO, and CH,, O, and N,,
and SF¢ and N; through the gates in the graphene sheets at
0.01 (a), 0.1 (b), and 1 ns (c).

penetration through the graphene gates is necessary
to observe the difference between the penetration of
0, and N,. SFs and N, were also well separated, even
through the 400 pm-gates. This selectivity agrees with

METHODS

Preparation of NHs and Experiments. Partial oxidation of NHs
was conducted to open up gates by heating them in an O,
atmosphere of 100 mL min~" at 673 K for 15, 30, and 60 min.
Thermogravimetric curves were measured using the above
conditions to evaluate the oxidation rates of the NHs. Transmis-
sion electron microscope images using a JEM-2100F instrument
(JEOL Co., Tokyo, Japan) at 120 keV and Raman spectroscopy
using the 532 nm line of a green laser with an incident power
of 0.1 mW (NRS-3100, JASCO, Tokyo, Japan) were performed to
evaluate how well the NH structures were maintained when
they were partially oxidized. N, adsorption isotherms at 77 K
were measured for the oxidized and as-prepared NHs (called
NHO) for comparison using a volumetric apparatus (Autosorb-1;
Quantachrome Co., Boynton Beach, FL). The O,, CH,4, and CO,
adsorption isotherms were measured at 273 K, and the SFg
adsorption isotherms were measured at 303 K. The NHs were
evacuated at 423 K below 10 mPa more than 2 h prior to each
adsorption measurement.

Simulation Procedures. Molecular dynamics simulations were
performed to investigate the penetration of molecules through
graphene sheets with different gate sizes of 300, 400, and
700 nm using the leapfrog algorithm with a single time step
of 1.0fs in a canonical ensemble. A temperature range of 320 +
20 K was maintained using the heat bath coupling method. The
molecular coordinates were output for trajectory analysis. A
periodic boundary condition was adopted in all three directions
(x, ¥, and z). Two graphene sheets were assumed to be rigid and
arranged parallel to each other at distances of 500 pm from the
center of the unit cell, that is, at = 500 and —500 pm, as shown
in Figure 6. Each graphene sheet was composed of 462 car-
bon atoms. The 200 N,, O,, CO,, CH,4, and SFs molecules were
arranged above the top of the graphene sheet and below the
bottom graphene sheet in the unit cell that was 3.197 x 3.834 x
4.000 nm? in size. The molecules were randomly arranged with
intermolecular distances more than double their molecular size.
The graphene sheets had gate sizes of 250 + 80,410 &+ 110, and
690 £ 110 pm, which were named the 300, 400, and 700 pm-
gates, respectively. The three graphene gate sizes were ob-
tained by removing 12, 24, or 48 carbon molecules. Molecular
penetration through the graphene gates in the three models
were tested using the molecular models with an integration
time of 1.0 ns. Two centered Lennard-Jones-type potential
models were used for the N, and O, pairwise potential. The
collision diameter and interaction potential were oy = 332 pm
and en/kg = 36.4 K for Ny, and 0o =299 pm and eo/kg = 52.0 K for
0,.28 The molecular distances between the N, and O, molecules
were 110 and 120.8 pm, respectively. The three centered

the experimental results for the adsorption isotherms
of SFg and N, in NH15 and NH30.

CONCLUSION

In conclusion, the penetration of molecules through
the gates in graphene sheets in NHs was comprehen-
sively assessed using experiments and molecular dy-
namics simulations. CO, and CH, were well separated
through 310 pm-gates in graphene sheets in NHs,
demonstrating that a 340-pm-thick graphene sheet
can separate CO, and CH,4. Molecular dynamics simu-
lations suggested that such separation could be
possible with 300 pm-gates and the dynamic separa-
tion of molecules provided higher selectivity. Further
studies using dynamical measurements are needed
to develop the separation of fluids using graphene
membranes.

Lennard-Jones-type potential model with three partial charges
was adopted for the CO, pairwise potential. The collision diam-
eters and interaction potentials of CO, were oc = 275.3 pm,
ec/kg = 29.07 K, 0o = 3029 pm and eo/ks = 83.2 K2° Partial
charges of +0.6466 and —0.3233 e were located on the Cand O
atoms, respectively. The C—O distance was 114.3 pm. The one
centered Lennard-Jones-type potentials of CH, and SF¢ were
adopted: gcpg = 375.8 pm and ecpa/ks = 148.6 K for CH,, and
Osre = 512.8 pm and espe/ks = 222.1 K for SF.>° A graphene
potential model was constructed based on ideal graphite, which
has a honeycomb lattice; the C—C distance was 142 pm. The
collision diameter and interaction potential were oc = 340 pm
and ec/kg = 28.0 K3' Ewald summation was applied to the long-
range coulomb interactions between the CO, molecules. The
Lorentz—Berthelot mixing rules were applied to calculate the
collision diameters and interaction potentials in the Lennard-
Jones potential between the molecules with different potential
parameters. Weak external forces of 0.1 and —0.1 nN were
applied to the molecules at z < 0 and >0, respectively, to control
the molecular flow at the center of the two graphene sheet.
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