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For gas separation through laminar-structured graphene oxide (GO) membranes, precise nanostructure
manipulation is of critical significance for the acquirement of high performance. In this study, facile engi-
neering of GO membranes is realized by combining spraying and solvent evaporation-induced assembly
technique. Disordered-to-ordered and porous-to-compact GO membrane structures can be finely and
conveniently manipulated via controlling the spraying times and evaporation rate during GO assembly.
The as-fabricated GOmembranes possess the optimal gas separation performance with H2/CO2 selectivity
of 20.9 and H2 permeance of 2.7 � 10�8 mol Pa�1 m�2 s�1, which exceeds the upper bound of polymeric
membranes. A probable transport mechanism for different gas molecules is applied to clarify the relation-
ships between membrane structure and gas permeation. This study may explore an efficient and facile
approach to fabricate defect-free GO membranes with high controllability and practicability.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

With the expanding insights into graphene-based materials,
there are a rising number of research fields getting involved in such
investigation. Graphene oxide (GO) is one of the most attractive
derivatives from graphene for the sake of its enriched oxygenate
functional groups which enable the high water-dispersion stability
and facile chemical modification [1]. Therefore, GO rather than
pristine graphene is considered to be the ideal building block for
membrane. Initiated by Geim et al.’s work [2], three main types
of graphene-based membrane structures [3] have been reported
including porous graphene layer, graphene laminates and
graphene-based mixed matrix membrane. Laminar-structured GO
membranes can be obtained by proper assembly methods utilizing
the highly stackable property of two-dimensional GO nanosheets
[4], and have been applied into high-efficiency water purification
from macro organic molecules [5] owing to the extraordinary
water transport behaviour between GO nanosheets. Inspired by
this transport channel, GO membrane is also believed to have pro-
spects in gas separation area as the polar oxygenate functional
groups on GO nanosheets provide preferential sites for the interac-
tion with gas molecules. Therefore, compared with other state-of-
art commercial membrane, two-dimensional-graphene based
membranes can afford numerous novel mass transport properties
[6] and also enables the minimum transporting resistance and
maximum permeation flux [7]. Meanwhile, the mechanical
strength and the durability in harsh environment are taking advan-
tages over polymeric membranes [8]. More importantly, the large-
scale production is also possible due to the processable graphene
based suspension, which greatly shows promising prospects in
future. However, few studies have focused on the gas separation
of graphene-based membrane due to the high requirements and
great challenge for nanostructure controlling.

The typical laminar structure of GO membrane results from the
high aspect ratio of GO nanosheet (single-atom-thick with lateral
dimensions as high as tens of micrometers) as well as the edge-
to-edge repulsive interactions, face-to-face van der Waals forces
and capillary forces between adjacent GO nanosheets. In order to
fabricate laminar GO membranes, several commonly used assem-
bly methods have been employed including vacuum filtration
[1,9], dip-coating [10], drop-casting [11], spin-coating [12] and
layer-by-layer assembly [13,14]. The common point of these meth-
ods is to obtain GO dispersion first and then introduce solvent
evaporation or filtration to eventually form GO membrane. As thin
free-standing GO membrane without substrate is not suitable in
pressurized processes, vacuum filtration and dip-coating may be
most frequently adopted in membrane preparation for the reason
that the vacuum filter or substrates can act naturally as a support-
ing to combine with the GO separation layer. However, the GO
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membranes fabricated via vacuum filtration, dip-coating or drop-
casting method are only dependent on the property of GO suspen-
sion and hard to acquire precise structure controlling during the
fabrication process. Particularly, drop-casting method is not suit-
able for large-area homogeneous membrane formation. For layer-
by-layer assembly, the introduction of other compounds to GO
may bring the problems of aggregation and randomly blending,
rendering more difficulties in finely laminar structure tuning.

It has been reported that GO membranes are unstable at the dry
state due to the shrinkage and have to be kept wet for stability
[15]. This phenomenon makes it hard for GO membranes to be
applied in gas related processes like sensing or separation. While
flow-directed self-assembly is relatively time–consuming, taking
advantage of solvent evaporation to induce self-assembly has been
proved to make nanostructures more efficiently [16–19]. Although
evaporative self-assembly method is simple and convenient, it
results in a heterogeneous GO layer with loop structures if no
external force is introduced [20]. Herein, we report a facile method
utilizing spray-evaporation induced self-assembly to fabricate
substrate-based GO membrane. Spraying is an efficient coating
method with high controllability and widely utilized in various
homogeneous coating processes [21]. Fig. 1 is the schematic of
the proposed GO deposition process. In this method, the sprayed
ultra-small droplets can afford coating uniformity and high evapo-
ration efficiency. Furthermore, the spray-evaporation self-
assembly process takes merely several minutes, which is more pro-
ductive and effective compared with filtration methods taking
hours or much longer time to obtain GO membrane with similar
thickness [22]. In this study, the membrane structures were finely
and conveniently manipulated through regulating GO deposition
conditions including spraying times and evaporation rate. Gas per-
meation tests with different-sized gas molecules were performed
to investigate the relationship between membrane structure and
gas permeation.
2. Experimental

2.1. Materials

Single-layered graphene oxide powder was prepared by modi-
fied Hummer’s method [23]. Alumina powder (average particle
size of 270 nm) was purchased from Sumitomo Chemical Co., Ltd.
Ethanol with the purity of 99.9% was obtained from Wuxi Yasheng
Fig. 1. Schematic process of GO stacking on alumina substrate.
chemical Co., Ltd. Deionized water was used in all experimental
procedures.

2.2. Preparation of membrane

2.2.1. Preparation of alumina substrate
The alumina substrates were home-made with an average pore

size of �200 nm. Alumina powders (particle size of �200 nm) were
uniaxially pressed at 10 MPa to prepare green disks with diameters
of 25 mm and thicknesses of 2 mm. The green disks were then sin-
tered at 1200 �C for 2 h to form the porous substrates. One side of
the alumina substrate was polished by SiC sandpaper and washed
in deionized water before utilization.

2.2.2. Preparation of GO suspension
Certain amount of GO nanosheets were added into solvent with

the concentration of 1 mg/g, then followed by ultrasonication to
disperse. The lateral size of GO nanosheets utilized to form mem-
brane is around 1 lm (see AFM characterization in Section 3.5).
To accelerate the evaporation process at a relatively low tempera-
ture, GO nanosheets were dispersed in ethanol/water binary sol-
vents with the ethanol mass fractions of 0.1, 0.3, 0.5, 0.7, 0.9 and
1. The GO membranes derived from these solvents are thus
denoted as GO-0.1, GO-0.3, GO-0.5, GO-0.7, GO-0.9 and GO-1,
respectively.

2.2.3. Spray-evaporation induced GO membrane
Alumina substrate with pore size of 200 nm (smaller than the

size of GO nanosheets to prevent the pore filling) was heated to
the setting temperature by the heating plate. And, GO suspension
was sprayed vertically onto the substrate in various times. It
should be noted that the next spraying was not carried out until
the previous sprayed suspension was totally dried.

2.3. Characterization

To characterize functional groups of GO powder and the mem-
brane, Fourier transform infrared (FT-TR, AVATAR-FT-IR-360,
Thermo Nicolet, USA) spectra were recorded with the wavelength
range of 650–4000 cm�1. The size of GO nanosheets can be
observed via atomic force microscopy (AFM, XE-100, Park SYS-
TEMS, Korea) using non-contact mode. X-ray diffraction (XRD, Bru-
ker D8 Advance, Germany) was performed at room temperature in
the range of 5� 6 2h 6 40� with the increment of 0.02� per second.
The morphologies of the membrane surface and the cross section
were observed by field emission electron microscope (FESEM,
S4800, Hitachi, Japan). X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250, USA) was recorded using monochromatized
Al Ka radiation (1486.6 eV) to analyze the O/C ratio of GO powder.
Raman spectroscopy (LabRAMHR, HORIBA, France) was carried out
with 514 nm wavelength incident laser light in the range of 1000–
2000 cm�1. The thermal properties of GO powder were character-
ized by thermogravimetric analysis (TGA, NETZSCH STA 449F3)
in the range of room temperature to 1073 K with the rate of
10 K min�1. The interfacial adhesion strength between the GO
layer and the alumina substrate was measured by the scratch test
with nanoindentation technique (Nano-Test Vantage, Micro Mate-
rials, UK).

2.4. Gas permeation test

Single gas permeation was carried out to investigate the differ-
ent gas transport behaviors of the membranes. Constant-pressure
(1 bar) and variable-volume method was adopted in this test under
the temperature of 298 K. The membrane was placed in a sealed
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cell and the gas permeation flow rate was measured by a bubble
flow meter. The effective membrane area was around 3.46 cm2.
3. Results and discussion

3.1. Membrane formation process

Typical characterizations in Fig. 2 reveals that GO has been suc-
cessfully deposited on the substrate. In terms of the structure of GO
nanosheets, the most widely recognized one is Lerf-Klinowski
model [24,25] which states that epoxy, hydroxyl and carboxyl
groups exist on the basal planes and edges of the sheets (Fig. 2a,
FT-IR characterization of GO powder). The relatively high O/C ratio
of GO (Fig. 2c, XPS spectra of GO powder) is beneficial for the dis-
persion of GO in aqueous media [8,26,27] as well as the membrane
uniformity. Experimental results confirm that the substrate has
scarce influence on the intrinsic properties of deposited GO layer
as revealed from the FT-IR spectra of GO powder and GO mem-
brane (Fig. 2a). Porous alumina substrate was selected as the sub-
strate for the reason that its distinct surface properties and robust
mechanical strength contribute to the well-deposition of GO dur-
ing membrane-fabrication process and the high pressure resis-
tance during pressurized gas separation process, respectively.
From above characterizations, the properties of GO membrane
were retained from pristine GO materials during the mild process
of spray-evaporation without thermal or chemical transformation.

Single spraying contains very little amounts of GO suspension,
and comprises numerous ultra-small suspension drops that signif-
icantly increase the evaporation area and then enhance the evapo-
ration efficiency [28]. Once the suspension drops are sprayed on
the heated alumina substrate, the Brownian motion of suspended
GO nanosheets accelerates. With the evaporation of solvent, these
Fig. 2. (a) FT-IR spectra of GO powder, GO membrane and blank alumina substrate; (b) R
scan and (d) C1s spectrum of GO powder.
nanosheets tend to get more involved in collision and interaction
with each other, and move up to the liquid-air interface [22]. Just
like the formation process of graphene oxide paper [1], various
interactions exist in the spray-evaporation assembly process. Dur-
ing the initial several times of coating, capillary action occurs on
the porous alumina substrate. Furthermore, the hydrophilic prop-
erty of alumina particles is propitious to the GO deposition on sub-
strate. So in this process, GO nanosheets have a strong preference
of adhering to alumina substrate by capillary force. Capillary pres-
sure of liquid in a narrow tube can be calculated as follows [29]:

h ¼ 2c cos h
qgr

ð1Þ

where h is height of liquid in a narrow tube (m), c is surface tension
of the liquid (N m�1), h is the contact angle (�), q is density of the
liquid (kg m�3), g is local gravitational acceleration (N kg�1) and r
here is presumed as the pore radius of the alumina substrate (m).
Herein, taking the binary solvent with 50 wt.% ethanol as an exam-
ple, c = 0.029 N m�1, h = 30�(initial drop contact angle in Supple-
mentary Material), q = 920 kg m�3, g = 9.8 N kg�1 and r = 10�7 m. h
is calculated to be 55.7 m, equaling to the capillary pressure of
0.55 MPa. The subsequent coatings of GO are then dominated by
the hydrogen bonding and van der Waals forces between adjacent
sheets, leading to the gradual GO stacking in an ordered manner.
Therefore, the self-assembly procedure can be divided into two
stages comprising the initial fundamental coating and the subse-
quent stacking construction. The initial several times of coating
cover the surface of alumina particles, thus setting the stage for
the subsequent ordered deposition of GO nanosheets. Future work
on decreasing the layer thickness during the first stage of mem-
brane formation process is essential to further enhance the gas per-
meance. For comparison, we also prepared membrane samples with
aman spectrum of alumina substrate and as-prepared GO membrane; (c) XPS wide



Fig. 4. Gas selectivity of GO-0.5 membranes fabricated under evaporative temper-
ature of 343 K.
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the same deposition amount of GO on the alumina substrate via
pressure-driven filtration and drop-casting methods (Table S1).
Both samples are dried under atmosphere. However, the drop-
casted GO membrane is particularly nonuniform and is invalid for
gas separation. Samples made from filtration showed a uniform
membrane surface but still have no obvious performance in sepa-
rating possibly due to the micro-defects during the drying process.
Thus the spray-evaporation way is more facile and solid for prepar-
ing GO membranes related to gas separation use.

3.2. The effects of solvent evaporation rate

Evaporation occurs during the whole assembly process and
thus the evaporation rate exerts continuous influence on the
GO stacking. We aim to make the evaporation as fast as possible
but a prerequisite is that GO membranes should be well-formed.
A direct factor influencing the evaporation rate is heating tem-
perature. The boiling points of ethanol aqueous solutions are
also calculated (Fig. 3a) and GO is stable under such tempera-
ture. Thus the rough range of heating temperature can be deter-
mined as from room temperature to the solvent boiling point.
For example, the approximate boiling point of solvent containing
50 wt.% ethanol is 365 K, thus the applied temperature must be
under this value. Furthermore, the GO membranes fabricated
under heating temperatures near the boiling point were tested,
which exhibited the same gas permeation behaviour with blank
alumina substrate even when we increased spraying times
(Fig. 4). These gas selectivity results were similar to Knudsen
selectivity (dependent on the gas molecular weight) whatever
the spraying times. This phenomenon may arise from the poor
membrane structure formed at an extortionate evaporation rate.
So in the following work, we set the heating temperature as
323 K (the common drying temperature for GO membrane) to
ensure that the evaporation-induced process performs more
mildly and also efficiently.

Ethanol is an efficient evaporative solvent commonly applied in
evaporative self-assembly [16]. Different evaporation rates can be
achieved by mixing ethanol and water with different mass frac-
tions (Fig. 3a). The evaporation rate of a multicomponent system
is expressed by following [30]:

Rt ¼
X

ciciR
0
i ð2Þ

where ci is the coefficient of activity of component i, ci the concen-

tration by weight, and R0
i is the evaporation rate of pure i. The activ-

ity coefficient ci is:
Fig. 3. (a) Calculated boiling point and the transient evaporation rate varied by ethan
ethanol/water suspension and the one after centrifugation (the embedded numbers rep
log ci
Si

¼
Xn

j¼1

£iBij �
Xn

j¼1

Xn

k>j

£j£kBkj ð3Þ

where£i represents the mass fraction of any component i, given by

£i ¼
ciSiXn

j¼1
cjSj

ð4Þ

The weighting factors Si and the binary limiting activity coeffi-
cients c1ij and c1ji are represented as:

log c1ij ¼ SiBij ð5Þ

log c1ji ¼ SjBij ð6Þ
Here Bij is an interaction parameter characteristic of the binary

system(Bii = 0). The limitingbinary activity coefficientsbetweendif-
ferent component types are available (c1e;w ¼ 48, c1w;e ¼ 3:8, ‘‘e” for
ethanol and ‘‘w” for water.) According to the equations above, the
evaporation rates of varied ethanol/waterbinary solvents canbe cal-
culated. All evaporation rates here are relative to that of n-butyl
acetate. The evaporation rates of pure ethanol and pure water are
1.7 and 0.36, respectively. It should be noted that the calculated
evaporation rates in Fig. 3a are transient values due to its continuous
change with solvent composition during evaporation process. Nev-
ertheless, the evaporation rate of multicomponent system is always
higher than that of pure water, which means that the evaporation
process will get shortened as the proportion of ethanol is higher.
ol mass fraction in aqueous solution; (b) comparison between just sonicated GO-
resent the mass fraction of ethanol in aqueous solution).
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A stable GO suspension is a prerequisite to obtain homogeneous
membrane [31]. As mentioned above, oxygenate functional groups
facilitate the excellent water dispersion of GO nanosheets. But GO
nanosheets only show short-term dispersion stability and tend to
precipitate in some organic solutions including ethanol [32]. The
addition of water is deemed to improve the dispersibility to a large
extent as ethanol can be mixed with water in any proportion. To
determine the proper solvent composition for GO deposition, the
dispersion behaviour of GO nanosheets in different ethanol-
containing solvents was studied. For coating solvents, solubility
and volatility are two most fundamental properties [33]. Higher
mass fraction of ethanol in solvent results in faster evaporation
rate but poorer GO dispersibility. The dispersion stability was
observed by comparing the just-sonicated suspensions and those
after centrifugation (Fig. 3b). After centrifugation, GO nanosheets
in solvents with high ethanol concentration begin to aggregate,
leading to lighter-colour supernates and more precipitants. This
may eventually result in aggregated GO blocks as well as lager
defects in the final membrane structure if the suspension with high
ethanol concentration is utilized.

Except the vertical interactions of substrate-GO nanosheet
attraction and face-to-face van der Waals force, the horizontal
edge-to-edge electrostatic repulsion between nanosheets can lead
to a lateral shift before the suspension is totally dried. Therefore,
the GO nanosheets are well-distributed while the stacking is
underway simultaneously. If the evaporation rate is too fast, GO
suspension will provide no enough wetting for underlayer (also
no enough interaction), causing poor adhesion and partially aggre-
gated GO nanosheets. Moreover, extremely fast evaporation also
makes the water vapour above the surface of wet membrane con-
dense, eventually blanching and cracking the coated membrane.
This phenomenon is also reported in paint film formation process
[30]. The digital photos of prepared GO membranes (20 times of
spraying) are shown in Fig. 5a. Membrane surface seemed to be
more uniform when the evaporation rate is getting faster. Insuffi-
cient evaporative assembly process leaves the time for suspension
drops to gather and randomly flow on the substrate surface. Inter-
estingly, the colour of these GO membranes appears from brown
(GO-0.1, -0.3, -0.5 and -0.7) to grey (GO-0.9 and -1). Meanwhile,
wrinkles on the membrane surface are also gradually increased
by faster evaporation as shown in SEM images (Fig. 5b, GO-0.1, -
0.3, -0.5 and -0.7). However, the continued increase of evaporation
rate results in micron-sized pores in membrane (Fig. 5b, GO-0.9
and GO-1) for the reason that extremely fast evaporation process
leaves no time for GO nanosheets to stack orderly and the poor
GO dispersibility also exacerbate this phenomenon. As a result,
gas molecules tend to permeate freely through these pores. Gas
permeation results of these membranes is agreed with the corre-
sponding different structures (Fig. 6). For the nonuniform mem-
branes of GO-0.1 and GO-0.3, the existence of defects leads to
relatively higher H2 permeance and lower selectivity. GO-0.5 and
GO-0.7 membranes are more appropriate for gas separation due
to the mild stacking rate and the relatively good dispersibility to
obtain uniform membrane as well as laminar structure. When
the evaporation process is excessively shortened and GO dis-
persibility gets much worse in solvent with high ethanol mass frac-
tion, the H2/CO2 selectivities of GO-0.9 and GO-1 membranes are
close to that of blank alumina substrate possibly due to the fatal
cracks or defects caused by extraordinarily rapid evaporation.

3.3. The effects of spraying times

The morphology of GO layer is indicated by SEM and AFM
images of membrane surface (Fig. 7). Blank alumina substrate as
well as GO-0.5 membranes with 1, 5, 10, 20 and 30 times of
spray-coating are characterized. The surface of blank alumina sub-
strate is comprised of arranged alumina particles. With deposition
of GO nanosheets, alumina particles are gradually covered and con-
ferred decreased surface roughness (the Rq and Ra values in Fig. 7).
After 20 times of spraying, the surface roughness exhibits a notable
reduce which confirms that the GO stacking has entered the 2nd
stage: the laminar stacking. Thickness change of GO layer with var-
ied spraying times were observed by cross-sectional SEM images in
Fig. S2. Laminar structure is observed in SEM images of mechani-
cally exfoliated GO layer from alumina substrate (Fig. 8a). XRD
characterization was also carried out to study the stacking beha-
viour of these GO membranes (Fig. 8b). Obvious GO characteristic
peak is exhibited in GO-0.5 membranes with different spraying
times. The intensity of the peak becomes stronger possibly due
to the increasing GO amount. From the calculated value of full
width at half maxima (FWHM) on XRD pattern, the GO membrane
samples with 20 or 30 spraying times own the values of 0.904 and
0.908, which is smaller than the FWHM value of 0.926 from the
sample with 10 spraying times. This may reflect a certain enhance-
ment on the crystallinity of GO stacking to some extent. A few
stacking wrinkles still exist after 20 or 30 times of spraying as seen
from the SEM images of GO membrane surface due to the edges of
GO nanosheets after stacking [34].

To characterize the interfacial adhesion of composite GO mem-
branes (after 20 spraying times), nanoindentation technique was
used here. Initial crack was occurred at the scratch distance of
70 lm and the critical load was 17 mN. Continuously considerable
crack was revealed after the distance of 170 lm, where the load
was 46 mN. The under-layered GO adhered to alumina substrate
was not peeled off even at the load of 100 mN, representing a
promising interfacial adhesion (Fig. 9). The interfacial adhesion
arises from the interactions between robust alumina substrate
and under-layered GO nanosheets.

It has been analysed that GO assembly process comprises two
stages. When low spraying times are applied, the uneven mem-
brane surface leaves large defects to let gas molecules freely pass
through (Fig. 10, GO-0.5 membranes with spraying times less than
10). After 20 times of spraying, the 2nd stage of laminar structure
and defect-free GO membrane are obtained. Therefore, a good sep-
aration performance (with H2/CO2 selectivity above 20) is acquired
for GO-0.5 membranes with spraying times of 20 and 30.

3.4. Gas permeation properties

Under mild evaporation rate and proper spraying times,
laminar-structured GO membranes are able to be obtained which
own relatively high H2 selectivities over CO2. The detailed gas per-
meation test of GO-0.5 membrane with 20 times of spraying was
carried out with H2/CO2 selectivity of 20.9 (3.3 times higher than
blank alumina substrate) and the H2 permeance of 2.7 � 10�8 -
mol Pa�1 m�2 s�1 (Fig. 11a). This separation performance has
exceeded the upper bound of reported polymeric membranes
[35] (Fig. 11b) including polyimide (PI) and polybenzimidazole
(PBI) [36,37]. Moreover, the desirable long-term gas permeation
stability of this GO membrane was confirmed as shown in Fig. 11c,
indicating that the GO membrane was stable during a 500-h con-
tinuously pressurized operation. This also proves that such GO
membrane is rather stable in dry state solving the problem of
wet-state storage.

In consideration of other factors that affecting the gas perme-
ation properties during gas testing process, we also conducted
experiments aiming to observe the effects of applied feed pressure,
environmental temperature and moisture. The detailed gas perme-
ation results can be found in Supplementary Material. It can be
concluded that alumina substrate supported GO membranes can
sustain high pressurized process. However, for pure GO material,
high-pressure weakened its interaction with gases thus lead to



Fig. 5. (a) Digital photos of GO-0.1, GO-0.3, GO-0.5, GO-0.7, GO-0.9 and GO-1 membranes; (b) SEM morphological images of GO membranes.

Fig. 6. Gas permeation of GO membranes derived by varied evaporative rate.
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the dropping of separation performance. During the temperature-
elevating process, GO membrane was relatively stable before tem-
perature went up to 403 K. Both H2 and CO2 gas permeance
showed slight decrease for the sake of gradual reduction in this
thermal annealing process. However, an abrupt permeance change
occurred at 403 K (noting that the change occurred in just several
minutes under this temperature) mainly due to the decomposition
of GO and micro-defects were possibly caused in membrane struc-
ture. After this, the gas permeance tended to get steady which is
similar to the process before the abrupt temperature point as the
decomposition process evolved to a balance. The temperature-
dependent gas permeating behaviour of GO membrane was also
reported by Kim et al. [12]. However, for our membranes applied
in mixed gas system, gas separation performance was close to
the Knudsen behaviour and we also found the moisture contain-
ments (the humidity of 89%RH) in mixed gas (H2 and CO2 with
equal volume) is helpful for the inhibition of gas permeation (espe-
cially for CO2 compared with H2) and lead to a lifted H2/CO2 selec-
tivity. Based on the above consideration, further work based on
spray-evaporation to strengthen the GO laminates interaction
(such as crosslinking) and to relieve the problem of environmental
influence is required.



Fig. 7. AFM and SEM morphological images of GO membranes with the spraying times of 0, 1, 5, 10, 20 and 30 from left to right, respectively. Roughness data of these
membranes are noted below the AFM images (Ra: arithmetic average values of roughness; Rq: root mean squared values of roughness). The scale bars of the SEM images are
10 lm. The scanning area of AFM images is 10 lm � 10 lm.

Fig. 8. (a) Cross section view of mechanically exfoliated GO layer from alumina
substrate; (b) XRD characterization of alumina substrate and GO-0.5 membranes
with different spraying times.

Fig. 9. SEM images of the scratch (inset enlarged view of scratch is at the distance
of 340 lm to 400 lm) and the corresponding friction results as well as load data of
the scratch test.
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3.5. Transport mechanism

According to the above characterizations and gas permeation
performance, the probable transport mechanism in spray-
evaporation induced GO membranes was summarized and
schematically diagrammed in Fig. 12. For not well stacked GO
layer, larger defects domain the transport pathway. But for laminar
GO layer, there are two main ways for gases to transport through
stacked GO nanosheets. One is the tortuous pathways formed by
parallel-stacked GO nanosheets and the other is the small defects
or pin holes in GO nanosheets. Augment in spraying times results
in muchmore complicated transport pathways and the consequent
higher transfer resistance. Meanwhile, the few structural defects
on GO nanosheets probably provide another kind of ways for gas
transporting but only in a minor degree, as supported by relatively
low ID/IG value (0.91) from the Raman spectra of GO membrane
(Fig. 2b). The distance between pointlike defects (LD) is a measure
of the amount of disorder in graphene [9,42]. LD here is calculated
as 10.0–13.3 nm. The d-spacing between GO nanosheets (0.84 nm)
can be obtained from the XRD characterization (Fig. 8b) [43]. Com-
monly the thickness of graphene sheets is 0.35 nm, so the free
space of interlayer is around 0.49 nm. This value is larger than
molecular kinetic diameters of gases such as H2 (0.29 nm), CH4

(0.38 nm), N2 (0.36 nm), O2 (0.346 nm), and CO2 (0.33 nm). Testing



Fig. 10. Gas permeation of GO membranes derived by varied spraying times.

Fig. 11. (a) Gas separation performance of GO-0.5 membrane with the thickness of
1 lm; (b) comparison with some other typical membranes (polymer [35–37], silica
[38,39], MOFs [40], GO [12], and MoS2 [41] assuming the membrane thickness of
1 lm) and the upper bound of polymeric membranes (2008); (c) long-term gas
permeance investigation.
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results showed that Knudsen diffusion behaviour was followed for
gases like H2, N2, CH4 and O2 because there was enough interlayer
spacing for all those gases to permeate. However, for gases like
CO2, GO showed a much stronger adsorption [12]. As well-proved
by literatures [12,27,44,45], the CO2 molecules can exhibit particu-
lar interaction with polarized functional groups on GO nanosheets
which leads to the inhibition of CO2 transport. Once CO2 molecules
start penetrating through fresh GO nanosheets, they interact with
various polarized groups, especially carboxylic acid groups.
Because almost all carboxylic acid groups are located at the edge
of nanosheets, the adsorbed CO2 molecules begin to act as barriers
to hinder further penetration of CO2 molecules through the bound-
aries between nanosheets. As a result, CO2 permeance decreases
over time and finally reaches equilibration, leading to higher H2/
CO2 selectivity than that of theoretical Knudsen diffusion.

Now that the main transport pathways are the free pore spaces
formed from edge-to-edge and face-to-face laminar nanosheets,
we considered that such porosity may be changed if different sized
GO nanosheets are used in membrane fabrication. As to overspread
a certain area of substrate with GO nanosheets, it is easy to under-
stand that GO membrane fabricated using smaller nanosheets can
show faster gas transport because that more edge-to-edge
arranged nanosheets possess more boundaries so as to create more
transport pathways. To verify this, large-sized GO nanosheets
(denoted as LGO, Fig. 13a) were utilized to fabricate membranes
through the same procedures. The results of gas permeation tests
under the same conditions confirm the analysis above. H2 perme-
ance decreases remarkably compared with smaller-sized GO mem-
branes while H2/CO2 selectivity is kept around 20 (similar to that of
smaller-sized GO membrane) when the spraying times reaches 20
or higher (Fig. 13b). Therefore, it can be concluded that the oxy-
genate functional groups of GO contribute to the H2/CO2 selectivity
and the size of nanosheets was associated with membrane porosity
as well as gas permeance.

From the theoretical perspective, we can also estimate the
effective transport length (TL) of GO laminates which is repre-
sented by L� h

d (L is the length of GO laminates, h is the thickness
of GO layer and d is the d-spacing) [27,46,47]. 1 lm-thick mem-
brane is formed by 20 times of spraying and thus every spraying
could form 0.05 lm thick GO layer on average (presuming that
the thickness change resulted from every spraying is the same).
Therefore, one more spraying can lead to a TL increasement of
about 60 lm. By contrast, for LGO-0.5 membrane, one more spray-
ing brings a TL increasement of 120 lm. Additionally, as men-
tioned above, LGO assembled membranes possess less edge-to-
edge transport pathways which significantly reduces the gas per-
meance. Therefore, among the operation conditions in fabricating
laminar GO membrane, one of the important factor in influencing
gas permeance is the lateral size of GO nanosheets (also the L in
the former mentioned expression). This conclusion is correspond-
ing to the gas permeation results in Fig. 13b.
4. Conclusion

In summary, an efficient spray-evaporation method was
explored to achieve facile structure manipulation and separation
performance optimization of GO membrane. GO membranes on



Fig. 12. Schematic process of gas molecules permeating through deposited GO layer.

Fig. 13. (a) AFM images of GO nanosheets with different lateral size (LGO stands for
large-sized GO); (b) Gas separation performance of membranes comprising
different-sized GO nanosheets (spaying times are noted in brackets following GO-
0.5 or LGO-0.5).
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alumina substrate were successfully fabricated via reduplicated
spraying and evaporation processes within a few minutes and uti-
lized for gas permeation test. By regulating spraying times and
evaporation rate, defect-free laminar membrane structure was
acquired, rendering the GO membranes with higher H2 permeabil-
ity over CO2. Such superior performance arises from three reasons:
(i) the multiple-times spraying of ultra-small droplets on substrate
affords uniform coating; (ii) the finely tuned evaporation rate con-
fers the compact stacking of GO nanosheets; (iii) the interactions
between alumina substrate-GO nanosheet results in structural sta-
bility. Meaningfully, this method for fabricating defect-free GO
membrane is rather facile and productive.
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