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inherited from graphene. [ 1 ]  Recently, 
membrane-like energy storage devices 
have become one of the hottest topics of 
graphene research, in which a graphene-
based membrane is used as the fl exible 
electrode due to its easy preparation and 
manipulation. [ 2 ]  However, the electrolyte 
ions are often limited from penetrating 
inside the closely stacked membrane 
electrode because the ion transportation 
direction is perpendicular to the layer ori-
entation. [ 3 ]  Moreover, the closely stacked 
structure provides a low graphene surface 
availability, limiting the energy density 
improvement. [ 4 ]  Such a closely stacked 
structure also restricts the applications of 
graphene membranes in other fi elds, such 
as fi ltration and adsorption-derived appli-
cations. Thus, tailoring the microstructure 
of the graphene-based membrane is an 
urgent issue. Recent reports have shown 
that the closely stacked structure can be 
loosened to some extent by introducing 
spacers between graphene layers, but the 

layer orientation cannot yet be well controlled. [ 2d , 5 ]  Very recently, 
water and some other liquids have been proven as the impor-
tant components to tune the microstructure and properties of 
graphene-based assemblies. The water or some other liquids 
trapped in the formed graphene-based assembly or dispersion 
can be used to construct metastable and adaptive pore struc-
ture, in which the stacking of the graphene sheets is optimized 
to reach desirable properties, such as high packing density or 
ordered sheet arrangement. [ 4,6 ]  In our previous study, we have 
successfully prepared a three-dimensional graphene assembly 
with a high density and ultrahigh electrochemical volumetric 
capacitance by precisely controlling the removal process of 
trapped water. [ 7 ]  

 A graphene oxide membrane (GOM)  is a typical form of 
graphene-based membrane, and two methods, fi ltration and 
liquid/air assembly, are the normally used strategies for its 
fabrication. [ 1a , 8 ]  When freshly removed from the hydrosol, the 
GOM, which is assembled at the liquid/air interface, contains 
a certain amount of water before further drying, and a lay-
ered structure is formed when the water evaporates slowly in 
atmospheric or vacuum environments. [ 8a ]  In this case, the water 
trapped between the adjacent layers is vaporized and released 
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  1.     Introduction 

 Macroscopic freestanding membrane is one of the most impor-
tant forms of assembled graphene and has attracted great atten-
tion in recent years due to their fl exibility and unique properties 
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sideways from the membrane and a GOM with tightly layered 
structure (denoted as TGOM)  is naturally formed, as sche-
matically shown in  Figure    1   (lower). Inspired by an analysis 
of the layered structure formation process, we consider that 
the removing process of water trapped actually may provide a 
driving force to fi nely tune the stacking state and orientation of 
graphene layer in a GOM.  

 The drying of the membrane, in other words, the removal 
of the trapped water from the layered structure, is intrinsically 
a transition from a liquid to gaseous state. Water may trans-
form to gaseous state in two ways, vaporization from liquid 
water as described above to form TGOM and sublimation 
from frozen water (ice)  with a pre-freezing process. The two 
ways in which water are removed may give different driving 
forces to tune the microstructure of the formed GOM. In the 
evaporation-dominated drying process, the relatively strong 
interaction between water and graphene oxide sheets is the 
main cause for the tightly stacked structure in the resultant 
GOM while, [ 7,9 ]  in the sublimation-dominated drying process, 
the resultant GOM possesses a slightly loosened layer struc-
ture since the trapped water has already been frozen into ice 
before drying and graphene oxide sheets are separated from 
the ice. [ 6a , 10 ]  

 Generally, limited force is generated during the slow vapori-
zation of liquid-state water in an evaporation induced drying 
process or sublimation of the frozen water (ice)  in an ordi-
nary freeze-drying process. According to the phase diagram 
of a pure substance (Figure S1, Supporting Information), at 
reduced pressure and decreasing temperature, water may 
transform to gaseous state in two successive processes, vapori-
zation from liquid water above the triple point and subli-
mation from frozen water (ice)  below the triple point. That 
means, near the triple point, water may endure severe and 

sudden phase changes across the three phases (water, vapor, 
and ice), and such instantaneous phase changes may provide 
a strong driving force to tune the microstructure of the fi nally 
formed membrane (orientation and stacking state of graphene 
sheets). 

 In this study, we use a freeze-drier to realize the above two-
stage drying process across the triple point by reducing the 
pressure. In contrast to an ordinary freeze-drying where pre-
frozen sample is required to fi x the microstructure of water-rich 
samples, in the two-stage process, a wet sample with abundant 
trapped water is directly put into the freeze-drier and endures 
a fast evaporation of liquid water at reduced pressure inducing 
a fast decreasing of temperature, that is followed by a sublima-
tion of a small amount of frozen ice at very low temperature. 
Accordingly, a GOM with a graded structure and vertical open-
ings at bottom side (denoted as GGOM)  is obtained, which is 
different from the closely stacked structure of TGOM, as illus-
trated in Figure  1 . This membrane is described as a combina-
tion of three graded sections: a tightly layered structure (top), a 
loosely layered structure (middle)  and vertically aligned sheets 
(bottom). The middle loosely layered structure and bottom ver-
tical openings are accessible to foreign molecules. Note that 
such a graded structure can only be obtained in a membrane 
assembled at the liquid/air interface, not in the fi ltered mem-
brane where the membrane is totally destroyed by the same 
two-stage drying owing to the absence of the upper tightly 
stacked structure, which helps maintain and fi x the membrane 
morphology. The obtained membranes after reduction show 
high adsorption capability towards various molecules, especially 
for heavy oil and lithium polysulfi de products in the cathode 
of Li–S battery. Furthermore, the membranes show high rate 
performance and cyclic stability when directly used as the elec-
trodes for supercapacitors.   
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 Figure 1.    Schematic of the formation processes of the closely stacked microstructure (for TGOM)  and open and graded microstructure (for GGOM)  
in a graphene oxide membrane (GOM)  self-assembled at the liquid/air interface. The upper digital photos show the changes (with drying time)  of 
the bottom side of the membrane during the two-stage drying process with reduced pressure.
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  2.     Results and Discussion 

 As illustrated in Figure  1 , although with the same freeze-drier, 
the wet sample endures a two-stage drying that is entirely dif-
ferent from the ordinary freeze-drying in which the sublima-
tion of the frozen water is the only process by which the trapped 
water is removed. That is, the two-stage drying process strictly 
follows the phase diagram in which the coexistence curves of 
different phases are demonstrated. With the decreasing pres-
sure under a vacuuming process, the liquid water seriously 
boils that can be clearly observed in Figure S2 (Supporting 
Information), and after the pressure is low enough (reaching 
the triple point), the boiling water transformed into ice instan-
taneously and the boiling morphology of water is fi xed. Con-
sidering the liquid-state water trapped between the graphene 
layers in GOM, two different phase changes hint us that the 
strong force generated from the boiling water can be used to 
change the closely stacked microstructure of GOM and the 
continuous phase change will help fi x the changed structure. 

 In a typical formation process for a GGOM, a very thin 
fi lm was fi rst formed at the liquid/air interface and gradually 
assembled into a thicker membrane. The originally formed part 
(top)  of the membrane, which was exposed to air, gradually 
dried forming a tightly layered structure during the continuing 
membrane formation. After the membrane was collected from 
interface, the lower part (below the dried thin fi lm)  in contact 
with the liquid still contained certain amount of water trapped 
among the adjacent graphene layers. Without a freezing pre-
treatment in liquid nitrogen as used for the ordinary freeze-
drying, the freshly obtained wet GOM was then directly placed 
in a freeze-drier and subjected to a drying process with reduced 
pressure and decreasing temperature. The bottom side of 
GOM is wet and fl at, which can be seen from Figure  1 . That is, 
at the beginning of the drying at reduced pressure, the water 
molecules between the graphene layers were still in the liquid 

state (Figure S3, Supporting Information). As a result of fast 
vacuuming (reduced pressure)  in the freeze-drier (Stage 1 
shown in Figure  1 ), the water molecules between the graphene 
layers evaporated at a very high speed due to the fast drop of 
the boiling point at reduced pressure, and thus the bottom 
layers of the GOM were pulled vertically by the rapidly evap-
orating vapor fl ow while the interlayer distance in the middle 
part is expanded. Bubbles generated during the fast water 
removal process can be clearly observed on the bottom side of 
the assembled GOM as marked in the digital photo of Stage 
1 shown in Figure  1 . After the pressure was reduced enough 
to reach the triple point and the liquid water instantly trans-
formed to ice crystals (Stage 2 indicated in Figure  1 , and the 
color changes of the membrane is attributed to such transfor-
mation), which act as the spacers between the expanded gra-
phene layers, subsequent sublimation removes the ice crystals 
in a direction parallel to the layers, and thus a loosely stacked 
structure was formed as a result of ice crystal removal. The dig-
ital photos shown in Figure  1  clearly show the different water 
removal processes. 

 A photo of the tailored freestanding GGOM is shown in 
 Figure    2  a, indicating that the membrane is fl exible. Its open and 
graded structure is clearly indicated by the cross-sectional scan-
ning electron microscopy (SEM)  image shown in Figure  2 b, 
from which three different sections (top, middle and bottom)  
can be clearly identifi ed and the structure is totally different 
from that of TGOM dried at 70 °C in air (Figure S4, Supporting 
Information). A continuous thin fi lm, which has tightly layered 
structure indicated by the SEM image in Figure  2 c (Section 1), 
can be seen on the top of the GGOM (Figure  2 c). This helps 
maintain the membrane morphology during the drying pro-
cess with serve phase changes as mentioned above. The middle 
part of the GGOM (Section 2)  shows an expanded and disor-
dered structure due to the removal of ice crystals during the 
second-stage compared with the bottom part (Section 3)  which 
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 Figure 2.    Open and graded microstructure of a GGOM. a)  Photograph of a fl exible GGOM; b)  Cross-sectional SEM image of the membrane and c,d)  
the corresponding magnifi ed images of the marked areas; e,f)  top and bottom view SEM images of the membrane, and the overlay of (f)  shows a 
magnifi ed SEM image of the bottom.
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is the result of the strong forces caused by fast water removal 
that pull the layers into a vertical orientation during the fi rst-
stage drying as shown in Figure  1 . Figure  2 f shows the struc-
ture of the bottom of the membrane with large gaps and large 
macropores, which is totally different from the top fl at surface 
with some ripples (Figure  2 e and Figure S5, Supporting Infor-
mation). In such a membrane, one quarter of graphene layers 
formed the layered structure in Section 1 which is roughly eval-
uated from the thickness comparison in Figure  2 b (≈500 nm)  
and Supporting Information Figure S4 (≈2 µm for TGOM 
assembled with same period with GGOM), which can be used 
as an integrated current collector in the electrochemical appli-
cations resulting in a simple device assembly process. X-ray dif-
fraction (XRD)  patterns (Figure S6, Supporting Information)  
also indicate the structure difference of membranes subjected 
to different drying methods. TGOM shows a strong and sharp 
peak around 11° indicative of the tight stacking of the graphene 
oxide (GO)  nanosheets, while only a small peak at about 11° 
with low intensity can be observed for GGOM. Since both of 
the membranes are assembled in the same conditions, the low 
intensity means that only a part of the GO nanosheets tightly 
restacked (Section 1), which is in accordance with the afore-
mentioned structure discussion.  

 Such open and graded microstructure 
is relatively stable and cannot be changed 
during the reduction process, which can 
be proved by the XRD patterns shown in 
Figure S6. After the reduction using hydra-
zine hydrate vapor (denoted as rGGOM), 
the peak around 11° almost disappeared 
and a broader peak appeared at around 
23°. After a following thermal treatment at 
600 °C (denoted as rGGOM-600), the peak 
shifted to about 26° and became sharper, 
revealing that the GO was reduced to gra-
phene and the layered structure revealed 
in Section 1 still exits. The specifi c sur-
face areas of rGGOM and rGGOM-600 are 
30–40 m 2  g −1  and 60–80 m 2  g −1  calculated 
by Brunauer-Emmett-Teller (BET)  method 
respectively, which is far much higher than 
that of reduced TGOM (normally less than 
5 m 2  g −1 ). 

 Compared with TGOM, the graphene 
sheets in GGOM are more accessible to ions 
and molecules due to their open structure. 
Therefore, GGOM may have great poten-
tial as an absorbent, such as for dye and oil 
removal. Remarkably, the membrane can be 
directly used as a fi ltration membrane, and 
we designed a simple experiment to charac-
terize its adsorption ability using methylene 
blue (MB)  as a target molecule. As shown 
in Figure S7 in the Supporting Informa-
tion, the GGOM displays a fast adsorption 
ability towards MB and the fi ltrate shows 
a much lighter color than the original solu-
tion containing a high MB concentration, 
and its adsorption capacity for MB is much 

higher (≈700 mg g −1 )  than that of TGOM (≈200 mg g −1 ). 
Heavy oil, like pump oil, is viscous and diffi cult to be adsorbed 
by microporous activated carbon, [ 11 ]  the most frequently used 
adsorbent. GGOM displays fast and considerable adsorption 
ability towards heavy oil, as expected, because of its open struc-
ture and very large pores. As shown in  Figure    3  a, fast adsorp-
tion of vacuum pump oil (Ultra Grade 15 Oil, Edwards)  which 
is colored by Sudan II (a kind of dye)  for clear observation is 
revealed, and the oil surrounding the membrane is adsorbed 
as soon as the membrane touches it. GGOM shows a similar 
oil adsorption capacity to that of expanded graphite, an impor-
tant adsorbent with large pores for oil removal (Figure  3 b), and 
much higher capacity than TGOM due to its open structure. 
The aligned part (bottom)  of the GGOM makes it easy for the 
oil to impregnate the membrane and be adsorbed, while the 
middle part provides large oil storage space. As GO is hydro-
philic, it is diffi cult for the oil to impregnate the membrane, 
and this may restrict the oil adsorption capacity of GGOM. After 
chemical reduction (rGGOM)  and further thermal treatment 
at 600 °C (rGGOM-600), the adsorption ability of the reduced 
GGOM towards oil is largely improved (Figure  3 b). It is exciting 
to note that the reduced GGOM displays a much higher adsorp-
tion capacity for heavy oil (≈4000%)  than for other organics 

Adv. Funct. Mater. 2014, 24, 3456–3463

 Figure 3.    Adsorption and adsorption-related battery performance of GGOM. a)  shows the fast 
adsorption of GGOM towards oil colored by Sudan II. b)  The adsorption capacity of GGOM, 
reduced GGOM (rGGOM and rGGOM-600)  and a reference expanded graphite towards var-
ious organics. c)  Adsorption kinetics of the GGOM and rGGOM towards methylene blue 
(MB). d)  The cyclic performance of the rGGOM-600/sulfur and expanded graphite/sulfur com-
posites as the cathodes in Li–S batteries.
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such as dodecane (≈2000%)  and decane (≈1000%), showing 
great potential in environmental related applications. Although 
one quarter of graphene sheets cannot be utilized in the 
adsorption process, the adsorption capacity of rGGOM-600 is 
only slightly lower than that of the ultralight graphene foams 
reported recently with high layer utilization. [ 12 ]  Another advan-
tage is that the membrane morphology can be well maintained 
after adsorption process, which can be easily manipulated for 
the further treatment. Furthermore, the preparation process for 
such membrane is facile and fast, which ensures the mass pro-
duction of the membrane in future practical applications.  

 Since the graded structure is not greatly changed during the 
mild reduction process, which is indicated by XRD patterns 
and SEM observations (Figures S6,S8, Supporting Informa-
tion), the adsorption ability improvement towards oil is mainly 
attributed to the combination of the increased interaction with 
the organic molecules because of the increase of lipophilicity 
and its unique open structure. As a result, rGGOM shows a 
decreased adsorption rate and capacity towards MB in water, 
as shown in Figure  3 c. Most of the oxygen functional groups 
are removed after the reduction and the C/O ratios are about 
≈ 8.1 for rGGOM and ≈14.4 for rGGOM-600, as indicated by 
the X-ray photoelectron spectroscopy (XPS)  results shown in 
Figure S9, Supporting Information. A N1s peak is also detected 
due to the use of hydrazine hydrate as the reducing agent. 
Sheet resistance measurements using the four-probe method 
further demonstrate the reduction of the membranes, in which 
the resistances of rGGOM and rGGOM-600 are ≈30–40 Ω � −1  
and ≈2–3 Ω � −1  respectively, suggesting the good conductivity 
of the reduced membranes. More importantly, the graphene 
layers are interconnected with each other, resulting in the low 
electron resistance in electrochemical applications. 

 From above discussion, we found the open structure endows 
the reduced membrane with high adsorption capability towards 
many molecules as well as the good conductivity, making it 
promising in various electrochemical applications. Another 
potential application of the strong adsorption capability is to 
restrict the dissolving of sulfur and the “shuttle effect” of the 
dissolved sulfur compounds in the cathode system of Li–S bat-
teries. Various carbon nanostructures have been designed to 
wrap the sulfur particles to suppress polysulfi de dissolution 
and “shuttle effect” while the conductivity is improved simul-
taneously. Although the obtained carbon-sulfur hybrid cathodes 
show acceptable electrochemical performance, these nanostruc-
tures are normally complicated and the preparation process 
is time-consuming and not suitable for wide applications. [ 13 ]  
Instead of constructing a very complicated wrapping structure, 
using the strong adsorption ability of this carbon material to 
confi ne the reaction intermediates and lithium polysulfi de 
products on the electrode surface may be an easier strategy. [ 14 ]  
Considering the high adsorption ability and good conductivity 
of the rGGOM-600, it may be a potential carbon component for 
the carbon/sulfur cathode system. As expected, it also shows 
much higher adsorption ability towards sulfur and lithium poly-
sulfi des, and we therefore used it to confi ne sulfur for Li–S bat-
tery applications. A rGGOM-600/sulfur hybrid (sulfur fraction: 
71 wt.% calculated from the TG curves shown in Figure S10a, 
Supporting Information)  was prepared by a simple melt infi l-
tration method and used as a cathode in a Li–S battery. The 

SEM images shown in Figure S10b demonstrate that the micro-
structure of the membrane is not changed and the elemental 
mapping of energy dispersive spectrometer (EDS)  analysis 
(Figure S10c, Supporting Information)  shows that the sulfur 
is uniformly distributed on the graphene sheets. The cyclic vol-
tammetry (CV)  profi les (Figure S11a, Supporting Information)  
clearly show two main cathode peaks at about 2.2 and 1.9 V 
in the fi rst cycle because of the changes of S to Li polysulfi des 
and the further reduction of higher-order Li polysulfi des to Li 
sulfi des, respectively. Only one anode peak appeared at about 
2.55 V due to the high overvoltage induced conversion of Li 2 S 
to Li polysulfi des. In subsequent cycles, the main reduction 
and oxidation peaks shifted slightly. The typical discharge/
charge profi les (Figure S11b, Supporting Information)  show 
two plateaus, which are assigned to the two-step reaction of S 
with Li during discharge, in agreement with the CV profi les. 
Although the capacity of the hybrid at a low current density is 
lower than what has been reported somewhere, its rate perfor-
mance and its capacity at a high current density are comparable 
to many of those with complex structures. It is noteworthy that 
the electrode shows excellent cycling performance, as shown in 
Figure  3 d, and the capacity fade is negligible over 270 cycles, 
suggesting that the strong adsorption capability of the mem-
brane effectively suppresses the dissolution of the polysulfi des 
into the electrolyte during the charge/discharge process, while 
expanded graphite/sulfur hybrid as a reference shows poor 
electrochemical performance due to its weak adsorption capa-
bility. The cycled electrode was also characterized by the map-
ping of the EDS analysis (Figure S10d, Supporting Informatio), 
demonstrating that most of the sulfur is still adsorbed on the 
graphene nanosheets, indicating the obvious suppression of 
the “shuttle effect”. Note that the contribution of graphene to 
capacity in the cathode system is neglectable, so the capacity 
is totally derived from the reaction of sulfur with Li. Although 
the capacity of rGGOM-600/sulfur hybrid is lower than those 
of nanomaterials with complex microstructures, it shows 
much stable cyclic ability and higher rate capability. Thus, it 
is remarkable for rGGOM-600/S hybrid because the achieved 
electrochemical performance is excellent with respect to such 
simple microstructure. Furthermore, it shows superior electro-
chemical performance to many hybrids prepared from the car-
bons with high surface area and complicated porous structure, 
such as ordered mesoporous carbons (Figure S12, Supporting 
Information). Considering the easy preparation process and the 
morphology which is easy to be handled, such membrane is 
still attractive in the future practical applications. 

 The above discussion has proven that the utilization and 
accessibility of the graphene layers are improved due to 
the open microstructure, which is also important to most 
of the electrochemical applications. In order to further prove 
the aforementioned advantages of the membrane, we char-
acterized the supercapacitive performance of a membrane 
electrode. Note that the membrane can be used as an electrode 
directly without a collector, binders or conductive additives. 
 Figure    4  a shows the CV profi les of the membrane electrode 
in three electrode systems with a KOH solution as the elec-
trolyte. A typical rectangular shape is observed at a low scan-
ning rate for rGGOM and rGGOM-600 electrodes, indicative 
of good charge propagation at the electrode surface following 

Adv. Funct. Mater. 2014, 24, 3456–3463
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the electric double layer charging mechanism. The electro-
chemical capacitance of GGOM is very low due to its poor 
conductivity caused by the absence of a reduction process. The 
open structure of the reduced membrane is characterized by 
low internal electron transport resistance and ion diffusion 
resistance indicated by the electrochemical impedance spec-
troscopy (EIS)  as shown in Figure S13 (Supporting Informa-
tion), which results in a small distortion of the CV curves at 
a high scanning rate (Figure  4 b). Thus, high power capability 
is achieved with ≈64% and 68% capacitance retention for 
rGGOM and rGGOM-600 respectively, from scanning rates of 
2 mV s −1  to 500 mV s −1 . rGGOM shows a higher capacitance 
than does rGGOM-600 that has substantially fewer functional 
groups (Figure  4 c), which is in accordance with the previous 
reports. [ 15 ]  Note that rGGOM shows a much higher capaci-
tance compared to the reduced TGOM (Figure S14, Supporting 
Information)  and the membrane electrode with tightly lay-
ered structure reported previously as expected, [ 16 ]  and in these 
cases the tightly layered structure is not conducive for ion 
storage and transport. The capacitance and rate performance 
of rGGOM based on the two-electrode measurement also 
show similar results. A capacitance of about 120 F g −1  at the 
current density of 10 A g −1  (Figure S15, Supporting Informa-
tion)  is obtained, which is slightly lower than the results meas-
ured by three-electrode system. The capacitance of rGGOM 
was also measured in the organic electrolyte (1  M  (C 2 H 5 ) 
 4 NBF 4 /PC), which also shows acceptable capacitance and 
high rate performance (90 F g −1  under the current density of 

10 A g −1  with the potential widow of 2.5 V). That is, in the 
graded structure in rGGOM, the compact layers on the top 
act as a collector, the middle, with an expanded and loosened 
structure is responsible for ion storage and the bottom with 
vertically aligned channels for fast ion transportation. Thus, it 
shows high power performance (Figure  4 c,d)  due to the open 
structure and high conductivity derived from the more inte-
grated graphene layers. Meanwhile, it possesses similar capaci-
tance as the graphene powders, [ 17 ]  making it promising to be 
directly used as the electrode for high rate capacitors. 

    3.     Conclusion 

 In conclusion, the control on the removal of water trapped 
between the stacked layers is found to have the ability to tune 
the layer stacking orientation and the microstructure of gra-
phene oxide membrane, and inspired by the phase diagram 
of pure water, a fast water removal with a reduced pressure 
results in an instantaneous phase change across three phases 
and generates strong forces that pull the layers into a ver-
tical orientation and promotes the formation of the open and 
graded microstructure. Thus, the resulting membrane has a 
much higher adsorption ability than a membrane with a closely 
stacked structure obtained by normal drying at atmospheric 
pressure. The strong adsorption ability is also found to be effi -
cient in suppressing the “shuttle effect” of the polysulfi de in the 
cathode system of a Li–S battery. Furthermore, the membrane 

Adv. Funct. Mater. 2014, 24, 3456–3463

 Figure 4.    Electrochemical performance of membranes. a)  CV profi les of GGOM and reduced GGOM at a scanning rate of 20 mV s –1  in KOH solution; 
b)  CV profi les of rGGOM with different scanning rates; c)  Specifi c capacity of GGOM and reduced GGOM for different scanning rates; d)  Specifi c 
capacity of GGOM and reduced GGOM with different current densities.
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can be directly used as a membrane electrode and shows fast 
ion transport, revealing great potential in supercapacitors and 
other electrochemical applications. More efforts are on-going to 
precisely tune the graded microstructure, of which the thick-
ness and layer orientation of different section are controlled, to 
optimize the electrochemical performance. This discovery pro-
vides us a new strategy based on the controlled removal pro-
cess of the trapped water that can be developed as a tailoring 
method for the microstructure of not only graphene but also 
many other nanomaterials and their arranging state to cater for 
different applications.  

  4.     Experimental Section 
  Assembly of the GGOM : Graphite oxide was fi rst prepared from 

graphite power by a modifi ed Hummers method as reported 
elsewhere. [ 15a ]  It was then subjected to strong sonication (200 W, 
JY92-N, a high-energy bench mounted ultrasonic disintegrator)  in 
deionized water for 2 h to obtain a homogeneous GO hydrosol with a 
concentration of 2 mg mL −1 . The membrane was prepared by using a 
liquid/air interface self-assembly method proposed by our group. [ 8a ]  In 
a typical experiment, the GO hydrosol was heated at 80 °C for 30 min 
in a water bath with thermostatic control, during which a smooth and 
condensed membrane was formed at the liquid/air interface. Note that 
such an assembly period is suitable for the formation of GGOM, since 
the top layered structure cannot well formed in a shorter assembly 
period while the too long assembly period results in the much thicker 
top layered structure and decreased surface utilization. The wet 
membrane was then transferred onto a polytetrafl uoroethene substrate 
and was quickly placed into a vacuum freeze drier (ALPHA 1–2 LDplus, 
Christ, Germany)  for 24 h, and fi nally, the GGOM, which has an open 
texture and graded structure, was obtained. 

  Reduction of the GGOM : In order to maintain the membrane structure 
after reduction, a mild two-step reduction process was developed. In 
the fi rst step, the GGOM was reduced using hydrazine hydrate vapor at 
80 °C for 10 h to release most of the oxygen groups, and the obtained 
membrane is denoted as rGGOM. In order to further improve the 
reduction degree, rGGOM was treated at 600 °C for 4 h in Ar (99.999%)  
atmosphere. Due to the removal of functional groups in the fi rst 
step, the membrane structure is slightly changed during the thermal 
treatment. The fi nal reduced membrane is denoted rGGOM-600. 

  Preparation of the Membrane/Sulfur Hybrid : A melt impregnation 
method was used for the hybrid preparation. [ 13b ]  In a typical preparation 
process, rGGOM-600 and sulfur powders with a mass ratio of 3:7 were 
ground together and heated at 155 °C for 12 h in an argon atmosphere, 
during which all the molten sulfur was impregnated into the open texture 
of the membrane. Thermogravimetry (TG)  analysis shows the sulfur 
fraction of the obtained hybrid is about 71% by weight (Figure S10a, 
Supporting Information). An expanded graphite/sulfur hybrid and 
ordered mesoporous carbon (CMK-3 with a specifi c surface area of 
1000 m 2  g −1 ) /sulfur hybrid were prepared under the same conditions 
for comparison. 

  Structure Characterization : Scanning electron microscopy (SEM)  
observations were conducted with Hitachi S-4800 (Hitachi, Japan)  
equipped with an Energy Dispersive Spectrometer (EDS, Thermo 
Scientifi c, USA). The X-ray diffraction (XRD)  measurements were 
collected at room temperature using the refl ection mode (D8 FOCUS, 
Cu Kα radiation,  λ  = 0.154nm). The X-ray photoelectron spectroscopy 
(XPS)  characterization of the products was performed on an Axis Ultra 
photoelectron spectrometer using an Al Kα (1486.7 eV)  X-ray source. 
The square resistance measurements were obtained using a four-point 
probe method (ST-2258A, Suzhou Jingge Electronic Co., LTD, China). 
For each sample, the square resistance was obtained by averaging the 
measured values for fi ve different positions. Nitrogen adsorption was 

measured by using a BEL mini-instrument, and the specifi c surface 
area was obtained by Brunauer-Emmett-Teller (BET) analyses of the 
adsorption isotherms. TG (Rigaku, Japan)  measurement was performed 
(20–800 °C)  with the heating rate of 5 °C min −1 . 

  Adsorption of Methylene Blue (MB) : The GGOM can be tailored into 
a certain shape and directly used as a fi ltration membrane. Ultraviolet 
(UV)-visible (vis)  spectroscopy (UV-1102, Techcomp, China)  was 
used to characterize the concentration changes of MB before and after 
adsorption by the membrane. For adsorption kinetic measurement, 
the membranes were placed in 50 mL-falcon tubes containing the MB 
solutions of the same concentration, and the adsorption capacity for 
different adsorption periods were measured and calculated from the 
absorbencies by using a UV-vis spectrophotometer, and the adsorption 
rate was obtained by fi tting the adsorption amount and the adsorption 
periods. The amount of MB adsorbed at equilibrium, q e  was calculated 
from the mass balance equation given by:

 
e

0 e

s
= −

q V
C C
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 where  C  0  and  C  e  (mg L −1 )  are the initial and fi nal concentrations of 
adsorbate in the fl asks respectively.  V  is the volume of the solution (L), 
and  m  s  is the mass of dry adsorbent used (g). 

  Adsorption of Oil and Organic Molecules : The oil adsorption capacities 
of the membranes were determined by weight measurement. In a 
typical process, the membranes were fi rst put into the oil and removed 
by tweezers after 30 minutes. After the residues on the outside surface 
were removed by fi lter paper, the adsorption capacity is calculated by 
the membrane weight differences before and after adsorption. The 
same measurements were also conducted for the adsorption capacity 
calculation of expanded graphite. 

  Electrochemical Performance of the Membrane/Sulfur Composite : For the 
electrode preparation, a rGGOM-600/sulfur hybrid membrane was used 
as the cathode to assemble a 2032 type coin cell in an Ar-fi lled glove box 
(MBraun Unilab)  for measurement and a lithium metal foil was used as 
anode. The electrolyte was 1.0  M  lithium bis(trifl uoromethanesulfonyl) 
imide (LiTFSI)  in 1, 3-dioxolane (DOL)  and 1, 2-dimethoxyethane 
(DME)  (1:1 by volume)  with 0.5 wt% LiNO 3  additive. Galvanostatic 
charge-discharge profi les and the cyclic performance were tested using a 
Land electrochemical instrument (PCBT-100–32D, Wuhan Lixing, China), 
and the cyclic voltammetry (CV)  measurements were conducted using 
an electrochemical workstation (VMP3, Bio-Logic, France). The current 
density set for cell testing referred to the mass of sulfur in the cathode 
and varied from 0.3 A g −1  to 6 A g −1 . The charge–discharge voltage range 
was selected from 1.5 V to 2.8 V versus Li + /Li. 

  Electrochemical Performance of the Membrane Electrode for a 
Supercapacitor in Three-Electrode and Two-Electrode Systems : The 
membranes were tailored to a size of 10 mm × 5 mm with a weight 
of ≈0.5 mg and were directly used as the working electrode. In the 
measurement, the membrane working electrode was connected to a 
stainless steel mesh which used as a conductivity wire by silver paste, 
and a slice of platinum and a Ag/AgCl electrode were used as the 
counter electrode and reference electrode, respectively. 30 wt% KOH 
aqueous solution was used as the electrolyte. CV and electrochemical 
impedance spectroscopy (EIS) measurements were conducted using 
an electrochemical workstation (VMP3, Bio-Logic), and the EIS 
measurements were tested in the frequency range from 100 kHz to 10 
mHz at an open-circuit potential with an AC perturbation of 5 mV. The 
capacitance based on two-electrode system was measured by assembling a 
symmetrical capacitor with KOH or (C 2 H 5 )  4 NBF 4 /PC (1  M )  as electrolyte, 
and calculated by using galvanostatic charge–discharge results.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library or 
from the author.  
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