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ABSTRACT: Here, reduced graphene oxide (r-GO) nanosheets
were embedded in an organosilica network to assemble an ultrathin
hybrid membrane on the tubular ceramic substrate. With the
organosilica nanocompartments inside the r-GO stacks and the
intensified polymerization, r-GO sheets endow the as-prepared
hybrid membranes with high H2 and CO2 separation performance.
The resulting selectivities of H2/CH4 and CO2/CH4 are found to be
223 and 55, respectively, together with gas permeance of
approximately 2.5 × 10−7 mol·m−2·s−1·Pa−1 for H2 and 6.1 × 10−8

mol·m−2·s−1·Pa−1 for CO2 at room temperature and 0.2 MPa. To
separate larger molecules from H2, the H2/C3H8 and H2/i-C4H10
selectivities are as high as 1775 and 2548, respectively. Moreover, at
150 °C and 0.2 MPa, the hybrid membrane retains high separation
performances with ideal selectivities higher than 200 and 30 for H2/CH4 and CO2/CH4, respectively, which are attractive for gas
separation and purification of practical applications.
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■ INTRODUCTION

Membrane-based separation is very promising in terms of
economy and energy-saving for many industrial separation
processes, due to the characteristics of no phase-change
involvement, easier operation, modularity, and environmental
benignity.1−6 For gas separation, the membranes act as filters
to sieve gas molecules on the basis of molecule size and
polarity.7 Therefore, membranes are critical for effective
separation of different gas molecules, especially in the case of
separating small gases under harsh conditions of high
temperature and high pressure. Synthesizing membranes with
high gas permeances and high separation selectivity is desirable
but challenging due to the small gas molecule size differences
at the subangstrom scale and requires rational designs and
optimizations on membrane materials and the preparation
procedure.8−11 Generally, the membrane performance is
limited by the trade-off effect; that is, the gas permeance of a
membrane inversely correlates to its thickness, but the high
selectivity closely relies on the high membrane quality which is
normally positively related to membrane thickness.12 A robust,
thin, but high quality (small and ultranarrow pore size
distribution) membrane is expected to break the trade-off
and achieve the high permeance and high selectivity
simultaneously, and it would largely facilitate its application
in practical separations.13

Organosilica membrane, hybrid, organically linked silica-
based membrane derived from organoalkoxysilanes, is a highly

promising membrane candidate for molecules separation.14,15

Similar to the pure silica membranes, it can be prepared by a
facile sol−gel procedure that allows coating of a thin layer on
various porous supports and, thus, has great potential for large-
scale preparation of these membranes. In the meanwhile, the
connected inorganic siloxane groups and the incorporation of
alkylene bridging groups between the two silicon atoms, which
repels water and shields the siloxane group from hydrolysis,
therefore, bring the essential stability for the hybrid network
under harsh conditions.16,17 Organosilica membranes have
been widely used for pervaporation and gas separation. The
preparation of organosilica membrane basically consists of the
hydrolysis step, that produces reactive groups of terminal
silanol, and subsequently the polymerization (or condensa-
tion) step, in which the precursor molecules are cross-linked
forming the siloxane bonds via the dehydration of afore-
mentioned terminal silanol groups and/or condensation of the
silanol and parent ethoxyl silicate groups under relatively high
temperatures (100−600 °C).16 The pores are the spaces within
the silica networks that contain multimembered siloxane rings.
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Controlling the length of the siloxane rings18 and the cross-
linking sites19 is normally the critical principle to manipulate
the membrane nanostructure and pore size. Prevailing
methods, such as employing different types of alkylene
bridging groups,14,20 incorporating a second or third
alkoxysilane precursors for co-condensation,21,22 and control-
ling the sol−gel processing parameters,17,19 had been
demonstrated for effectively controlling the pore size and
improving the separation performances of prepared mem-
branes. In addition, other strategies, such as adding appropriate
metals in the networks that partially block the pore size and/or
improve the affinity of specific molecules to a membrane layer,
were also proposed to enhance the gas selectivity.23,24

The successful preparation of nanosheet materials, such as
zeolite nanosheets,25 metal−organic framework nano-
sheets,26,27 graphitic carbon nitride (g-C3N4) nanosheets,28

MoS2 sheets,29 and graphene-based laminates,30 has offered
many options and opportunities to membrane scientists for
fabricating ultrathin membranes with promising separation
results, breaking the trade-off effect between membrane
selectivity and membrane permeance. Membrane quality and
separation performances had undergone a tremendous
increase. Among the numerous two-dimensional (2D)
materials, graphene oxide (GO) has gained much attention
because of its single-atomic thickness and good chemical and
mechanical stability.31,32 In addition, the hydroxyl, carboxyl,
and epoxide groups on the edge of the carbon−carbon plane
render the GO hydrophobic and hydrophilic,33 enabling GO’s
good dispersion in the precursor solution and excellent
compatibility with the hydrophobic−hydrophilic hybrid
organosilica matrix.
In this study, as shown in Figure 1, we propose a facile, novel

strategy, using the high-surface-area 2D nanosheets, reduced

graphene oxide (r-GO) specifically, as space confining agents
to locally intensify the polymerization of the hydrolyzed
precursor molecules to prepare ultrathin hybrid r-GO/
organosilica membranes. The well-dispersed GO laminates
constructed interconnected nanocompartments in the pre-

cursor solutions and contained the precursor molecules inside
these nanocompartments after drying out the solvent
molecules. Subsequently, in the polymerization step, due to
the steric hindrance of GO flakes, the silanol groups
preferentially react with the relatively closer reactive groups
within the nanocompartments, compared with the cases of
pure organosilica membranes, generating relatively denser
membrane nanostructure locally inside these nanocompart-
ments and reducing the pores size. The high surface area of
GO laminates maximized such a space-confining effect and,
therefore, the polymerization intensifying effect in each
nanocompartment. The large amount of r-GO and r-GO
constructed nanocompartments populated the locally polymer-
ization-intensified organosilica throughout the membrane
matrix. As a result, the ultrathin (25 nm) r-GO/orgnaosilica
hybrid membranes exhibited very high gas selectivity of H2/
CH4 = 223, CO2/CH4 = 55. In this study, we use the 1,2-
bis(trienthoxisilyl)ethane (BTESE) derived organosilica mem-
brane as the base membrane and ceramic hollow fiber as
supports to demonstrate the feasibility of this strategy.

■ EXPERIMENTAL SECTION

Preparation of Organosilica Sol and GO/Organosilica
Coating Solutions

The organosilica polymer sol was prepared from the hydrolysis and
polymerization of 1,2-bis(trienthoxisilyl)ethane (BTESE, 96%, J&K
Scientific Ltd.) in ethanol (AR, Sinopharm) with hydrochloric acid
(36−38%, Sinopharm) as the acid catalyst, according to our previous
work.34 Briefly, BTESE was first added to ethanol with an established
ratio at room temperature, then a mixture of water and hydrochloric
acid was added to the solution under stirring. The final solution molar
ratio of BTESE/ethanol/H2O/HCl was 1:46:60:0.1. After stirring for
5 h, the weight percent of the precursor BTESE was diluted 10 times
via ethanol as a solvent for use. Graphene oxide (GO) was purchased
from Nanjing XFNANO Materials Tech. Co. Ltd. GO sheets were
added to the polymer sol under ultrasonication for at least 1 h and
were stirred every 30 min during ultrasonication until GO/
organosilica coating solutions were obtained. In this work, a series
of GO/organosilica coating solutions were prepared. The various
weight ratios of GO to organosilica were 1/2, 1/1.5, 1/1, 1.5/1, and
2/1.

Fabrication of r-GO/Organosilica Membrane

Large pores of the porous α-Al2O3 ceramic tubes (ϕouter = 3.5 mm,
ϕinner = 1.5 mm, l = 60 mm, nominal pore size = 100 nm, purchased
from Hyflux Ltd. Co.) were modified by industrial colloidal silica
(particle size is 12 nm, Ludox SM-30, Sigma-Aldrich) in advance, as
the intermediate layer. The supports were preheated to 140 °C before
being coated with colloidal silica and then were calcined at 550 °C for
20 min. The modified substrate was kept at 120 °C for at least 30 min
with both ends sealed, and then it was vertically put into the as-
prepared coating solution. After a period of 30 s, the substrate was
pulled out slowly at a rate of 1 mm·s−1 so that it had been coated with
the precursor solution on its outer surface. After this hot dip-coating
process, the substrate was dried at 80 °C for 15 min and calcined at
300 °C under argon atmosphere for 5 h to obtain the GO
incorporated organosilica membranes. Five GO/organosilica coating
solutions with different weight ratios of 1:2, 1:1.5, 1:1, 1.5:1, and 2:1
of GO to organosilica were prepared to fabricate GO/organosilica
membranes as GO-Si1/2, GO-Si1/1.5, GO-Si1/1, GO-Si1.5/1, and
GO-Si2/1, respectively. The pristine organosilica membranes were
prepared with the same process as the control.

Characterization

The membrane of pure organosilica and r-GO/organosilica prepared
by calcination at 300 °C were characterized by Fourier transform
infrared spectroscopy (FT-IR, Nicolet 6700, Thermo Company). The

Figure 1. Schematic illustration of r-GO/organosilica hybrid
membrane on a tubular ceramic substrate for gas separation.
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morphologies of hybrid membranes were characterized by field
emission scanning electron microscopy (FESEM, S-4800, Hitachi)
and transmission electron microscopy (TEM, Talos F200X). The
sample used for TEM was obtained on a double beam scanning
electron microscope (FIB, Helios-G4-CX). The d-spacing of GO
sheets was investigated by X-ray diffraction (XRD). XRD patterns
were collected on a Bruker AXS D8 Advance diffractometer using
Cu Kα radiation at a voltage of 40 kV and 40 mA. The thickness of
GO sheets was measured by atomic force microscopy (AFM,
Dimension 3100, Vecco). X-ray photoelectron spectroscopy (XPS)
was carried out on an AXIS ULTRA X-ray photoelectron
spectrometer using Mg Kα radiation. Small-angle X-ray scattering
(SAXS) was performed by using the NanoSTAR SAXS camera
(Bruker-AXS). The scattering intensity I(q) was given as a function of
q, which is the scattering vector, and obtained as q = 4π sin θ/λ, in
which 2θ is the scattering angle. The zeta potential of the organosilica
sol and GO/organosilica sol were tested on Nano ZS (Malvern
Instruments Ltd., England). All the GO/organosilica powders for tests
were prepared by the same process with no supports.

Gas Permeance Tests
The tested pure gases (H2, CO2, N2 and CH4) were fed to the outside
of the membranes which were sealed in a permeation module with
silicone O-rings. For single component gases, the feed stream was
pressurized to measure gas permeation with downstream at
atmospheric pressure and the gas flux was determined by a soap
film bubble flow meter. The gas permeance (P) is calculated from the
following equation in an SI unit:

= ΔP Q pS/( )

where Q is the gas molar flow rate (mol·s−1), Δp is the
transmembrane pressure drop (Pa) between input and output sides,
and S is the membrane area (m2).
The ideal selectivity (α1,2) is calculated from

α = P P/1,2 1 2

where P1 and P2 are the permeance for gas 1 and gas 2, respectively.
Mixture gas permeation was carried out by feeding gas mixtures

(H2/CH4 and CO2/CH4) with equal molar ratios on the outside of
the membrane in a module under the atmospheric feed pressure with
a flow rate of 50 mL/min for each gas and argon as the sweep
downstream with a flow rate of 120 mL/min. The concentration of
mixed gases on the permeate side were recorded by using a calibrated
gas chromatograph with a TCD detector. The gas mixture
selectivity(αi,j,mixed) is defined by the following expression:

α =
x x

y y

/

/i j
i j

i j
, ,mixed

where x is the molar fraction of the components (gas i or j) in the
permeate side and y is the molar fraction of the components (gas i or
j) in the feed side.

■ RESULTS AND DISCUSSION
After ultrasonicating the mixture of GO and the organosilica
polymer sol with mole compositions of BTESE/ethanol/
water/hydrochloric acid of 1:46:60:0.1 for 1 h, the GO flakes
with planar size > 500 nm (Figure S1) were well dispersed in
the precursor sol in a wide range of weight ratios of GO/
organosilica (1/2, 1/1.5, 1/1, 1.5/1, 2/1). Accordingly, the
transparent organosilica sol turned to be dark black after the
adding of large amount of GO flakes (Figure S2a, GO/
organosilica = 1:1). Compared with the organosilica sol, the
zeta potential would drop from 22.1 to −7.52 mV when adding
GO into the sol solution (Figure S2b). This indicates that the
GO/organosilica is not stable. Therefore, the GO/organosilica
coating solutions should be kept stirred before use. In this
study, we finished the dip-coating within a short period of 2

min so that there was no condensation of GO/organosilica. In
previous literature, the GO or modified GO laminates had
been added to the polymer matrix for enhancing the quality
and separation performance of the resultant GO/polymer
composite membranes. However, their GO concentrations
were very low, less than 10 wt % of GO to polymer
matrix,35−37 because of the incompatibility of GO with organic
polymer precursors. In this regard, the organosilica membranes
can potentially act as a platform to explore the influences of
GO laminates on enhancing the separation performance of a
GO/organosilica membrane in a wide range of GO/organo-
silica weight ratios.
Prior to the coating of the GO/organosilica layer on the

support, the support was dipped into an industrial silica gel.
This helps to decrease the support surface roughness and
reduce the effective pore size, which had been proven to be
beneficial for a high quality organosilica membrane.38 A hot
dip-coating method34 was employed to coat the well-mixed
precursor sol onto the simply modified support surface. The
coated supports were then dried at 80 °C for 15 min.
Polymerization was carried out at 300 °C for 5 h in argon
atmosphere, and a light black colored hybrid membrane
(Figure S2b, membrane with coating of GO/organosilica = 1/
1) was obtained, indicating the successful preparation of GO-
containing membranes. Field emission scanning electron
microscopy (FESEM) images of the as-prepared membranes,
as shown in Figures 2a,b and S3, showed a continuous and

smooth layer on the outer surface of the support. With the
increasing ratio of GO/organosilica, the membrane surface
began to show some wrinkles. This is, probably, because the
large amount of GO laminates made the GO sheets difficult to
spread out in the hybrids and the relatively smaller portion of
organosilica precursors cannot fully cover the GO laminates in
the membrane layer, thus exposing one side of GO laminates
to the atmosphere. The thicknesses of the GO/organosilica
layers were in the range of 20−34 nm. To the best of our
knowledge, these are the thinnest organosilica-based mem-
branes among those in the literature. Figure 2c and d displays
the TEM and high-resolution TEM (HRTEM) images of the
cross-section of the GO-Si1/1 hybrid membrane. HRTEM
reveals that the hybrid membrane with a thickness of
approximately 25 nm tightly adhered to the predeposited
SiO2 layer on the support. However, the lattice fringes of GO
sheets cannot be clearly observed even in the HRTEM image.
On the other hand, the high-angle annular dark-field scanning
TEM (HAADF-STEM) and the corresponding energy-
dispersive X-ray (EDX) mapping images (Figure 2e) clearly

Figure 2. SEM images of the (a) surface and (b) cross section. (c)
TEM, (d) HRTEM, and (e) HAADF-STEM, as well as the
corresponding EDX mapping images of the cross section of the
GO-Si1/1 hybrid membrane.
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depict the C-rich and Si-rich regions, corresponding to the
membrane layer and the SiO2 intermdiate layer, respectively.
During the polymerization process, the GO incorporated in

the organosilica matrix was expected to undergo a thermal
reduction process and became reduced GO (r-GO) which was
evidenced by the XRD (Figure S4) profiles of the prepared
membranes. The characteristic peaks significantly shifted from
13.15° of pristine GO to 23.35° of the membrane samples,
which corresponded to an interlayer distance decrease from
0.67 nm to only 0.38 nm, according to Bragg’s law. It should be
noted that the r-GO d-spacing is very close to the thickness of
the graphene layer,39,40 which means that there is little effective
space left for molecules to transport between the adjacent r-
GO sheets. In other words, the r-GO sheets interspersed with
organosilica polymer have a blocking effect on gas molecules
transporting across the membrane, thus leaving the pores of
the organosilica matrix as the main permeation pathway for the
molecules. And this blocking effect is positively correlated with
the size of gas molecules, thus realizing the molecular sieving
effect of the as-prepared membrane for gas separation, which
will be discussed later.
The SAXS data were collected to investigate the dispersion

and structral features of r-GO in the r-GO/organosilica
hybrids. As shown in Figure S5, compared with the
organosilica sample, the r-GO/organosilica sample had a
lower intensity at low q (q < 0.15 nm−1). When q was greater
than 0.15 nm−1, the r-GO/organosilica hybrids showed higher
intensity than the pristine organosilica, owing to the higher
electron density accumulated in the r-GO/organosilica.41 The
broad shoulder around q = 0.1 nm−1 in the SAXS of the r-GO/
organosilica could be attributed to the correlated r-GO sheets
in the lamellar phase, with a corresponding spacing (d = 2π/q)
of 63 nm.42 The information of the aggeregation state of the r-
GO layers could be obtained from the fractal dimension (dm),
which is related to the slope of the SAXS curves in the log−log
scale at low q.43 The different dm values are determined by
fractal geometry. In this study, the loose structure of the
organosilica sample formed a surface fractal. After the
incorporation of r-GO into organosilica, the mass fractal
structures appeared in the hybrid sample.
In order to further understand the nanostructure of the

hybrid r-GO/organosilica membranes, they were subjected to
FT-IR characterization. As shown in Figure S6a, the presence
of the characteristic peaks at 1728 cm−1 was associated with
the CO stretching vibration from r-GO planes.44−47 The
intensive peaks at 1000 and 453 cm−1, originating from Si−O−
Si asymmetric stretching and rocking vibrations,48−51 and the
peaks at 772 cm−1, assigned to Si−C stretching vibrations,52

indicated that the sol−gel reactions successfully took place in
the hybrids. However, the peak of Si−O−Si was not found in
the spetra of the GO/organosilica hybrids before treated at 300
°C for 5h. Compared with pure organosilica membrane, the
hybrid r-GO/organosilica membranes showed dramatically
weaker silanol (Si−OH) peaks at around 920, 1640, and 3440
cm−1,48,49,53 indicating a smaller amount of silanol groups
within the hybrid membranes. Furthermore, the peak of the
CC stretching vibration of the membranes showed a red-
shift from 1627 to 1569 cm−1 after the polymerization process.
We speculated that the adjacent r-GO stacks formed
nanocompartments and confined many silanol groups inside
these nanocompartments. The cross-linking reactions between
these silanol groups were intensified due to the space
confinement effect of these r-GO stacks and resulted in a

higher degree of cross-linking. The detection of a subtle peak
at 1385 cm−1 (Figure S6b), corresponding to Si−O−CO,54

in r-GO/organosilica membranes indicated the occurrence of
reaction between organosilica silanol groups and GO carboxyl
groups during the hydrolysis or thermal annealing steps. Based
on the absorption intensity of Si−C of the r-GO/organosilica
membranes, the confinement effect on silanol groups with r-
GO was quantitatively described by the ratio of the absorption
intensity of Si−O−CO to that of Si−C. As expected, the
increased GO concentration in the membranes produced the
higher degree of polymerization between GO and organosilica,
with 1.6%, 2.3%, 2.7%, 3.6%, and 5.3% for GO-Si1/2, GO-Si1/
1.5, GO-Si1/1, GO-Si1.5/1, and GO-Si2/1, respectively.
In order to understand the nanostructure of the r-GO/

organosilica hybrid membrane, XPS was performed to analyze
the elements within the membrane (Figure S7). The high-
resolution C 1s spectrum of pure GO sheets revealed four
carbon peaks: CC bonds at the binding energy of 284.4 eV,
C−C bonds at 285.0 eV, C−O bonds at 286.9 eV, and O−C
O bonds at 288.5 eV. As for the membrane samples with
different GO/organosilica mass ratios, the C−O bond intensity
decreased significantly while that of CC bonds increased
remarkably, which further confirmed the reduction of GO
flakes during the polymerization. With regard to silicon, the
hybrid membrane samples shifted 0.6 eV to lower bonding
energies compared with the pure organosilica membrane; this
probably due to the existence of the less electronegative r-GO
in membranes.55 Deconvolution of the high-resolution Si 2p
spectra of pristine organosilica showed that there existed two
peaks at 102.6 and 103.1 eV. The lower binding energy peak
most likely corresponded to the SiO3C in the organosilica
powders, and the higher binding energy peak was identified as
the inorganic moieties SiO4. By increasing the r-GO, the SiO4
content in the membranes decreased from 46.6% to 20.3%,
while the RSiO3 content increased from 53.4% to 79.7%,
clearly indicating the increment of carbon content in
membranes and the reduction of Si−O−Si formed by Si−OH.
To evaluate the separation performances of the hybrid r-

GO/organosilica membranes, single gas permeation measure-
ments at a pressure difference of 0.2 MPa and room
temperature were carried out. As illustrated in Figure S8a,
compared with the pure organosilica membrane, upon the
incorporation of GO stacks into the organosilica networks, the
gas permeance underwent a dramatic decrease, although the
hybrid r-GO/organosilica membranes were even thinner
(Figure S3). This is contrary to the literature results that the
enhanced gas permeance after the adding of GO flakes was
observed, resulting from the introduction of straight and fast
transport channels (GO d-spacing).37 In this study, the thermal
reduction of GO during the high temperature polymerization
step decreased the size of d-spacing, which is, therefore,
blocked for gas molecules. Consequently, the gas molecules
must bypass these micrometer-sized r-GO stacks to permeate
through the membrane layer in a more tortuous way (Figure
S9), resulting in the lower gas permeances, compared with the
pure organosilica membrane. Furthermore, the larger the
molecule, the more tortuous it is to pass through, so the gas
permeance decreases are dependent to gas molecules and
larger molecules exhibited larger decrease. For example, the
smallest H2 (0.289 nm) underwent a decrease by a factor of 21,
from 5.73 × 10−6 mol·m−2·s−1·Pa−1 for pure organosilica
membrane to 2.66 × 10−7 mol·m−2·s−1·Pa−1 for the GO/Si1/2
membrane, followed by CO2 (0.33 nm) by a factor of 26 and
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N2 (0.346 nm) by a factor of 57. The largest CH4 (0.38 nm)
decreased by a factor of 79, from 4.35 × 10−7 mol·m−2·s−1·Pa−1

for pure organosilica membrane to 5.48 × 10−9 mol·m−2·s−1·
Pa−1 for the GO/Si1/2 membrane. This could be attributed to
the pore size decrease of the hybrid r-GO/organosilica
membrane. As mentioned above, the space confining effect
of the GO stacks is speculated to intensify the cross-linking of
the organosilica network and decrease the pore size of the
hybrid membranes. From the obtained gas permeances, the
pore size of the hybrid membrane is between the size of CO2
(0.33 nm) and N2 (0.346 nm). As a result, compared with pure
organosilica membrane, the hybrid r-GO/organosilica mem-
branes showed much higher gas ideal selectivities (Figure S8b).
The ideal gas selectivities increased with increasing GO
fractions in the hybrid membranes with the highest ideal
selectivities of H2/N2, H2/CH4, CO2/N2, and CO2/CH4 being
120 ± 11, 223 ± 14, 29 ± 5, and 55 ± 7, respectively, obtained
by the hybrid r-GO/Si = 1/1 membrane. This membrane also
exhibits extraordinary selectivity of H2 and CO2 over molecules
larger than 0.4 nm, such as C3H8 (0.446 nm) and i-C4H10
(0.51 nm), with the ideal selectivities of H2/C3H8, H2/i-C4H10,
CO2/C3H8, and CO2/i-C4H10 being 1775, 2548, 463, and 664,
respectively (Figure S10). Higher GO/Si ratios represent
stronger a confining effect and, subsequently, larger degree of
cross-linking and smaller pore size, decreasing the resultant
membrane pore size toward the size of the CO2 molecule.
Further increasing the r-GO/Si ratio to 2/1, the gas
permeances increased and the ideal selectivities decreased,
suggesting the existence of cracks on the hybrid membranes.
That is probably because the amount of organosilica precursors
trapped in the GO nanocompartments was limited and the
organosilica matrix could not form a continuous layer within
the nanocompartments. This was consistent with the SEM
observation of the hybrid r-GO/Si = 2/1 membrane in which
GO wrinkles can be detected, as shown in Figure S3. Table S1
lists the H2, CO2, and CH4 permeances and the ideal
selectivities (H2/CH4 and CO2/CH4) of three tested
membranes (r-GO/organosilica = 1/1) prepared with the
same procedures, as a proof of the reproducibility of
membranes. The values of gas permeance and the ideal
selectivity scattering within ±11% revealed the good
reproducibility of the hybrid membranes.
The coating solution with a GO/Si ratio of 1/1 was also

diluted by a factor of 2 and 4 to prepare the hybrid
membranes, trying to further reduce the membrane thickness
and enhance the gas permeability. As shown in Figure S11, the
diluted solution indeed led to thinner hybrid membranes
(∼16−22 nm). However, the corresponding organosilica
matrix layers seem too thin to fully cover the GO nanosheets,
resulting in many defects on the surfaces. Herein the transport
for all gases is effectively accelerated (Figure S12a). The large
molecules undergo a greater degree of increase in permeance
as they can leak through the defects, yielding reduced ideal
selectivities of H2 and CO2 over larger gas molecules. In
particular, the membrane prepared with the 4-fold dilute
solution exhibited a remarkable drop for the selectivities
(Figure S11b and c).
One of the advantages of the organosilica membranes is the

stability at higher temperatures; therefore, we investigated the
separation performance of the hybrid membranes at 150 °C.
For single gas permeation, compared with those at 25 °C, the
permeance of H2, N2, and CH4 showed a slight increase,
probably resulting from the enhanced diffusivity of those

molecules at higher temperature. However, the CO2
permeance showed a slight decrease. It is well accepted that
adsorption plays a vital role in the separation performance. We
have thus comparatively measured the adsorption isotherms of
CO2 and CH4 on the r-GO/organosilica powder at 25 and 150
°C. Note that the adsorption of H2 and N2 on r-GO/
organosilica powders is negligible at both temperatures and no
CH4 adsorption is detected at 150 °C. As shown in Figures
S13, the adsorption capacity of CO2 is significantly higher than
that of CH4 at 25 °C. The corresponding adsorption selectivity
of CO2 over CH4 was calculated to be about 5.4 (Figure S14)
based on the initial slope of the gas uptake, implying the
preference of CO2 transport within the membrane at 25 °C.
Compared with the heat of adsorption for CO2 on the neat
organosilica sample (23.7 kJ/mol), the r-GO/organosilica
sample showed a slightly lower value (20.1 kJ/mol). In
contrast, the heat of adsorption for CH4 was significantly
increased from 12.31 kJ/mol on the pristine organosilica to
29.67 kJ/mol on the r-GO/organosilica, indicating that the
organosilica materials present enhanced affinity to CH4 but
reduced affinity to CO2 after the incorporation of r-GO.
With the temperature increased to 150 °C, the adsorption of

CO2 is drastically weakened to a negligible level. Correspond-
ingly, the CO2 permeance was nearly halved. In other words,
the advantage of high adsorption for CO2 molecules is offset.
As a result, an obvious decay for CO2/N2 and CO2/CH4
selectivities is found in both single gas and equimolar binary
mixture measurements (Figure 3). Interestingly, the weak CH4
adsorption has some profound influence on the permselectivity

Figure 3. (a) Ideal selectivities of H2/CH4, H2/N2, CO2/CH4, and
CO2/N2 (inset: corresponding permeance of single gases); and (b)
selectivities of binary gases mixtures of the GO-Si1/1 hybrid
membrane at 25 and 150 °C (Δp = 0.2 MPa).
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properties of H2/CH4 mixtures. As shown in Figure 3, the H2/
CH4 selectivity in the gas mixture measurement drops by
approximately 50% compared to the calculated single-gas
selectivity at 25 °C. The CH4 in the gas mixture may be
preferentially adsorbed on GO nanosheets and thus impede
the transport of nonadsorptive H2 molecules. Similar results
have also been observed on the ZIF-8@GO membrane, in
which the H2/CH4 selectivity was decreased by about 30%,
compared with the ideal single-gas selectivity.56 Although the
ideal selectivities underwent a slight decrease at 150 °C, the
values of H2/CH4, H2/N2, CO2/CH4, and CO2/N2
selectivities were still over 200, 95, 30, and 15, respectively,
and by far exceeded the corresponding Knudsen selectivities
(2.8, 3.7, 0.6, and 0.8), suggesting that the r-GO/organosilica
membrane still possesses high separation performances at high
temperature. Moreover, the mixture separation values of H2/
N2, CO2/N2, and CO2/CH4 of the r-GO/organosilica hybrid
membrane at room temperature were found to be 92, 24, and
47, respectively, comparable to the ideal selectivities in single
gas test, further confirming the outstanding quality of the as-
prepared hybrid membrane. Moreover, the CO2/CH4 binary
mixture through the r-GO/organosilica membrane was tested
over 24 h at room temperature, and both gas permeances and
the CO2/CH4 separation performance kept approximately
stable with slight fluctuations, indicating the high long-time
stability of the rGO-organosilica membrane (Figure S16). The
CO2/CH4 binary mixture passed through a water cell before
feeding to the r-GO/organosilica membrane to investigate the
hydrothermal stability. As shown in Figure S17, the membrane
could remain hydrothermally stable under continuous feeding
gases for at least 4 h. Further, the separation performance of
CO2/CH4 from the equimolar mixture through the rGO-
organosilica membrane with the gas (CO2 or CH4) pressure
drop increasing from 0.1 to 0.4 MPa revealed that the as-
prepared membrane did not contain macroscopic defects and
kept its high gas permselectivity (Figure S18).
As shown in Figure 4, the separation performance of our

optimized r-GO/organosilica membrane measured at room
temperature and 0.2 MPa for separating H2/CH4 and CO2/
CH4 is compared with other reported membranes. A detailed
comparison with the literature is also summarized in Tables S2
and S3. The relative low permeances of H2 and CO2 are
ascribed to the blocking effect of r-GO with its reduced d-
spacing, while the selectivity increase of the membrane could
also be explained by this point due to the positive correlation
between the molecular size and blocking effect. Compared to
the highly oriented Zn2(bIm)4 nanosheet membrane guided by
GO supported on a porous tube reported by Zhang’s group,57

our membrane gave a lower performance for H2/CH4 but
much higher performance for CO2/CH4 (Tables S2 and S3).
The r-GO/organosilica membrane exhibited higher CO2/CH4
selectivity than most GO-based membranes, except for the
GO-PEGDA (poly(ethylene glycol) diamines) membrane
reported by Jiang’s group,58 which mainly resulted from the
introduction of CO2-philic nanodomains. Nevertheless, the as-
prepared hybrid membrane for separating either H2/CH4 or
CO2/CH4 gas couples is beyond most GO/rGO-based and
organosilica-based membranes as well as MOF-polymer mixed
matrix membranes (MMMs), because the collaborative
advantages of r-GO and organosilica endow the hybrid
membrane with the appropriate transportable spacing that
can effectively screen out the gas molecules that are larger than
CO2. Moreover, in contrast to the reported GO-based

membranes, our r-GO/organosilica membranes were easily
fabricated on large-scale tubular substrates by hot dip-coating,
which is advantageous in reducing waster and feasible in
practical applications.

■ CONCLUSIONS
In conclusion, we have successfully prepared ultrathin hybrid r-
GO/organosilica membranes on hollow fiber supports. The
organosilica precursors were trapped inside of the GO stack
constructed nanocompartments, and their polymerization was
therefore intensified in the polymerization step. The resulting
ultrathin hybrid membrane displays high H2- and CO2-
selective separation performance owing to the enhanced
cross-linking and reduced pore size. At 25 °C and 0.2 MPa,
the ideal selectivities of GO-Si1/1 for H2/CH4 and CO2/CH4
are calculated to be 223 and 55, respectively. Even when
heated to 150 °C, the excellent separation performance of the
hybrid membrane can be well maintained. The simple and
efficient preparation strategy of r-GO/organosilica membranes
indicates great potential for gas separation in practical
processes.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.0c00073.

Figure 4. Comparison of the (a) H2/CH4 and (b) CO2/CH4
separation performance of reported representative membranes,
including GO/rGO-based membranes, organosilica/silica-based
membranes, and MOF-polymer MMMs. Closed symbols are the
data from single-gas permeation test, and half-open symbols are data
from the binary-gas separation test. More detailed data are listed in
Tables S2 and S3.
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