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(PEMFCs). [ 1 ]  However, the broad imple-
mentation of PEMFCs has been impeded 
partially by the current performance of 
proton exchange membranes (PEM), the 
core component of the device, because of 
insuffi cient proton conductivity under low 
humidity conditions. [ 2 ]  Creation of ordered 
and continuous nanochannels for effi -
cient ion-conduction is perceived as one 
of the most promising strategies to over-
come this challenge. [ 3–5 ]  Congregated ionic 
groups within the nanochannels lead to 
the formation of well-connected hydrogen-
bonded networks or water structures, thus 
achieving high ion mobility even under 
an environment of minimal humidity. [ 4,6 ]  
Moreover, the cohesive hydrophobic matrix 
surrounding the nanochannels has strong 

intermolecular forces to suppress osmotic pressure-driven 
membrane swelling under hydration, accommodating the high 
ion exchange capacity (IEC). [ 7,8 ]  The simultaneous augmentation 
of ion mobility and ion concentration (ionic conductivity ∝ ion 
mobility × ion concentration) is anticipated to bring about more 
effi cient proton conduction. [ 9 ]  Currently, a common approach to 
tailoring nanochannels has been accomplished by manipulating 
membrane nanophase-separation behavior through densely 
functionalized or block copolymer architecture, exploiting the 
spontaneous assembly of polymer morphology into ionic nano-
channels (driven by the enthalpy of demixing of incompatible 
segments). [ 3,10 ]  However, exercising precise control over the 
nanophase-separation process leading to nanochannels with 
long-range continuity is still a great challenge because nano-
phase-separation is markedly infl uenced by multiple factors 
such as the distribution, polarity, and rigidity of hydrophilic/
hydrophobic segments, the IEC, and the processing condi-
tions. [ 3,11 ]  Furthermore, the polymer preparation may involve 
complex multistep synthesis to achieve the target architecture. [ 12 ]  

 To address these issues, we propose an alternative and 
more general approach involving the direct assembly of gra-
phene oxide (GO)/polymer core–shell nanosheets into mem-
branes via vacuum-assisted fi ltration, whereby effi cient ion 
conduction occurs in the ionic nanochannels created between 
the GO nanosheets. The simple procedure should afford 
facile control over the topological structure and chemical 
structure of the ionic nanochannels through molecular-level 
engineering of the GO/polymer nanosheets. In terms of the 
topological structure, the GO/polymer nanosheets can be 
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  1.     Introduction 

 The demanding requirements for portable power sources with 
high energy density have triggered intensive efforts to improve 
membrane materials for proton exchange membrane fuel cells 
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assembled into regularly stacked plate morphology, in which 
the orientated GO nanosheets generate an ordered and con-
tinuous nanochannel structure. [ 13 ]  The nanochannel structure 
can be tuned by changing the GO interlayer spacing to ensure 
an optimum physical microenvironment for proton trans-
port. [ 14 ]  In terms of the chemical structure, the architecture 
and composition of GO-grafted polymers residing between the 
stacked plates can be tuned to ensure an appropriate chem-
ical microenvironment for proton transport. In this regard, 
crosslinked phosphorylated polyelectrolyte may be a preferred 
choice, since amphoteric P O(OH) 2  groups are known to 
be superior proton carriers under low relative humidity (RH), 
and can afford dynamic hydrogen-bonded networks enabling 
fast hopping-type proton transport. [ 15,16 ]  The crosslinked poly-
electrolytes, which act as hydrogels, are well-known for their 
superior water retention properties. Hydrogels strongly absorb 
and retain a large amount of water via multiple interactions 
(hydrogen bonding, electrostatic interactions, and capillary 
forces), and are broadly applied in wound dressing, cosmetics, 
and agriculture for long-term moisture retention. [ 17,18 ]  There-
fore, crosslinked polyelectrolyte is sandwiched between GO 
nanosheets constrains swelling and should create an advanta-
geous hydration environment along which fast vehicle-type 
proton transport could occur. The synergistic intensifi cation 
of both hopping-type and vehicle-type proton transports, along 
with the tunable nanochannel structure, is expected to confer 
high proton conductivity under low RH. 

 In this study, we fi rst report a surface-initiated precipita-
tion polymerization method to synthesize multiple types of 
GO/polymer core–shell nanosheets, and then fabricate free-
standing membranes via vacuum-assisted fi ltration assembly 
of GO/poly(vinylphosphonic acid- co -ethyleneglycol dimeth-
acrylate) core–shell nanosheets. Precipitation polymerization 
is selected due to its unique capability of rapidly attaching 
polymer networks having tunable crosslinking degree onto 
the surfaces of diverse kinds of materials. [ 19,20 ]  The GO-based 
membranes were evaluated in terms of proton conductivity, 
water uptake, swelling, methanol permeability, and mechan-
ical properties. It is demonstrated that the GO-based mem-
branes exhibit high proton conductivities up to 32 mS cm −1  
at 51% RH primarily due to the construction of ordered 
and continuous nanochannels with well-tailored chemical 
structures.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of GO/Polymer Core–Shell 
Nanosheets 

 The synthetic approach to GO/polymer core–shell nanosheets 
is illustrated in  Scheme    1  . GO was modifi ed with 3-(meth-
acryloxy)propyltrimethoxysilane (MPS) to introduce readily 
polymerizable methacrylate groups. [ 21 ]  Subsequently, covalently 
crosslinked polymer chains were grown on the surfaces of GO 
nanosheets, resulting in GO/polymer core–shell nanosheets. 
Methacrylic acid (MAA) was selected as the representative func-
tional monomer to validate the precipitation polymerization in 
fabricating GO/polymer core–shell nanosheets. Fourier trans-
form infrared (FTIR) spectra in  Figure    1   identify the functional 
groups in the GO-based nanosheets. In the GO sample, the 
characteristic absorption bands of GO are observed at 1728 cm −1  
(C O stretching vibrations), 1607 cm −1  (C C stretching vibra-
tions), 1229 cm −1  (C O stretching vibrations in epoxy group), 
1042 cm −1  (C O stretching vibrations in C OH groups), and 
3475 cm −1  (O H stretching vibrations). [ 22 ]  The presence of these 
functional groups is further verifi ed by X-ray photoelectron spec-
troscopy (XPS) (Figure S1, Supporting Information). The X-ray 
diffraction (XRD) pattern (Figure S1, Supporting Information) 
indicates that the  d -spacing of GO nanosheets is 0.8 nm. [ 23 ]  Upon 
grafting MPS, the GO-MPS sample shows absorption bands 
at 1016 and 1258 cm −1 , which are assigned to the stretching 
vibrations of the Si O and C O (in C O Si and O C O C 
groups) groups, respectively. [ 24 ]  The band at 1614 cm −1  (C C 
stretching vibrations) becomes much stronger due to the intro-
duction of more C C bonds. The bands at 1029 and 1042 cm −1  
(C O stretching vibrations) observed in GO sample weaken 
or disappear, implying the reaction of C OH and C O C 
groups in GO with MPS. The modifi cation of MPS is essential 
to generate more reactive C C bonds for the subsequent 
polymer attachment. We also attempted to functionalize the GO 
nanosheets without initial modifi cation of GO by MPS, aiming 
at directly utilizing the C C bonds of GO. However, the mono-
mers tended to polymerize into microspheres instead of poly-
merizing on the GO nanosheets, as observed from transmission 
electron microscopy (TEM) (Figure S2, Supporting Informa-
tion). These results collectively demonstrate the successful 
modifi cation of MPS on the GO nanosheets. After the growth 

Adv. Funct. Mater. 2015, 25, 7502–7511

www.afm-journal.de
www.MaterialsViews.com

 Scheme 1.    a) Schematic illustration of the synthesis of GO/polymer core–shell nanosheets via surface-initiated precipitation polymerization of a 
variety of monomers, and the fabrication of functionalized GO membrane via vacuum fi ltration assembly of GO-poly(VPA- co -EGDMA) nanosheets; 
b) structures of MPS, crosslinker and monomers. EGDMA, VPA, St, VI, VP, NIPAM, AA, and CMSt are the abbreviations of ethylene glycol dimeth-
acrylate, vinylphosphonic acid, styrene, vinylimidazole, 4-vinylpyridine, n-isopropyl-acrylamide, acrylamide, and 4-chloromethyl styrene, respectively.
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of poly(MAA- co -ethylene glycol dimethacrylate (EGDMA)) on 
GO-MPS nanosheets, the GO- g -poly(MAA- co -EGDMA) (GO-
PMAA) sample exhibits stronger absorption bands at 1728 and 
1265 cm −1 , which are attributed to the C O and C O stretching 
vibrations from the poly(MAA-co-EGDMA), respectively. 

   To acquire the morphological information of the GO-PMAA 
core–shell nanosheets, TEM and scanning electron micro-
scope (SEM) characterization of GO-PMAA nanosheets was 

performed. The TEM images (Figure S3, Supporting Informa-
tion) show that the black color on the nanosheets (on the top 
of the carbon fi lm) darkens over polymerization time, indi-
cating the growth of poly(MAA- co -EGDMA) network on the 
GO nanosheets over time. This result is further verifi ed by the 
SEM images in  Figure    2  . In the initial stage of polymerization 
within 60 min, the nanosheet morphologies are not clearly 
detected because the nanosheets with small thickness tend 
to deform and stack. [ 25 ]  After 60 min of polymerization, the 
lamellar morphologies are clearly observed. The thicknesses of 
the core–shell nanosheets at 80 and 100 min of polymerization 
are around 68 and 98 nm, respectively.  

 Thermogravimetric analysis (TGA) (Figure  2 f) was per-
formed to determine the mass ratios of PMAA in GO-PMAA 
and thermal properties of the GO-based nanosheets. Through 
analyzing the weight loss ratios of GO-MPS, GO-PMAA, and 
PMAA in the range of 125–780 °C of TGA curves, the PMAA 
ratios in GO-PMAA are calculated. The ratios of PMAA 
in GO-PMAA-20min, GO-PMAA-40min, GO-PMAA-60min, 
GO-PMAA-80min, GO-PMAA-100min reach 35.9, 74.3, 82.6, 
87.4, and 91.8 wt%, respectively. These results indicate the 
exceptionally high effi ciency of precipitation polymerization in 
fabricating GO/polymer core–shell nanosheets. Table S1 (Sup-
porting Information) compares different “graft from” methods 
for grafting polymers onto GO or graphene nanosheets. 
In comparison with other “grafting from” approaches to 
modifying GO or graphene such as atomic transfer radical 
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 Figure 1.    Comparative FTIR spectra of GO, GO-MPS, and GO-PMAA.

 Figure 2.    Surface images of GO-PMAA nanosheets observed by SEM: a) GO-PMAA-20min, b) GO-PMAA-40min, c) GO-PMAA-60min, d) GO-PMAA-80min, 
e) GO-PMAA-100min, f) Thermogravimetric Analysis (TGA) curves of GO, GO-MPS, GO-PMAA and PMAA, and “ a ” is cited from ref.  [ 26 ] . After 100 min 
of polymerization, the thickness of GO-PMAA nanosheets reaches about 98 nm. Both the SEM images and TGA demonstrate the rapid attachment of 
polymers onto the surface of GO nanosheets over time.
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polymerization, [ 27 ]  reversible addition-fragmentation chain 
transfer polymerization, [ 28 ]  cationic polymerization, [ 29 ]  and free 
radical polymerization, [ 30 ]  precipitation polymerization is more 
rapid and the corresponding graft yield is higher mainly due to 
two reasons: (i) the generated oligomers could precipitate out of 
the solvent (acetonitrile is a poor solvent for the oligomers) and 
be captured by the GO-PMAA nanosheets via covalent interac-
tions. (ii) The concentrations of the reagents were increased 
by the distillation of solvent out of the reaction system. [ 19 ]  All 
samples display two-stage weight loss, i.e., the evaporation of 
free and bound water in the fi rst region (30–125 °C), and the 
decomposition of functional groups and polymer chains in the 
second region (125–780 °C). The GO and GO-MPS samples 
exhibit a typical weight loss in the region of 125–230 °C, corre-
sponding to the decomposition of oxygen-containing groups. [ 29 ]  
With increasing reaction time, the TGA curves of the products 
(GO-PMAA) tend to be closer to the curve of pure polymer 
nanoparticles (PMMA sample). This phenomenon indicates 
the continuous attachment of polymers onto the surface of GO 
nanosheets over time, in agreement with the TEM and SEM 
observations. 

 The above result has demonstrated the feasibility, high effi -
ciency, and simplicity of performing surface-initiated precipitation 
polymerization in yielding GO/polymer core–shell nanosheets. 
To confi rm that this approach can be generally applied to other 
polymerizable vinyl monomers, we have employed a variety of 
typical monomers to functionalize GO nanosheets including 
vinylphosphonic acid (VPA), styrene (St), vinylimidazole (VI), 
4-vinylpyridine (VP), n-isopropyl-acrylamide (NIPAM), acryla-
mide (AA), and 4-chloromethyl styrene (CMSt). The FTIR, TGA, 

and TEM characterization (Figures S4–S9, Supporting Infor-
mation) demonstrates the successful functionalization of GO 
nanosheets using the above-mentioned monomers. The prepared 
GO/polymer nanosheets, with a variety of functional groups 
spanning acid, basic, hydrophilic, hydrophobic, thermal-sensitive, 
and pH-sensitive groups, may fi nd applications across broad 
fi elds such as composite materials, ion exchange membranes, 
gas separation membrane, drug-delivery systems, and sensors. [ 31 ]   

  2.2.     Fabrication and Properties of GO-poly(VPA- co -EGDMA) 
Membranes 

  2.2.1.     Fabrication of GO-poly(VPA-co-EGDMA) Membranes 

 Besides corroborating the feasibility and universality of 
fabricating GO/polymer core–shell nanosheets using surface-
initiated precipitation polymerization, another objective of this 
study is to implement the concept of creating tunable nano-
channels for enhanced proton conductivity through assembling 
GO-poly(VPA- co -EGDMA) (PGO) nanosheets. The FTIR and 
XPS characterization in  Figure    3   verifi es the successful syn-
thesis of PGO nanosheets. The absorption bands at 1157 and 
1103 cm −1  (Figure  3 a) are attributed to the stretching vibrations 
of P O bonds, and the band at 1358 cm −1  is ascribed to the 
stretching vibrations of P O bonds. [ 32 ]  The chemical composi-
tion is further determined by XPS. In the wide range XPS spectra 
(Figure  3 b,d), the peaks at binding energies of 130.8 and 99.8 eV 
are assigned to P 2p and Si 2p, respectively. PGO-2 was synthe-
sized by the same procedure and formula as PGO-1 but with 

Adv. Funct. Mater. 2015, 25, 7502–7511

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    a) FTIR spectrum of PGO-1; b) wide region XPS spectrum of PGO-1; and c) deconvoluted XPS spectra in the C 1s region for PGO-1; d) wide 
region XPS spectrum of PGO-2.
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shorter polymerization time. Thus, the major difference between 
them is the grafting ratio of polymer on GO. According to the 
peak area ratios, the P contents are calculated to be 6.69 wt% 
(Figure  3 b) and 4.54 wt% (Figure  3 d), which correlate with about 
17.5 wt% (in PGO-1) and 11.9 wt% (in PGO-2) of P O(OH) 2  
groups, respectively. The elemental ratios may deviate from the 
true value because only the surface composition (<10 nm depth) 
can be probed by XPS. The C 1s XPS spectra of PGO-1 
(Figure  3 c) show four peaks at binding energies of 283.15, 
286.05, 282.7, and 281.7 eV, which are assigned to C C/C C 
(64.75%), O C O (17.67%), C P/C Si (7.84%) and C OH/C

O C/C O Si (9.74%), respectively. [ 33,34 ]  The TEM and SEM 

images in  Figure    4   exhibit 2D morphologies 
of the PGO nanosheets. 

   The dispersion and fi ltration of the 
nanosheets via a vacuum-assisted fi ltration 
method [ 35 ]  generated freestanding PGO mem-
branes (Figure S10, Supporting Information). 
The SEM images in  Figure    5   show the cross-
sections of the PGO membranes, revealing 
regularly stacked microstructure with a layer-
by-layer morphology. This lamellar micro-
structure is also observed in other GO mem-
branes prepared by fi ltration method. [ 36 ]  The 
PGO nanosheets tend to orientate in the in-
plane direction. The orderly distributed GO 
nanosheets render interconnected nanostruc-
tures with long-range continuity at micro-
meter length scale, which are advantageous 
to afford well-connected hydrogen-bonded 
networks and thus high proton conductivity. 
However, the PGO membranes have the 
drawback that the in-plane orientated PGO 
nanosheets confer highly tortuous proton-
transport nanochannels. The TGA curves 
of the PGO membranes (Figure  5 b) present 
two distinct weight losses at about 210 and 
350 °C, respectively, corresponding to the 
removal of oxygen-containing groups of GO 
and the decomposition of the polymers in 
PGO membranes. According to the weight 
losses of GO-MPS nanosheets, PGO mem-

branes, and poly(VPA- co -EGDMA), the poly(VPA- co -EGDMA) 
mass ratios in PGO-1 and PGO-2 membranes are calculated 
to be 44.6 and 31.8 wt%, respectively.  Figure    6   shows the XRD 
patterns of PGO-1, PGO-2, and GO membranes in the dry 
and wet states, indicating the tunable feature of the  d -spacing 
within PGO membranes. The  d -spacing of PGO-1, PGO-2, and 
GO membranes in the wet state are 1.43, 1.33, and 1.2 nm, 
respectively. The variation of  d -spacing is in accordance with 
the change of grafting ratio of polymers on GO, that is, higher 
polymer content residing between the GO nanosheets renders 
larger  d -spacing. The  d -spacing in the wet state is larger than 
that in the dry state due to the swelling of the polymers.    
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 Figure 4.    Surface images of PGO-1 and PGO-2 nanosheet samples observed by a,b) TEM and 
c,d) SEM.

 Figure 5.    a,b) SEM images of cross-section morphologies of PGO-1 and PGO-2 membranes. The membranes show orderly stacked lamellar micro-
structure, which provides desirable nanochannel morphology with long-range continuity for proton transport; c) TGA curves of GO-MPS, PGO-1 and 
PGO-2 membranes, and poly(VPA- co -EGDMA).
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  2.2.2.     Water Uptake and Dimensional Change of the Membranes 

 Water uptake is a key parameter to gain insight into the mode of 
proton transport due to the fact that water molecules are involved 
in both the vehicle mechanism and Grotthuss mechanism. [ 16 ]   
Table    1   shows that the water uptake of PGO-1 membrane is 47.5% 
at 30 °C, which is double that of Nafi on 117. The PGO-2 displays 
a lower water uptake due to the decreased IEC. The water uptakes 
of PGO-1 and PGO-2 membranes correspond to about 10.6 and 
9.6 water molecules per P O(OH) 2  group ([H 2 O]/[P O(OH) 2 ]), 
respectively. These results indicate that the membranes possess 
suffi ciently high water uptake, which is essential to the formation 
of percolated water structures for fast proton transport. 

  Dimensional change was evaluated by the swelling ratio of PGO 
membrane in water. For PGO-1 membrane, the swelling ratio in 
the through-plane direction is 27.8%, while the swelling ratio in 
the in-plane direction is only 2.5%. Such a signifi cant anisotropic 
swelling behavior originates from the fact that the nanosheets in 
membrane tend to orientate in the in-plane direction (observed 
by SEM), which markedly suppresses the swelling of membrane 
in the in-plane direction. This anisotropic behavior is frequently 
observed in multiblock copolymer membranes because of the in-
plane orientation of ionic nanochannels in membranes. [ 37,38 ]  It 
should be mentioned that the small in-plane swelling is benefi cial 
in preparing membrane electrode assemblies because excessive 
in-plane swelling can lead to the delamination of catalyst layer.  

  2.2.3.     Mechanical Stability of the Membranes 

 The stress−strain curves in Figure S11 (Supporting Informa-
tion) show that the PGO-1 membrane exhibits tensile strength of 

29.1 MPa, Young’s modulus of 0.73 GPa, and elongation at break 
of 16.4% in the dry state. The good mechanical properties are due 
to the abundant physical interactions between PGO nanosheets. 
The mechanical properties could rival those of composite or aro-
matic ionomer membranes reported in the literature. [ 7,39 ]   

  2.2.4.     Proton Conductivity of the Membranes 

 Proton conductivity is the performance-determining parameter 
in PEMFC. As listed in Table  1 , the proton conductivity of PGO 
membrane exhibits a positive correlation with the IEC, and the 
conductivity reaches 71 mS cm −1  at IEC of 2.5 mmol g −1  under 
30 °C and 100% RH. Under fully hydrated conditions, sul-
fonated membranes usually show a signifi cantly higher conduc-
tivity than that of phosphonated membranes mainly because the 
sulfonated acid group (strong acid) is more easily dissociated, 
allowing a high concentration of free protons. [ 16,37 ]  However, 
the conductivity of PGO-1 membrane is comparable to that of 
the benchmark membrane (Nafi on 117). Moreover, the conduc-
tivity is higher when compared with either state-of-the-art phos-
phonated membranes [ 40,41 ]  or GO-based materials [ 42 ]  (Table S2, 
Supporting Information). For example, the PGO-1 membrane 
shows conductivity nearly 20 times higher than those of GO 
and GO-MPS membranes, indicating the importance of intro-
ducing phosphonated polymers. The phosphonated membrane 
with poly(VPA) brushes shows a conductivity of 66 mS cm −1  at 
a remarkably high IEC of 5.3 mmol g −1  (water uptake = 125%), 
and the conductivity decreases to 17 mS cm −1  with decreasing 
the IEC to 2.9 mmol g −1  (water uptake = 31%). [ 41 ]  This means 
that the PGO-1 membrane achieves a signifi cantly elevated con-
ductivity at a lower IEC (2.5 mmol g −1 ), indicating that the ion 
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 Figure 6.    XRD patterns of a) PGO-1 and PGO-2 membranes and b) GO membrane in the dry and wet states (immersed in water for 24 h before 
measurement) at room temperature.

  Table 1.    IEC, dimensional swelling, water uptake, proton conductivity of the membranes. 

Membrane IEC Swelling [%] Water uptake b)  [%] Proton conductivity a) 

 [mmol P per gram] (in plane) a) (through plane) a) 30 °C 80 °C [mS cm -1 ]

PGO-1 2.5 2.5 27.8 47.5 73.2 71

PGO-2 1.4 1.9 16.4 24.3 36.7 42

Nafi on 117 0.9 9.8 11.3 18.6 25.6 86

    a) Measured at 30 °C in water;  b) Measured at 30 and 80 °C in water.   
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mobility is much higher. [ 37 ]  This high ion mobility is mainly 
due to the reason that the PGO-1 membrane possesses a more 
effi cient organization of proton carriers. [ 43 ]  Extensive long-range 
ionic nanochannels are believed to be created on the functional-
ized GO nanosheets having continuous geometric structures. [ 44 ]  
 Figure    7  a shows the proton conductivity of PGO and Nafi on 117 
membrane in the range of 40–80 °C. The conductivities increase 
with increasing temperature because proton transport is a ther-
mally activated process. The conductivity of PGO-1 membrane 
achieves 102 mS cm −1  at 80 °C. The calculated activation energy 
( E  a ) of the PGO-1 membrane is 6.65 kJ mol −1 , 45.23% of the  E  a  
of Nafi on 117 (14.7 kJ mol −1 ), implying the creation of lower-
energy-barrier pathways for proton transport. [ 18 ]   

 Figure  7 b plots the proton conductivity as a function of 
humidity at 80 °C. The dependence of conductivity on humidity 
for the PGO membrane is lower than that for Nafi on 117 mem-
brane. At 51% RH, the conductivity of PGO-1 membrane is 
32 mS cm −1 , 28% higher than the value of Nafi on 117 mem-
brane (25 mS cm −1 ). To the best of our knowledge, this is the 
highest conductivity for GO-based materials reported to date. 
Such high conductivity at low RH is attributed to the following 
three reasons: (i) the conductivity of phosphonated membrane 
has a weaker dependence on humidity compared with that of 
sulfonated membrane. [ 45 ]  Phosphonic acid group is ampho-
teric, and it can act as both proton donor and proton acceptor. 
Dynamic hydrogen bonded networks can be formed among 

PO 3 H 2  groups, allowing proton transport even under anhy-
drous conditions; [ 33,46 ]  (ii) the crosslinked polyelectrolyte behaves 
as a hydrogel and is expected to provide excellent water retention 
properties under low RH; [ 47 ]  (iii) the crosslinked poly electrolyte 
between GO layers possesses a high local concentration of 

P O(OH) 2  groups (2.5 mmol P per gram) as well as other 
hydrophilic groups such as COOH, C O, and glycol groups. 
These abundant functional groups interact with the absorbed 
water to create well-connected hydrogen-bonded networks (con-
tinuous ionic nanochannels) between the orderly distributed 

GO layers, as illustrated in Figure  7 c. It is noteworthy that this is 
the fi rst study on phosphorylated GO for proton transport.  

  2.2.5.     Methanol Permeability of the Membranes 

 In order to explore the application potential of PGO membrane 
in direct methanol fuel cell (DMFC), the methanol perme-
ability was measured at 30 °C. Membranes for DMFC must 
simultaneously have high proton conductivity and low meth-
anol permeability. However, proton conductivity and methanol 
permeability are strongly coupled, and it remains a great chal-
lenge to fabricate membranes having both favorable conduc-
tivity and methanol-barrier properties. [ 48 ]  For the permeability 
measurement using 2  M  methanol ( Figure    8  ), the PGO-1 and 
PGO-2 membranes display methanol permeability of 4.3 × 10 −7  
and 2.3 × 10 −7  cm 2  s −1 , respectively, which are lower than that 
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 Figure 7.    Proton conductivity of PGO and Nafi on 117 membranes a) as a function of temperature at 100% RH and b) as a function of humidity at 
80 °C. c) Illustration of proton transport along the hydrogen-bonded network within the nanochannels.

 Figure 8.    Methanol permeability (in 2  M  and 10  M  methanol solution) and 
selectivity of PGO and Nafi on 117 membranes. The selectivity is calcu-
lated based on the proton conductivity (30 °C in water) and the methanol 
permeability in 2  M  methanol solution.
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of Nafi on 117 membrane (1.6 × 10 −6  cm 2  s −1 ). This is attrib-
uted to the fact that the in-plane orientation of GO nanosheets 
(impermeable to methanol) extends the pathway for meth-
anol diffusion, and that the crosslinked polymer networks are 
unfavorable for methanol diffusion. [ 20 ]  The PGO membranes 
also exhibit low methanol permeability (Figure  8 ) under high 
methanol concentration (10  M ), indicating their potential for 
application in high concentration DMFC. The selectivity (proton 
conductivity/methanol permeability) is a more comprehensive 
parameter to evaluate the potential performance of the mem-
brane in DMFC. [ 49 ]  The selectivity of PGO-1 membrane (Figure  8 ) 
is 1.65 × 10 5  S s cm −3 , which is 3.07 times of that of Nafi on 
117 membrane (5.38 × 10 4  S s cm −3 ). Such a high selectivity is 
anticipated to be benefi cial for high-performance DMFC.  

 As a proof-of-principle study, this work demonstrates the 
construction of tunable nanochannels within membrane via 
directly assembling GO/polymer nanosheets. The formulation 
enables independent control over the topological structure and 
chemical structure of nanochannels. This is the fi rst exploita-
tion of constructing ionic nanochannels with tunable features 
using functionalized GO, offering an insight into the rational 
design of high-performance solid electrolyte for practical appli-
cations. Further work will be focused on evaluating the fuel cell 
performance and long-term stability of the membrane.    

  3.     Conclusion 

 Herein, we reported a rapid, simple, and general approach for 
the synthesis of GO/polymer core–shell nanosheets via surface-
initiated precipitation polymerization. A remarkably high graft 
yield of 94% was achieved within only 1.67 h. The high graft 
effi ciency, coupled with the compatibility with various mono-
mers and insensitivity to oxygen, water, and polymerization 
inhibitor, makes this approach broadly attractive to other fi elds. 

 Subsequently, we fabricated GO-based membranes via 
vacuum-assisted fi ltration assembly using GO/poly(VPA- co -
EGDMA) core–shell nanosheets as building blocks. At a RH 
of 51%, the proton conductivity of PGO-1 membrane reaches 
32 mS cm −1 , surpassing the performance of all GO-based mate-
rials reported to date. Such a high conductivity is attributed to 
the construction of ordered and continuous nanochannels with 
well-tailored chemical structures. The regularly distributed GO 
nanosheets provide the nanochannel structure with long-range 
continuity (observed by SEM) ensuring appropriate physical 
microenvironment, while the poly(VPA- co -EGDMA) confers 
well-connected hydrogen-bonded network and excellent water 
retention ensuring appropriate chemical microenvironment, 
resulting in the simultaneous intensifi cation of hopping-type 
and vehicle-type proton transport. Considering the tunable 
feature and high performance, the proposed straightforward 
strategy of constructing nanochannels may become a bench-
mark for molecular-level design of next-generation PEMs.  

  4.     Experimental Section 
  Materials : GO (thickness 0.55–1.2 nm, diameter 0.5–3 µm) was 

purchased from Chengdu Organic Chemicals Co. Ltd., Chinese Academy 

of Sciences. MPS, EGDMA, and styrene (St) were purchased from Alfa 
Aesar (China) and used as received. 2, 2′-Azoisobutyronitrile (AIBN) 
and acrylamide were purchased from Aladdin (China) and used without 
further purifi cation. MAA, VPA, VI, NIPAM, VP, CMSt were purchased 
from J & K Chemical Ltd. (China) and used as received. All other 
reagents were reagent grade and used without further purifi cation. 
De-ionized water was utilized in the entire experiment. 

  Synthesis of GO / Polymer Nanosheets : GO was modifi ed with MPS 
according to our previous work. [ 26 ]  100 mg of GO was dispersed 
in 50 mL of ethanol with ultrasonic radiation. After adding 0.2 mL of 
MPS, the solution was stirred for 48 h at 50 °C. The resultant MPS-
modifi ed GO (MPS-GO) was purifi ed by three cycles of centrifugation/
redispersion using ethanol as solvent. 

 Multiple types of GO/polymer core–shell nanosheets were prepared 
through surface-initiated precipitation polymerization using MPS-GO 
as template. [ 19,50 ]  A typical procedure for the fabrication of GO/
poly(MAA- co -EGDMA) (GO-PMAA) nanosheets was described below. 
20 mg of MPS-GO, 0.5 mL of MAA, 0.5 mL EGDMA, and 0.02 g of 
AIBN (2 wt% relative to the weight of [MAA+EGDMA]) were dissolved 
in 80 mL of acetonitrile. This solution was heated to boiling state from 
room temperature within 10 min, and then the solvent was kept being 
distilled out of the reaction system. After a predetermined reaction 
time (20–100 min), the resulting core–shell nanosheets were purifi ed 
by centrifugation and redispersion. The polymer grafting ratio can be 
controlled by varying three parameters: (i) the (monomer+crosslinker)/
MPS-GO feed ratio; (ii) the concentrations of monomer and crosslinker 
in acetonitrile; and (iii) the reaction time. The crosslinking degree can 
be controlled by varying the crosslinker/monomer ratio. Finally, the GO/
polymer nanosheets with different kinds of compositions were obtained 
after drying in a vacuum oven. PGO nanosheets were prepared by a 
similar method to GO-PMAA except for the following differences: 20 mg 
of MPS-GO, 0.3 mL of VPA, 0.15 mL EGDMA, and 0.009 g of AIBN were 
dissolved in 80 mL of acetonitrile. The polymerization was allowed to 
proceed for 40 and 60 min, resulting in PGO-2 and PGO-1 nanosheets, 
respectively. Poly(VPA-co-EGDMA) microsphere was synthesized to 
determine the mass ratio of polymer in PGO membrane, according to 
the method reported in our previous study. [ 26 ]  

  Membrane Preparation Via Vacuum Assisted Assembly Method : 60 mg 
of PGO nanosheets were dispersed in 120 mL of water under ultrasonic 
irradiation for 60 min. The suspension was then fi ltered through a 
commercial microfi ltration membrane (polyether sulfone membrane 
with a pore diameter of 220 nm) under vacuum for about 24 h. The 
resulting membrane was then dried at room temperature for 24 h and 
at 60 °C for 12 h. For comparison, the GO membrane was prepared 
though the fi ltration of GO aqueous dispersion (0.5 mg mL −1 ) by the 
same method as the PGO membrane. 

  Characterization : The morphology of the GO/polymer nanosheets was 
observed by transmission electron microscopy (TEM, Tecnai G2 20 S-TWIN) 
and fi eld emission scanning electron microscope (FESEM, Nanosem 430). 
Cross-section morphology of the membrane was imaged by FESEM after the 
membrane being freeze-fractured in liquid nitrogen and then sputter-coated 
with a thin gold layer. The samples of GO-based nanosheets for TEM and 
SEM characterization were prepared through dropping their dispersions on 
carbon fi lms and conducting adhesives, respectively, followed by drying. 
FTIR spectra of the samples were measured by a BRUKER Vertex 70 FTIR 
spectrometer equipped with a horizontal attenuated transmission accessory. 
The chemical compositions of GO or PGO were determined using XPS 
(Kratos Axis Ultra DLD) with a monochromatic Al Kα source and a charge 
neutralizer. Wide-angle XRD was performed to detect the crystallization 
property of GO using a D/MAX-2500 X-ray diffractometer (CuK α). TGA 
was performed using a thermogravimetric analyzer (NETZSCH-TG209 F3) 
over a temperature range of 40–800 °C at a heating rate of 10 °C min −1  
under nitrogen atmosphere. 

  Measurement of Water Uptake, Dimensional Swelling, and IEC : 
Rectangular samples were dehydrated till constant weight and the weight 
( W  dry ), length ( L  dry ), and thickness ( T  dry ) were tested. Subsequently, 
the samples were immersed in water at a defi ned temperature until 
full hydration and the weight ( W  wet ), length ( L  wet ), and thickness ( T  wet ) 
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were tested. The measurements were repeated three times to obtain 
an average value. The water uptake, length swelling, and thickness 
swelling were respectively calculated by the equations: water uptake 
(%) = ( W  wet  −  W  dry )/ W  dry  × 100, Δ L  (%) = ( L  wet  −  L  dry )/ L  dry  × 100 and 
Δ T  (%) = ( T  wet  −  T  dry )/ T  dry  × 100. The IEC was measured through back 
titration method. The sample was immersed in 0.01  M  of NaOH for 48 h, 
and then the remained amount of NaOH was titrated. The IEC (mmol P 
per gram) was calculated by  M  NaOH  /(2 W  dry ), where  M  NaOH  is the molar 
weight of the NaOH consumed by the sample. 

  Measurement of Proton Conductivity, Methanol Permeability and 
Mechanical Property : The membrane resistance ( R ) was tested by two-
point probe alternating current (AC) impedance spectroscopy with a 
frequency range of 10 5 −1 Hz using an electrode system connected with 
frequency response analyzer (FRA, Compactstat, IVIUM Tech.). In-plane 
proton conductivity under 100% RH was tested in a temperature-
controlled water-bath chamber, and the sample was probed by two 
parallel platinum electrodes. Proton conductivity under low RH at 
80 °C was tested in a temperature-controlled chamber where the 
humidity was controlled by saturated salt solution. The salts employed 
to control humidity were as follows: K 2 CO 3  (41.1%), NaBr (51.4%), 
NaNO 3  (65.4%), and KCl (78.9%). [ 51 ]  Proton conductivity was calculated 
according to the relationship:  σ  =  l / AR,  where  R  is the resistance, 
 A  is the cross-section of the sample, and  l  is the length between the 
electrodes. The methanol permeability was measured using a diffusion 
cell, in which the methanol solution (2  M  and 10  M ) permeates through 
the PGO membrane into the water compartment. The measurement 
method was described in detail in our previous study. [ 52 ]  Mechanical 
properties of dry membrane samples were tested by an electronic tensile 
machine (WDW-2, Yangzhou Zhongke Measuring Apparatus Co., China) 
at a stretching rate of 1 mm min −1  at room temperature. [ 26 ]   
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