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Graphene oxide (GO) with its unique two-dimensional structure
offers an emerging platform for designing advanced gas separation
membranes that allow for highly selective transport of hydrogen
molecules. Nevertheless, further tuning of the interlayer spacing of
GO laminates and its effect on membrane separation efficiency
remains to be explored. Here, positively charged fullerene Cgg
derivatives are electrostatically bonded to the surface of GO sheets
in order to manipulate the interlayer spacing between GO nano-
laminates. The as-prepared GO-C¢o membranes have a high Hj
permeance of 3370 GPU (gas permeance units) and an H,/CO,
selectivity of 59. The gas separation selectivity is almost twice that
of flat GO membranes because of the role of fullerene.

The growing demand for energy and global climate change
caused by fossil fuel combustion threaten human survival.
Hydrogen has been proposed as a clean, renewable energy
source.' Currently, most hydrogen is produced via steam reform-
ing and gasification of fossil fuels.” However, the resultant
product, gray hydrogen, contains only ~50% hydrogen. Thus,
it is necessary to remove CO, as a primary byproduct to achieve
the hydrogen purity required by applications such as fuel cells.

Despite being a well-established method for removing CO,
from H,, chemical absorption can be energy-intensive and have
several adverse environmental effects. On the other hand,
membrane-based gas separation has emerged as a promising
technology because of its simplicity to use, high energy efficiency,
environmental friendliness, small footprint, and capability of
continuous operation.> Polymeric membranes dominated the
membrane industry due to their low cost and ability to withstand
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high-pressure gas feeds.* Nevertheless, most polymeric mem-
branes suffer from low H, separation efficiency and a substantial
trade-off between membrane selectivity and permeability, limiting
their further development in designing high-performance mem-
branes for H, purification.’

Recently, nanoporous materials such as zeolites,®® metal-
organic frameworks,”'® and carbon-based materials,"""> have
attracted significant attention as alternative membrane materials.
Graphene oxide (GO) nanolaminates are particularly interesting
for H, purification due to their ability to form nanometric
structures with superior H, sieving properties. GO nanolaminates
were fabricated by a facile filtration method and showed high
selectivity for H,/CO, mixtures."® Theoretically, gases are sepa-
rated by diffusing through selective gas transport channels in the
GO membrane, composed of several interlayer spacing of GO
nanosheets.

However, grain boundaries and random stacking of nano-
sheets lead to non-selective gas transport pathways in GO
nanolaminates. The addition of nanomaterials, such as zeolitic
metal-organic 1718
hydroxy sodalite,"® and organic polymer*® to GO laminate may
offer an opportunity to enhance the stacking of GO membranes,
minimize non-selective pathways, and improve their separation
performance. Nevertheless, the majority of composite nanolami-
nates reported to date contain nanofillers that are intrinsically

imidazolate framework,**° framework,

incompatible with GO, restricting their uniform dispersion in
GO matrixes.”"

In order to find a highly compatible nanofiller for GO
membranes, we examined other members of the carbon mate-
rials family, such as nanodiamonds. We have recently shown
that incorporating positively charged nanodiamonds into GO
nanolaminates significantly improved the humidity resistance of
gas separation membranes.>> However, incorporating of nano-
diamonds with sp®/sp® core/shell structure caused a slightly
decreased gas selectivity compared to pure GO membranes.
On the other hand, fullerene Cqo and GO are both predominantly
composed of sp® hybridized carbon atoms, making them
intrinsically compatible. With its carbonaceous structure and
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nanometric size (~0.7 nm), Cgo could act as a unique nanofiller
to fine-tune the interlayer spacing and stacking behaviour of GO
nanosheets. Furthermore, positively charged fullerene deriva-
tives can be obtained through facile synthetic methods, which
allows them to be combined orderly with negatively charged GO,
using chemical bonds or electrostatic interactions.

In this study, we designed and synthesized three Cgq, deri-
vatives with charge values of +1, +2, and +5 (Fig. S1, ESIt). The
effects of Cgo derivatives on the gas permeation and separation
properties of GO-Cq, nanocomposite membranes were investi-
gated. Finally, we also discussed the impact of these positively
charged Cg, derivatives on GO nanolaminates’ stacking, for-
mation, and transport properties.

The materials and methods of this study are detailed in
ESIL.f The solubility of these derivatives in water increases as
charge amounts and side groups increase, which is consistent
with their UV-Vis absorbance. The zeta potentials of f1, f2, and
f5 are 2, 18, and 34 mV, respectively. In the mixed solution of
GO and f5, the zeta potential values decrease from —42 mV
(GO) to —32 mV (GO + 20% f5) as f5 concentration increases
(Fig. S2a—c, ESIT). This shows that the synthesized Cg, derivatives
can produce cations in an aqueous solution. Furthermore, Cgo
derivative cations are electrostatically bonded with negatively
charged GO, resulting in a partial neutralization.

A single Ce, derivative molecule is 1.1-1.6 nm in size based on
theoretical calculations (GaussView, version 5.0.9). Dilute solutions
(concentration: 1.65 x 10™* — 2 x 107® mg mL™") of the Cq
derivatives were used to make the membranes since they are prone
to aggregate as concentration increases. Dynamic light scattering
(DLS) and scanning electron microscope (SEM) show that the Cg
nanoparticle clusters follow the order f1 > 2 > f5 in size (Fig. S2d
and S3, ESLT please note that the concentration to measure DLS
and SEM is significantly higher than the concentration to make the
membranes). f5 and f2 nanoparticle clusters show smaller sizes
than that of f1 because of better solubility, higher charge density,
and stronger electrostatic repulsion between particles.

According to the X-ray diffraction (XRD) pattern, the spacing
between GO layers is 8.79 A (Fig. S4 and Table S1, ESI%).
Although this distance is larger than the kinetic diameters
of both CO, (3.30 A) and H, (2.89 A) molecules, the stacked GO
with sufficient thickness still provide a preference towards H,
permeation over CO, because of the smaller size of H, molecules
and stronger interaction between CO, and GO nanosheets. Thus,
GO content plays a crucial role in determining separation perfor-
mance as it adjusts the thickness of the resulting nanolaminates.
The UV-visible absorption spectrum shows that GO aqueous
solution has absorption within 400 nm. Since the absorbance
varies linearly with concentration in the investigated range, the
spectra can be used to determine GO mass in each membrane
(Fig. S5, ESIY).

As a representative additive to GO laminates, we investigated
the f5 loading effect on gas permeation and separation perfor-
mances because it shows the highest solubility among the
three Cg, derivatives. The AAO support shows the H, permeance
of 9107 GPU (gas permeance units, 1 GPU = 3.35 X
107" mol m 2 s~! Pa ") with a low H,/CO, selectivity of 8.5.
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Fig.1 H, and CO, permeance (a) and H,/CO, selectivity (b) of GO-f5
membranes with different filler concentrations. H, permeance and H,/
CO; selectivity of GO membranes (c) and GO + 10% f5 membranes (d) with
different thicknesses. (e) A schematic diagram for GO-Cgq selective layer.
Red and blue arrows represent the possible selective and non-selective
gas pathways through each membrane, respectively. The black sphere
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Permeate

The average H,/CO, selectivity of GO membranes containing
0.1 mg GO increases to more than 27, indicating effective
molecular sieving of GO laminates. As the f5 concentration
in the GO-f5 series membrane rises from 0 to 20% (wt. all
omitted below), H, and CO, permeance decreased gradually,
whereas the H,/CO, selectivity improved (Fig. 1a, b and Fig. S6,
S7, ESIT). The membrane with 10% f5 has a slightly reduced
permeance but has the highest selectivity, almost twice that of a
pure GO membrane.

We further investigated the possibility of improving membrane
gas selectivity by increasing membrane thickness. As GO
membrane mass increases from 0.1 mg to 0.8 mg, gas per-
meance decreases and gas selectivity increases (Fig. 1c and
Tables S2-S5, ESIt). A membrane containing 0.3 mg GO has
the highest selectivity of 62, and the limited sensitivity of
the instrument makes it impossible to detect permeated CO,
in thicker samples. The gas permeance and selectivity of
all membranes with GO and 10% f5 but different thickness
shows similar trends with GO membranes, and the highest
selectivity reaches 75 (Fig. 1d). Overall, membranes with f5 had
higher selectivity than pure GO membranes of the same GO
mass. As illustrated in Fig. le, the high density of negative
functional groups on the edges of GO nanosheets enables the
binding of f5 to GO, which reduces electrostatic repulsion
between adjacent GO sheets. This results in narrower and more
selective inter-gaps in GO-Cg, nanolaminates than pure GO
membranes. In other words, Cg, derivative (f5) may prohibit

Chem. Commun., 2023, 59, 10012-10015 | 10013
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Fig. 2 XPS C 1s scanning spectra of (a) GO and (b) GO-f5 membranes.

CO, molecules from passing through the inter-grain bound-
aries of the GO membrane via electrostatic combination, while
not for H, molecules. This hypothesis is supported by the X-ray
photoelectron spectroscopy (XPS) data. As carboxylic groups are
generally located on GO edges, the decrease in intensity of
carboxylic peaks in the GO-f5 membrane over pure GO
membrane confirms that carboxylic groups interact with f5
(Fig. 2). In addition, the XPS N 1s scanning spectra of f5
and the GO-f5 membrane show two N peaks of ammonium
salt and amine, confirming the existence of f5 in the selective
layer (Fig. S8, ESIT).

Fig. 3a and b show the SEM cross-sections of GO and GO-f5
membranes, respectively. Membranes containing 0.1, 0.2, and
0.3 mg GO have thicknesses of about 183, 369, and 545 nm,
respectively, which is almost proportional to the mass of GO.
The average thickness of membranes containing f5 was
increased to about 200, 409, and 579 nm, respectively, compared
with pure GO membranes with the same GO mass (Fig. S9, ESIt).
The uniform increase in membrane thickness indicates the
homogeneous incorporation of f5 particles into GO laminates
as f5 concentration is <10%.

The SEM images of surface morphology are shown in
Fig. 3c-f for the GO-f5 membrane samples with different f5 filler
concentrations. The surface of a pure GO membrane is relatively
smooth, whereas GO-f5 membranes have more rough surfaces. In
low concentrations, i.e., up to 10%, f5 fillers are associated with
the inner GO sheets. However, at higher f5 concentrations, ie.,
20 wt%, filler aggregation occurs on the surface of membranes,
which makes non-selective voids in the laminate structure and
lower separation efficiency than GO + 10% f5 membranes.

Fig. 3 Cross-section SEM images of (a) GO layer (0.2 mg) and (b) GO-f5
layer (GO 0.2 mg + 10% f5). Surface SEM images of (c) GO membrane
(0.2 mg) and GO-f5 membranes (d: GO 0.2 mg + 5% f5; e: GO 0.2 mg +
10% f5; f: GO 0.2 mg + 20% f5).
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XRD was used to confirm the interaction between GO and f5
and evaluate the crystal structure of the resulting membranes.
The peaks around 20 = 9°-10° indicate the characteristic peak
of GO (Fig. S4, ESIt). When f5 is added, the peak shifts to the
left, indicating an increase in the average interlayer spacing of
GO sheets. This is due to the fact that the size of inserted Cg,
derivative particles is substantially larger than the interspacing
of the GO sheets. As the loading of f5 increases, the peak
intensity gradually decreases, due to the reduced crystallinity of
GO. The largest interlayer spacing (9.77 A) is observed at 5% f5
concentration, indicating that f5 has been fully inserted into
the GO interlayer. Further increasing the f5 loading amount
will lead to f5 aggregation, which reduces the average interlayer
spacing. XRD results also demonstrate that f5 tends to aggre-
gate at higher concentrations, consistent with the SEM results.

Gas transport in GO-Cg, nanolaminate membranes is influ-
enced by two main types of porosities: nanoporous defects and
interlayer spacings. Interlayer spacings offer high selectivity
and act as molecular sieves, while nanoporous defects enhance
permeance. However, the trend in H, permeance cannot be
solely explained by changes in interlayer spacing. Initially, the
introduction of Cg, derivatives increases interlayer spacing, but
its sealing properties significantly reduce gas transport through
nanoporous pathways, leading to decreased H, permeance.
Higher fullerene loading results in filler aggregation, reduced
intercalation between GO nanosheets, and decreased interlayer
spacing. Despite the decreased spacing, H, permeance
increases due to the presence of nonselective defects caused
by higher Cg, loading.

We also developed composite membranes using other types
of Cgo derivatives, i.e. f1 and f2 as well as pristine fullerene
(Ceo,p)- Membrane samples containing 0.2 mg GO and 10% f1
or f2 were tested using the same experimental procedure
(Fig. 4a, see more discussions in ESIT).

The GO-Cg4, derivative membranes were assessed against
other state-of-the-art H,/CO, separation membranes (Fig. S10,
S11 and Tables S6, S7, ESIT). Fig. 4b shows that the nanolami-
nate membranes developed in this study overcome the Robeson
upper bound and have high permeance and selectivity.

In industrial production, separating H,/N, and H,/CH, is
also in great demand. For example, the purge gas of ammonia
production contains 60-70% H, and 20-25% N,.*” Also, the
steam reforming of methane produces hydrogen-rich exhaust.
Different from H,/CO, separation, due to the low solubility of
N, and CH, molecules, separating H, from these mixed gases
through a conventional chemical absorption-based process is
extremely difficult. Membrane technology has been an alter-
native strategy for H,/N, and H,/CH, separation. The ability of
GO-f5 nanolaminate membrane for H,/N, and H,/CH, separa-
tion was also investigated. We chose the membrane with
0.2 mg GO and 10% f5 as a representative as it showed the
best performance for separating H,/CO,. The membranes were
tested using feed gases containing equal volumes of H,/N, and
H,/CH,. The results are shown in Fig. 4c, d and Tables S8, S9
(ESIY), which revealed that the GO-f5 membrane retains high
H, selectivity. For H,/N, and H,/CH, separations, the selectivity

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Hy permeance and H,/CO, selectivity of GO-Cgq derivative
membranes (GO: 0.2 mg; Ceo derivatives: 10%). (b) H,/CO, selectivity as a
function of H, permeance for GO-Cgq derivatives membranes in this work,
compared with literature data (Fig. $10, ESI$).67192 H, permeance, H,/N,
selectivity (c) and H, permeance, H,/CH,4 selectivity (d) of AAO support,
GO, and GO + 10% f5 membranes.

was 17.2 and 16.3, respectively, which is a 65% and 77%
improvement over pure GO membranes.

In summary, GO-Ce, composite nanolaminates can efficiently
separate hydrogen from gas mixtures. The optimum membrane
structure achieved an H, permeance of 3370 GPU and an H,/CO,
selectivity of 59. The improvement in gas mixture selectivity derives
from the introduction of {5, by tuning the interlayer spacing of GO
laminates and sealing the grain boundary in GO sheets. The
excellent compatibility and electrostatic interaction between posi-
tively charged Cg, derivatives and negatively charged GO make 5 a
good filler in GO gas separation membrane. The GO-Cso membrane
herein is, to our knowledge, one of the best GO membranes for
hydrogen separation. The high H, permeability and selectivity allow
the GO-fullerene nanolaminate membrane to be an up-and-coming
candidate for practical H, purification applications.
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