
Lv et al. Microsystems & Nanoengineering            (2020) 6:43 Microsystems & Nanoengineering
https://doi.org/10.1038/s41378-020-0159-x www.nature.com/micronano

ART ICLE Open Ac ce s s

Highly stretchable and reliable graphene oxide-
reinforced liquid gating membranes for tunable
gas/liquid transport
Wei Lv1, Zhizhi Sheng2,3, Yinglin Zhu2, Jing Liu2, Yi Lei1, Rongrong Zhang2, Xinyu Chen2 and Xu Hou 1,2,3

Abstract
The ability of membrane technologies to dynamically tune the transport behavior for gases and liquids is critical for
their applications. Although various methods have been developed to improve membrane success, tradeoffs still exist
among their properties, such as permeability, selectivity, fouling resistance, and stability, which can greatly affect the
performance of membranes. Existing elastomeric membrane designs can provide antifracture properties and flexibility;
however, these designs still face certain challenges, such as low tensile strength and reliability. Additionally,
researchers have not yet thoroughly developed membranes that can avoid fouling issues while realizing precise
dynamic control over the transport substances. In this study, we show a versatile strategy for preparing graphene
oxide-reinforced elastomeric liquid gating membranes that can finely modulate and dynamically tune the sorting of a
wide range of gases and liquids under constant applied pressures. Moreover, the produced membranes exhibit
antifouling properties and are adaptable to different length scales, pressures, and environments. The filling of
graphene oxide in the thermoplastic polyurethane matrix enhances the composites through hydrogen bonds.
Experiments and theoretical calculations are carried out to demonstrate the stability of our system. Our membrane
exhibits good stretchability, recovery, and durability due to the elastic nature of the solid matrix and dynamic nature of
the gating liquid. Dynamic control over the transport of gases and liquids is achieved through our optimized interfacial
design and controllable pore deformation, which is induced by mechanical stimuli. Our strategy will create new
opportunities for many applications, such as gas-involved chemical reactions, multiphase separation, microfluidics,
multiphase microreactors, and particulate material synthesis.

Introduction
The ability to dynamically tune the gating and transport

behavior of gases and liquids is useful in the operation of
membrane-based systems for various applications, such as
multiphase separation1–4, drug delivery5, and chemical

reactions6. Recently, the mechanism of liquid gating mem-
branes has opened up possibilities to enable selective
transport and complex sorting of multiphase fluids within a
single system. This unified liquid gating strategy utilizes a
capillary-stabilized liquid to form a reconfigurable gate
inside the pores of membranes, and because the critical
pressures required to open the gate are differential for gases
and liquids, the separation of target substances can be
obtained. During this process, the liquid lining in the
membrane would lead to molecular smooth surfaces with
the advantages of lower transmembrane pressures for liquids
and sustainable antifouling behavior7,8. In addition, the pore
size of membranes is a key factor in determining membrane
performance, such as permeability and selectivity7,9,10. With
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the liquid gating strategy, the change in the pore sizes can
also cause a responsive change in the critical pressures for
transport substances11,12. Therefore, with adjustable pore
sizes, dynamic control over the gating and transport beha-
vior for multiphase transport can be realized even under one
constant pressure13. The application of tension (i.e.,
stretching) can easily lead to the deformation of an elasto-
meric membrane, thereby resizing the pores. Therefore, a
liquid gating elastomeric porous membrane system could be
useful in applications requiring dynamic multiphase trans-
port and separation under steady-state pressures12. How-
ever, improving the success of liquid gating elastomeric
membrane systems requires membranes with better mate-
rials and performance. For example, elastomeric membranes
with high tensile properties and high reliability still require
vigorous development.
As a widely applied elastomeric material, thermoplastic

polyurethane (TPU) is a versatile multiblock synthetic
polymer with customizable properties, which can be
tuned by adjusting the constituent monomeric materials
depending on requirements14. However, the stiffness and
mechanical strength of TPU are relatively low due to the
lower composition of hard segments, resulting in its
limited application15. Incorporation of fillers, such as
carbon nanotubes16,17 and graphene18, into the TPU
matrix can enhance the physicochemical properties of
TPU composites. Among these various composites, gra-
phene oxide (GO)-doped TPU composites have drawn
significant attention from researchers19–23 due to their
unique combination of properties24.
In this study, we introduce a highly stretchable and

reliable graphene oxide-reinforced TPU liquid gating
elastomeric porous membrane (GO/TPU LGEPM) sys-
tem, which has high durability and superior antifouling
properties. We demonstrate the design strategy of the
GO/TPU LGEPM from material preparation and inter-
facial properties to the working principle for tunable gas/
liquid transport. With GO as a filler in the TPU matrix,
GO/TPU composites exhibit enhanced mechanical
properties that are attributed to the hydrogen bond
between GO and TPU. In addition, by infiltrating with
the functional gating liquid, a stable GO/TPU liquid
gating system is established on the basis of the interfacial
design and wetting properties. The liquid gating
mechanism also endows GO/TPU LGEPM with sus-
tainable antifouling behavior for transporting liquid with
the liquid–liquid interface. The transmembrane trans-
port behavior of gases and liquids through the GO/TPU
LGEPM and the stress-responsive characteristics were
also demonstrated. The tunable gas/liquid transport of
the GO/TPU LGEPM is achieved by stretching and
releasing, which shows superior durability after long-
term operation. This system promotes applications in
gas-involved chemical reactions and multiphase

separation and can be further exploited for other more
complicated smart membrane materials.

Results and discussion
Design of the graphene oxide-reinforced liquid gating
membranes
Figure 1 illustrates the design strategy and operation

mechanism of the GO/TPU LGEPM. The GO/TPU
elastomeric membrane (GO/TPU EM) was prepared by a
solution blending method (Fig. S1), which can form
hydrogen bonds between the oxygen groups from GO and
the N–H groups from TPU25,26. The hydrogen bonds
significantly enhance the tensile strength of the compo-
sites (Fig. 1). With a laser cutting technique, the porous
structures on the membranes can be carefully made for
fabricating the GO/TPU elastomeric porous membrane
(GO/TPU EPM) (Fig. S1). Then, to establish a liquid
gating system with high-performance antifouling proper-
ties, the GO/TPU EPM was infiltrated with a functional
gating liquid to create the GO/TPU LGEPM. Compared
with pure TPU LGEPM, the GO/TPU LGEPM exhibits a
superior tensile strength, which allows it to reversibly
withstand cycles of stretching and releasing. Moreover,
the infused gating liquid can have a random shape that
adjusts to the applied pressure, thereby providing an ideal
dynamic material to solid porous membranes for reg-
ulating gas/liquid transport. According to the stable
interfacial design27, the membrane matrix and the infil-
trated gating liquid should be matched for a lower energy
state to ensure the stability of this liquid gating system.
Silicone oil was chosen as the gating liquid in our
demonstration, which is discussed hereafter.
Under mechanical stress, the prepared GO/TPU

LGEPM can be stretched, leading to the expansion of the
pores. Due to the size effect, the critical pressures
required for transport substances can change11,27.
Therefore, the critical pressures of the transport sub-
stances can be dynamically controlled through deforma-
tion by stretching and releasing the GO/TPU LGEPM
(Fig. 1). In contrast to conventional membranes in which
gases can passively pass through, in a liquid gating
membrane system, both gases and liquids need to over-
come critical pressures to cross the membrane. Based on
the above mechanism, the mixture of gas and liquid can
be separated effectively by the GO/TPU LGEPM. For
example, when the applied pressure (P) is lower than the
critical pressure of the gas (ΔPcritical(gas)) and liquid
(ΔPcritical(liquid)), neither phase could pass through the
GO/TPU LGEPM (represented as P < ΔPcritical(gas) <
ΔPcritical(liquid)). Then, when the GO/TPU LGEPM is
stretched uniaxially, the pore size increases in the direc-
tion of the stretch. As a result, the critical pressures for
the gas and liquid decrease until P is higher than ΔPcritical(gas)
but lower than ΔPcritical(liquid) (represented as ΔPcritical(gas)
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< P < ΔPcritical(liquid)). In this way, the gas is permitted to
pass through the GO/TPU LGEPM, while the transport
liquid remains blocked. When a uniaxial stretch is further
applied to the GO/TPU LGEPM, the pore size is con-
tinuously increased, resulting in a further decrease in the
critical pressures of the transport substances. The mixture
of transport liquid and gas permeates the GO/TPU
LGEPM when P surpasses both ΔPcritical(gas) and ΔPcritical
(liquid) (represented as ΔPcritical(gas) < ΔPcritical(liquid) < P).
Then, after the tension is released, the GO/TPU LGEPM
returns to its initial state.

Structural characterization and mechanical properties of
the GO/TPU EM
The morphology of GO was observed by scanning

electron microscope (SEM), and the thickness was
determined by AFM (Fig. S2a–d). In Fig. S2c, d, the
thickness is 2.5 nm. The optical images of GO/TPU
composites with different GO contents are shown in

Fig. S3. The morphology of the GO/TPU composites was
observed by SEM. For the SEM images shown in Fig. 2a,
different amounts of GO (1 wt.% to 10 wt.%) are dispersed
in the TPU matrix of the samples. With the increase in
GO content, GO may aggregate in the TPU matrix,
thereby impairing the mechanical properties of the GO/
TPU EM. A good dispersion is formed due to the strong
interfacial interaction (hydrogen bond) between the GO
and TPU and the enhanced bonding between the GO and
TPU from fast solvent evaporation by using a hot press
technique.
The formation of the GO/TPU EM and the chemical

interaction between the GO and TPU were determined by
Fourier transform infrared (FTIR) spectroscopy. The
FTIR spectroscopy results of the TPU and GO/TPU
composites are shown in Fig. 2b. As a comparison, the
spectroscopy results of GO are displayed in Fig. S4. The
presence of characteristic bands at 3327 cm−1 (hydrogen-
bonded N–H stretching), 1733 cm−1 (non-hydrogen
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Fig. 1 Schematic illustration of the fabrication process of the GO/TPU LGEPM. The tensile strength of the GO/TPU EM is enhanced by doping
GO into the TPU matrix due to the hydrogen bonds between the oxygen groups of GO and the N-H groups of TPU. X and X′ represent the aromatic
compounds. Number 1 represents the fabrication of the TPU porous membrane, whereas number 2 represents the fabrication of the GO/TPU
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formed by infiltrating the gating liquid into the GO/TPU EPM. The transport of gases and liquids can be dynamically controlled by the deformation of
the GO/TPU LGEPM. When both ΔPcritical(gas) and ΔPcritical(liquid) are above the applied pressure P, neither gas nor liquid will pass through the GO/TPU
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bonded or free C=O stretching), 1532 cm−1 (C–N
stretching), and 1221 cm−1 (C–O–C) confirmed the for-
mation of urethane linkage, –NH–C(O)–O–, in TPU and
its composites. As shown in the inset of Fig. 2b, the peak
representing the stretching vibration of hydrogen-bonded
N–H groups shifts from 3327 cm−1 for pristine TPU to
3330 cm−1 for the composite with 5 wt.% GO, and then
shifts to 3333 cm−1 as the GO content increases to 10 wt.
%. This 3–6 cm−1 redshift of the hydrogen-bonded N–H
band indicates a reduction in the average strength of the
internal hydrogen bonding in TPU. This reduction is
attributed to the formation of a new hydrogen bond
between N–H in TPU and the oxygen functional group in
GO, resulting in the interruption of the N–H/C=O
hydrogen bond in TPU28–32.
XRD spectra of the pure TPU and GO/TPU composites

are shown in Fig. 2c. TPU is a soft elastomeric material33–35

with a broad peak at 2θ of 20.3°, which is associated with the
(110) crystal plane of soft segments in TPU. As shown in
the inset of Fig. 2c, the peak intensity at a 2θ of 20.3°
increases with increasing GO loading, whereas the peak
position remains the same. This clearly verifies that the
crystallinity of the GO/TPU composites in the amorphous
region increased with increasing filler concentration20. We
observed that the GO filler had the greatest effect on the

crystallinity of the TPU composite when the GO content
was 1 wt.%. This finding may be attributed to the combined
influence of a stronger nucleation effect and less micro-
phase separation between hard and soft domains induced
by GO36. For another peak at 2θ of 8.9° shown in the inset
of Fig. 2c, this new (002) diffraction peak is assigned to the
GO-induced crystallization35,37. The peak intensity increa-
ses with increasing GO content, indicating that the crys-
talline structure, which is crucial in maintaining the
mechanical properties of GO/TPU composites, is not
obviously destroyed by the addition of GO. The d-spacing
and crystal size of each peak that appeared in the GO/TPU
composites are shown in Table S1.
Figure 2d shows the stress-strain curves of the pure

TPU and GO/TPU composites. Pure TPU exhibits a high
tensile strength (46.8MPa). The tensile strength decreases
with the increase in the GO content except for GO/TPU-
1, for which the tensile strength increases to 50.5MPa.
The main reason for the increase in tensile strength is the
small increase in GO content, which can promote strain
hardening. At a higher GO content, the decrease in tensile
strength is due to the inhibition of molecular rearrange-
ment and orientation with respect to the tensile axis21,
which might be related to the phase separation between
GO and TPU that deteriorates the mechanical properties.
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Moreover, the tensile modulus of the composites increa-
ses as the GO content increases (Fig. 2e), reaching the
greatest value when the GO content is 1 wt.%. Hydrogen
bonding, covalent bonding and polar-polar interactions
between graphene oxide and TPU chains can stiffen the
hard domain of TPU, thereby increasing the tensile
modulus of the composites at a lower content38. The
stress-strain test results are consistent with the results
obtained from the XRD study, which shows a good dis-
persion of 1 wt.% GO within the TPU matrix. In the
following measurements, we choose GO/TPU composites
with 1 wt.% GO as the substrate of the GO/TPU LGEPM.

Stability and antifouling properties of the GO/TPU liquid
gating membranes
The strong affinity between the gating liquid and

membrane materials to avoid replacement by transport
liquid is critical to the stability of a liquid gating system.
Therefore, the wettability of the gating and transport
liquid on the GO/TPU EM, the interfacial energy, and the
stability of different configurations have been investigated.
The contact angle (CA) of water, liquid paraffin, Krytox
103 lubricant oil (K103), and silicone oil on the substrates
of GO/TPU EM were measured (Fig. 3a). Water has a CA
of 110.8 ± 2.1° on the GO/TPU EM. Liquid paraffin and
K103 have CA values of 39.8 ± 0.6° and 34.3 ± 1.1° on the
GO/TPU EM, respectively. Silicone oil has a lower CA of
13.9 ± 0.2° on the GO/TPU EM. Distinctly, K103 and
silicone oil preferentially wet the substrate better than
water. However, the apparent CA is insufficient to
demonstrate the overall stability of the system. Thus, it is

necessary to measure the surface tension of three liquids
and the interfacial surface tension between water and
these liquids (Table 1). To verify the stability of the GO/
TPU LGEPM system, the total interfacial energies of the
following configurations are calculated12: (1) the mem-
brane is infiltrated with the gating liquid on which the
transport liquid floats (E1), (2) the membrane is infiltrated
with the gating liquid (E2), and (3) the membrane is
infiltrated with the transport liquid (E3). To ensure that
the GO/TPU EPM has a higher affinity to the gating
liquid than the transport liquid39, the following conditions
should be satisfied: ΔEI ¼ E3 � E1 > 0 and ΔEII ¼
E3 � E2 > 0. Note that ΔEI and ΔEII are interpreted as

ΔEI ¼ R γBcosθB � γAcosθAð Þ � γAB ð1Þ
ΔEII ¼ R γBcosθB � γAcosθAð Þ þ γA � γB ð2Þ

where R is the roughness factor of the GO/TPU EPM (R=
2), which is determined by the ratio between the actual
and projected surface areas; γA, γB, and γAB represent the
surface tension of the transport liquid, gating liquid, and
the interfacial surface tension between the transport and
gating liquids, respectively; and θA and θB are the
equilibrium contact angles of the transport and gating
liquids on a flat GO/TPU EM surface, respectively.
Theoretically, when both ΔEI and ΔEII are positive values,
the GO/TPU LGEPM is a stable system. In contrast, if
both are negative values, the GO/TPU LGEPM tends to
be unstable. Based on the energy calculations in Table 1,
infusing liquid paraffin, silicone oil, and K103 into the
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GO/TPU elastomeric porous membranes ensures that the
GO/TPU LGEPM is theoretically stable for transporting
deionized (DI) water.
To further investigate the stability of different liquid

gating systems, K103 and silicone oil were used as the
gating liquids, which show a stronger affinity between the
gating liquid and the substrate, while water was used as
the transport liquid. In Fig. 3b, with silicone oil as the
gating liquid, the critical pressures of the gases and liquids
are higher than those when using K103 as the gating
liquid. Moreover, the pressure difference between the
gases and liquids in the silicone oil-infused GO/TPU EPM
is much larger than that in the K103-infused GO/TPU
EPM. As shown in Fig. 3c, the critical pressure for flowing
gas is stable over a long period of time when using silicone
oil as the gating liquid. As previously mentioned, silicone
oil was chosen as the gating liquid, and water was taken as
the transport liquid for further demonstration due to the
stability of this configuration both theoretically and
experimentally. Moreover, fouling experiments were
conducted on both the GO/TPU EPM and GO/TPU
LGEPM by flowing rhodamine B (RB) solution through
the membranes (Fig. 3d). The reason for choosing RB as a
representative example to test the antifouling properties is
due to the extremely sticky nature of RB, which can attach
to surfaces by nonspecific binding. Both the GO/TPU
EPM and the GO/TPU LGEPM were treated with RB
solution and then extensively rinsed with DI water. Before
the treatment, neither the GO/TPU EPM nor the GO/
TPU LGEPM showed any fluorescence. After RB treat-
ment, the GO/TPU EPM was contaminated by RB even
after extensive rinsing, whereas the GO/TPU LGEPM
does not show any fluorescence, indicating its good
antifouling properties. The good antifouling performance
is attributed to the existence of a stable liquid–liquid
interface between the gating liquid and the RB solution,
which is contrasted by the easily contaminated solid
surface present in other cases.

Stress-responsive membrane transport behavior
To characterize the transmembrane behavior of fluids in

stress-responsive membrane systems, the critical pres-
sures of the fluids required to pass through the GO/TPU
EPM and GO/TPU LGEPM were measured under the
same operating conditions. First, the flow rate of the
transport substances can affect the critical pressures and
the stability of the membrane system11,12. Comparing the
critical pressures of gases and liquids flowing through the
membrane at different flow rates, a flow rate of 500 μL/
min was used for more experiments (Fig. S5). As shown in
Fig. 4a, there are substantial differences between the cri-
tical pressures of the gas and liquid when flowing through
the GO/TPU EPM with and without the gating liquid.
The transmembrane critical pressure for liquid transportTa
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is in the range of 2318 ± 218 Pa for the GO/TPU EPM.
Compared to the bare membrane, the GO/TPU LGEPM
can reduce the transmembrane pressure of liquid trans-
port by 32% with a value of 1560 ± 18 Pa, indicating
energy-saving properties. The cyclic stability of the gas
and liquid transport passing through the GO/TPU
LGEPM is shown in Fig. 4b. The key feature that Fig. 4a, b
demonstrates is an advantage of the liquid gating
mechanism of the GO/TPU LGEPM to create tunable
critical pressures for both gas and liquid transport and
enables energy-saving properties for liquid transport.
The pore size is a key factor in determining the critical

pressures of transport substances11,12,27. Furthermore,
according to the elastic properties of the GO/TPU
LGEPM, the pore geometry can be adjusted dynamically.
The gating liquid held by the solid porous matrix can also
form a random shape that is adjusted to the applied
pressure. Thus, the critical pressures of the transport
substances through this system could be dynamically
tuned by the coordinated effect of the pore size defor-
mation and the fluidity of the liquid lined in the pore. The

size of the pore increases during uniaxial stretching in the
inset of Fig. 4c, whereas the critical pressures of gases and
liquids both decrease with increasing strain. To verify the
change in the pore size during the deformation of the
membrane, the simulation of pore deformation was cal-
culated. The equivalent stress distribution of the 4 × 4
array GO/TPU EPM is shown in Fig. S6. When the system
is stretched to 100% strain, ΔPcritical(gas) decreases from
939 ± 48 to 557 ± 22 Pa, while ΔPcritical(liquid) reduces from
1366 ± 44 to 799 ± 7 Pa (Fig. 4c). When the stress is
released, the GO/TPU LGEPM returns to its original
state. To further examine this behavior, the critical pres-
sure of the liquid in 10 cycles of stretching and releasing
(50% strain) was measured to verify the stability of this
system (Fig. 4d). The critical pressure of the liquid
changes periodically during stretching and releasing, fol-
lowing the principle of reducing when the GO/TPU
LGEPM is stretched and recovering when the mechanical
force is released (Fig. 4c, d). As previously mentioned, the
GO/TPU LGEPM has a real-time pressure response to the
mechanical stimulus, and each transport substance has a
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specific critical pressure to pass through the membrane.
Hence, this dynamic system paves the foundation for the
dynamic transportation and separation of different fluids.

Tunable gas/liquid transport of the GO/TPU LGEPM
According to the results shown above, the critical

pressures for transporting gas and liquid are dynamically
controlled by stretching and releasing the GO/TPU
LGEPM, while the applied pressure P remains constant
during the deformation. Gas and liquid can be effectively
separated from the mixture by the GO/TPU LGEPM
(Figs. S7 and 5a). In the original state (represented as P <
ΔPcritical(gas) <ΔPcritical(liquid)), both gas and liquid were
blocked due to the small pore size and high critical
pressures (Fig. 5a, state I). When the critical pressure of
gas falls below the applied pressure due to the increase in
pore size induced by the stretching process (represented
as ΔPcritical(gas) < P < ΔPcritical(liquid)), gas penetrates the
membranes to the relief port while liquid flows through
the outlet (Fig. 5a, state II). Thus, the outlet is degassed
liquid. In this case, gas and liquid could be thoroughly
separated. On the basis of our design, the separation
efficiency is ~98.1%. When the stress is released, both gas
and liquid are blocked by the GO/TPU LGEPM and flow
through the outlet (Fig. 5a, state III). The whole process of

tunable gas and liquid transport is determined by mea-
suring the critical pressures of the gas and liquid, as
shown in Fig. 5b. It is worth mentioning that this
approach realizes phase transport and separation by
simply dynamically adjusting the mechanical stress.
To further explore the high stretchability and excellent

reliability of the GO/TPU LGEPM, the critical pressures
of the transport gases and liquids during multiple cycles of
stretching and releasing of the GO/TPU LGEPM were
measured (Fig. 5c). The critical pressures were measured
every 500 cycles of 1000 cyclic stretches and releases.
Compared with the original state, the critical pressure of
the gas, which has undergone 1000 cycles of stretching
and releasing, is reduced from 878 ± 7 Pa to 866 ± 5 Pa,
and the critical pressure of the liquid is reduced from
1457 ± 21 Pa to 1410 ± 19 Pa. The stable pressure values
indicate that the GO/TPU LGEPM has splendid stability
in the cyclic stretching and releasing process.

Conclusions
In this study, we prepared graphene oxide-reinforced

liquid gating membranes with enhanced mechanical
properties as a stress-responsive liquid gating system that
can dynamically control the transport and separation of
gas and liquid in response to a mechanical stimulus under
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a steady-state applied pressure. The structural character-
ization and mechanical properties of the GO/TPU com-
posites were determined, and the GO filler enhanced the
tensile strength of the GO/TPU composites by hydrogen
bonding between the GO and the TPU polymer. The
performance metrics of the systems, such as selectivity,
stability, and antifouling properties, were also investi-
gated. To ensure the stability of the system, we experi-
mentally and theoretically investigated different material
configurations. With an optimized material selection and
interfacial design, the system exhibited superior antifoul-
ing behavior. In addition, we also established distinct
transmembrane threshold profiles of the GO/TPU
LGEPM for transporting gases and liquids. By simply
alternating stretching and releasing processes, a respon-
sive real-time pressure variation for transporting gases
and liquids was achieved. Moreover, a wider range of
substance transport and separation was achieved by
mechanically adjusting the extent of stretching on the
membrane system. The superior durability of the GO/
TPU LGEPM ensures the long-term stability of the
threshold pressures of gases and liquids. We anticipate
that the high stretchability, dynamic tunability, and
reliability of the GO/TPU LGEPM combined with the
liquid–liquid or liquid–gas interfacial design will benefit
fields ranging from smart gating membranes, gas-involved
chemical reactions, multiphase separation, microfluidics,
to particulate material synthesis and beyond.

Materials and methods
Materials and reagents
GO was provided by the Institute of Coal Chemistry,

Chinese Academy of Sciences. The GO was prepared by a
modified Hummers’ method40,41. As a precursor, the as-
prepared GO was ground into fine powders (~100 mesh)
and further air-dried at 100 °C for 3 h. This material was
then loaded into a quartz tube, for which one end was
sealed while the other end was connected to a vacuum
pump. The tube was evacuated to a pressure of <2.0 Pa,
and then a heating schedule was executed with a heating
rate of 30 °C/min. At ~200 °C, an abrupt expansion of GO
was observed, generating mass fluffy black powder. The
as-fabricated GO has 72.18 at.% C and 27.82 at.% O with a
C/O atomic ratio of 2.59. GO contains functional groups,
such as –OH and –COOH41. Thermoplastic polyurethane
(TPU, Elastollan Soft 60A, polyester, 1.21 g/cm3) was
purchased from BASF Polyurethane Specialties (China)
Co., Ltd. and was dried at 60 °C for 5 h before use. N,N-
dimethyl formamide (DMF, 99.5%), tetrahydrofuran
(THF, 99.0%), silicone oil, liquid paraffin, and ethylene
glycol were purchased from Sinopharm Chemical Reagent
Co. Ltd. Diiodomethane was purchased from Aladdin
Industrial Corporation Co. Ltd. DuPont Krytox® GPL
K103 lubricant oil was purchased from Miller-Stephenson

(USA, LOT-K3268). RB aqueous solution was prepared by
dissolving RB powders in DI water at a final concentration
of 0.1 mg/mL. All chemicals were chemically pure-grade
and were used as received. Air was used as the gas. Milli-
Q DI water with a resistivity of 18.2MΩ cm was used in
all experiments.

Fabrication and preparation of the GO/TPU composites
and liquid-infused GO/TPU membrane
A schematic representation of the fabrication process of

the GO/TPU composite membrane is shown in Fig. S1.
First, graphite oxide was dispersed in DMF solvent (5 mg/
mL) and exfoliated via ultrasonication for 2 h by using an
intelligent ultrasonic processor (Ningbo Licheng Instru-
ment Co. Ltd., China) with a power of 1000W, thereby
forming a uniform suspension of graphene oxide. Then,
GO/TPU composites were prepared by a solution blend-
ing method followed by a heat curing process. Ten grams
of TPU was dissolved in a mixture consisting of 15 mL of
THF and 25 mL of DNF and then stirred in a magnetic
stirrer at 60 °C until a homogeneous and transparent
dispersion was formed. Subsequently, a well-dispersed
suspension of GO/DMF was mixed with the solution of
TPU under stirring for 2 h at 60 °C to obtain a uniform
GO/TPU suspension with a ratio of GO to TPU ranging
from 0.0 to 10.0 wt.%. The coagulated mixture was cured
for 4 h at 40 °C and then for 8 h at 60 °C to completely
remove the solution from the polymer matrix and
immobilize the GO into the TPU matrix. Finally, GO/
TPU samples were prepared by compression molding
with a vacuum hot press (Vigor Machinery Co. Ltd.,
China). All samples were hot-pressed at 5MPa at 150 °C
for 10min. TPU composites with 0 to 10 wt.% GO were
prepared by the same procedure, and the resultant sam-
ples were designated TPU, GO/TPU-1, GO/TPU-2, GO/
TPU-5, GO/TPU-8, and GO/TPU-10 according to the
filler concentration. Photographs of the different TPU
composites are shown in Fig. S2 in the Supporting
Information. Liquid-infused membranes were generated
by impregnating silicone oil, liquid paraffin, or Krytox 103
into porous membranes. They were prepared by dropping
~15 μL/cm2 gating liquid on the surfaces of porous
membranes, and uniform coverage was achieved after
a while.

Material characterization
The structure of the TPU composites was determined by

X-ray powder diffraction (XRD) (Rigaku Ultima IV, Japan) at
a scanning rate of 4°/min and with a scanning angle ranging
from 5 to 60°. The FTIR spectra of TPU and its composites
were obtained using an FTIR spectrometer (Thermo Fisher
FTIR) in attenuated total reflectance (ATR) mode. In all
cases, the spectra were obtained within the wavenumber
range of 4000-400 cm−1 at a scan rate of 4 cm−1.
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Surface characterization
A Hitachi S-4800 scanning electron microscope, oper-

ated at an acceleration voltage of 15 kV, was used to
observe the morphology of the GO and GO/TPU com-
posites. An atomic force microscope (Asylum Research,
USA), operated in contact mode, was used to determine
the thickness of GO. Fluorescent and bright-field optical
images were obtained by an Olympus TH4-200 micro-
scope. A digital camera (Nikon D750) was used to take
photos and record videos.

Stress-strain test and deformation test
Tensile tests were performed using an MTS Exceed

44.104 tensile testing machine under a constant dis-
placement rate of 50 mm/min−1 at room temperature.
The rectangular area of the dumbbell-shaped sample was
27.3 mm × 5.1 mm.
The Young’s moduli of the pure TPU and GO/TPU

elastomeric membranes were determined by calculating
the slopes of the stress-strain curves within 0–10% strain.
For the static deformation test, the porous membrane

was prestretched and then sealed in two polymethyl
methacrylate sheets to measure the critical pressures. For
the dynamic deformation test, the porous membrane was
assembled and sealed with several layers of 3M VHB tape
and then fixed on the electric tensile rig fabricated by
Shanghai Shigan Co. Ltd. to perform the stretching and
releasing experiments. The adhesive agent Kejia KJ-770-
90EP1 (purchased from Shenzhen Kejia Adhesive Mate-
rial Co., Ltd) was applied to the membrane to enhance the
adhesion between the membrane and 3M VHB tape.

Wetting characterization
The contact angle, surface tension, and interfacial ten-

sion between different liquids were determined by a
contact angle measurement system (OCA100, Data Phy-
sics). The CA measurements were performed through the
sessile drop method by placing a drop of 5 μL on multiple
areas of the surface of the sample. Surface tension and
interfacial tension were determined by the pendant drop
method. All mentioned values were an average of at least
three measurements.

Antifouling property measurements
The fouling resistance of the GO/TPU EPM and GO/TPU

LGEPM membranes was tested by the passage of the RB
solution through the membrane for 1min for a total volume
of 0.5mL with a stationary interval of 30 s between every
fouling cycle followed by a rinse with 5mL of DI water. The
concentration of the RB solution was 0.1mg/ml.

Transmembrane pressure measurements
The transmembrane properties of the GO/TPU EPM with

and without gating liquids were determined by measuring

the transmembrane pressure (ΔP) during the flow of gases
and liquids. The measurement of ΔP was performed with
wet/wet current output differential pressure transmitters
(PX154-025DI) from OMEGA Engineering Inc. (Stamford).
A multiporous membrane with 9 × 9 pores in a square shape
(the average length is 50mm, as shown in Fig. S1) was sealed
in 3M VHB tape. A Harvard Apparatus PHD ULTRA
syringe pump was used in all experiments. A flow rate of
500 μL/min was used in the experiments shown in Figs. 3b,
c, 4a–d, and 5c. For the gas–liquid separation experiments,
air and DI water were pumped together to form a gas–liquid
mixture at a flow rate of 200 μL/min. The separation effi-
ciency was determined by comparing the volume of liquid
obtained in the outlet with the volume of input liquid during
a period of transporting gas/liquid mixture through the GO/
TPU LGEPM.

Acknowledgements
We gratefully acknowledge the support from the National Natural Science
Foundation of China (grant No. 21808191, 21673197, 21975209, and 21621091),
the National Key R&D Program of China (grant No. 2018YFA0209500), the
Fundamental Research Funds for the Central Universities (grant No.
20720190037), the Natural Science Foundation of Fujian Province of China
(grant No. 2018J06003), and the Special Project of Strategic Emerging
Industries from Fujian Development and Reform Commission. We thank Prof.
C. Chen and Dr. Q. Kong for the preparation of GO at the Institute of Coal
Chemistry, Chinese Academy of Sciences.

Author details
1Department of Physics, Research Institute for Biomimetics and Soft Matter,
Fujian Provincial Key Laboratory for Soft Materials Research, Jiujiang Research
Institute, College of Physical Science and Technology, Xiamen University,
361005 Xiamen, China. 2State Key Laboratory of Physical Chemistry of Solid
Surfaces, College of Chemistry and Chemical Engineering, Xiamen University,
361005 Xiamen, China. 3Collaborative Innovation Center of Chemistry for
Energy Materials, Xiamen University, 361005 Xiamen, China

Author contributions
W.L. and Z.S. contributed equally to this work. X.H. conceived the idea. X.H. and
W.L. designed the research. W.L., Z.S., and Y.Z. performed the experiments. W.L.
and Z.S. implemented the numerical calculations. X.H., W.L., Z.S., Y.Z., J.L., Y.L.,
and R.Z. analyzed and interpreted the results. X.H., W.L., Z.S., and X.C. drafted
the manuscript, and all authors contributed to the discussions of the
manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at https://doi.org/
10.1038/s41378-020-0159-x.

Received: 30 December 2019 Revised: 11 February 2020 Accepted: 18
February 2020

References
1. Cao, M., Luo, X., Ren, H. & Feng, J. Hot water-repellent and mechanically

durable superhydrophobic mesh for oil/water separation. J. Colloid Interface
Sci. 512, 567 (2017).

2. Du, Z. et al. Facile preparation of Ag-coated superhydrophobic/super-
oleophilic mesh for efficient oil/water separation with excellent corrosion
resistance. Langmuir 34, 6922–6929 (2018).

3. Lam, K. F., Sorensen, E. & Gavriilidis, A. Review on gas–liquid separations in
microchannel devices. Chem. Eng. Res. Des. 91, 1941–1953 (2013).

Lv et al. Microsystems & Nanoengineering            (2020) 6:43 Page 10 of 11

https://doi.org/10.1038/s41378-020-0159-x
https://doi.org/10.1038/s41378-020-0159-x


4. Wibisono, Y. et al. Two-phase flow in membrane processes: a technology with
a future. J. Membr. Sci. 453, 566–602 (2014).

5. Mazzeo, L., Bianchi, M., Cocchi, M. & Piemonte, V. In Current Trends and Future
Developments on (Bio-) Membranes, Ch. 10, p. 291–309 (2019).

6. Yin, J. et al. Tuning the microstructure of crosslinked Poly(ionic liquid) mem-
branes and gels via a multicomponent reaction for improved CO2 capture
performance. J. Membr. Sci. 593, 117405 (2020).

7. Fan, Y. et al. Visual chemical detection mechanism by a liquid gating system
with dipole-induced interfacial molecular reconfiguration. Angew. Chem. Int.
Ed. 58, 3967–3971 (2019).

8. Tesler, A. B. et al. Metallic liquid gating membranes. ACS Nano 14, 2465–2474
(2020).

9. Cui, X. et al. Pore chemistry and size control in hybrid porous materials for
acetylene capture from ethylene. Science 353, 141–144, (2016).

10. Liu, W. et al. Mobile liquid gating membrane system for smart piston and
valve applications. Ind. Eng. Chem. Res. 58, 11976–11984 (2019).

11. Hou, X. et al. Dynamic air/liquid pockets for guiding microscale flow. Nat.
Commun. 9, 733 (2018).

12. Sheng, Z. et al. Liquid gating elastomeric porous system with dynamically
controllable gas/liquid transport. Sci. Adv. 4, eaao6724 (2018).

13. Hou, X. Liquid gating membrane. Natl Sci. Rev. 7, 9–11 (2020).
14. Martin, D. J., Osman, A. F., Andriani, Y. & Edwards, G. A. in Advances in Polymer

Nanocomposites : Types and Applications (ed. Gao, F.) Ch. 11 (Woodhead
Publishing, 2012).

15. Cai, D., Yusoh, K. & Song, M. The mechanical properties and morphology of a
graphite oxide nanoplatelet/polyurethane composite. Nanotechnology 20,
085712 (2009).

16. Askari, F., Barikani, M., Barmar, M. & Shokrollahi, P. Polyurethane/amino-grafted
multiwalled carbon nanotube nanocomposites: microstructure, thermal,
mechanical, and rheological properties. J. Appl. Polym. Sci. 134, 44411 (2017).

17. Kinloch, I. A. et al. Composites with carbon nanotubes and graphene: an
outlook. Science 362, 547–553 (2018).

18. Chen, Z. & Lu, H. Constructing sacrificial bonds and hidden lengths for ductile
graphene/polyurethane elastomers with improved strength and toughness. J.
Mater. Chem. 22, 12479–12490 (2012).

19. Kaveh, P., Mortezaei, M., Barikani, M. & Khanbabaei, G. Low-temperature flexible
polyurethane/graphene oxide nanocomposites: effect of polyols and gra-
phene oxide on physicomechanical properties and gas permeability. Polym.
Plast. Technol. Eng. 53, 278–289 (2014).

20. Pant, H. R. et al. Processing and characterization of electrospun graphene
oxide/polyurethane composite nanofibers for stent coating. Chem. Eng. J. 270,
336–342 (2015).

21. Pokharel, P., Choi, S. & Lee, D. S. The effect of hard segment length on the
thermal and mechanical properties of polyurethane/graphene oxide nano-
composites. Compos. A 69, 168–177 (2015).

22. Pokharel, P. & Lee, D. S. High performance polyurethane nanocomposite films
prepared from a masterbatch of graphene oxide in polyether polyol. Chem.
Eng. J. 253, 356–365 (2014).

23. Pokharel, P., Sang, H. L. & Dai, S. L. Thermal, mechanical, and electrical prop-
erties of graphene nanoplatelet/graphene oxide/polyurethane hybrid nano-
composite. J. Nanosci. Nanotechnol. 15, 211 (2015).

24. Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurement of the elastic properties
and intrinsic strength of monolayer graphene. Science 321, 385–388
(2008).

25. Luo, M. L., Zhao, J. Q., Tang, W. & Pu, C. S. Hydrophilic modification of poly
(ether sulfone) ultrafiltration membrane surface by self-assembly of TiO2

nanoparticles. Appl. Surf. Sci. 249, 76–84 (2005).
26. Sherrington, D. C. & Taskinen, K. A. Self-assembly in synthetic macromolecular

systems via multiple hydrogen bonding interactions. Chem. Soc. Rev. 30,
83–93 (2001).

27. Hou, X. et al. Liquid-based gating mechanism with tunable multiphase
selectivity and antifouling behaviour. Nature 519, 70–73 (2015).

28. Lee, S., Hahn, Y. B., Nahm, K. S. & Lee, Y. S. Synthesis of polyether-based
polyurethane-silica nanocomposites with high elongation property. Polym.
Adv. Technol. 16, 328–331 (2005).

29. Thakur, S. & Karak, N. Ultratough, ductile, castor oil-based, hyperbranched,
polyurethane nanocomposite using functionalized reduced graphene oxide.
ACS Sustain. Chem. Eng. 2, 1195–1202 (2014).

30. Qian, X. et al. Graphite oxide/polyurea and graphene/polyurea nanocompo-
sites: a comparative investigation on properties reinforcements and
mechanism. Compos. Sci. Technol. 74, 228–234 (2013).

31. Yu, R. L., Raghu, A. V., Han, M. J. & Kim, B. K. Properties of waterborne
polyurethane/functionalized graphene sheet nanocomposites pre-
pared by an in situ method. Macromol. Chem. Phys. 210, 1247–1254
(2010).

32. Liu, S. et al. High performance dielectric elastomers by partially reduced
graphene oxide and disruption of hydrogen bonding of polyurethanes.
Polymer 56, 375–384 (2015).

33. Anandhan, S. & Lee, H. S. Influence of organically modified clay mineral on
domain structure and properties of segmented thermoplastic polyurethane
elastomer. J. Elastom. Plast. 46, 217–232 (2012).

34. Kaur, G. et al. Graphene/polyurethane composites: fabrication and evaluation
of electrical conductivity, mechanical properties and cell viability. RSC Adv. 5,
98762–98772 (2015).

35. Wang, Y. et al. A comparison of thermoplastic polyurethane incorporated with
graphene oxide and thermally reduced graphene oxide: reduction is not
always necessary. J. Appl. Polym. Sci. 136, 47745 (2019).

36. Bera, M. & Maji, P. K. Effect of structural disparity of graphene-based materials
on thermo-mechanical and surface properties of thermoplastic polyurethane
nanocomposites. Polymer 119, 118–133 (2017).

37. Stobinski, L. et al. Graphene oxide and reduced graphene oxide studied by the
XRD, TEM and electron spectroscopy methods. J. Electron Spectrosc. Relat.
Phenom. 195, 145–154 (2014).

38. Thakur, S. & Karak, N. A tough, smart elastomeric bio-based hyperbranched
polyurethane nanocomposite. New J. Chem. 39, 2146–2154 (2015).

39. Wong, T. S. et al. Bioinspired self-repairing slippery surfaces with pressure-
stable omniphobicity. Nature 477, 443–447 (2011).

40. Chen, C. et al. Self-assembled free-standing graphite oxide membrane. Adv.
Mater. 21, 3007–3011 (2009).

41. Chen, C. et al. Structural evolution during annealing of thermally reduced
graphene nanosheets for application in supercapacitors. Carbon 50,
3572–3584 (2012).

Lv et al. Microsystems & Nanoengineering            (2020) 6:43 Page 11 of 11


	Highly stretchable and reliable graphene oxide-reinforced liquid gating membranes for tunable gas/liquid transport
	Introduction
	Results and discussion
	Design of the graphene oxide-reinforced liquid gating membranes
	Structural characterization and mechanical properties of the GO/TPU EM
	Stability and antifouling properties of the GO/TPU liquid gating membranes
	Stress-responsive membrane transport behavior
	Tunable gas/liquid transport of the GO/TPU LGEPM

	Conclusions
	Materials and methods
	Materials and reagents
	Fabrication and preparation of the GO/TPU composites and liquid-infused GO/TPU membrane
	Material characterization
	Surface characterization
	Stress-strain test and deformation test
	Wetting characterization
	Antifouling property measurements
	Transmembrane pressure measurements

	Acknowledgements




