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fuel cells, lithium-ion batteries, flow bat-
teries, and electrodialysis.[1] Fast ion trans-
port and superior mechanical properties 
for solid electrolytes are both of critical 
significance for these devices to operate 
with high efficiency and long-term sta-
bility.[2] However, a tradeoff relationship 
commonly exists between ionic conduc-
tivity and mechanical properties.[1,3] A 
frequently exploited approach to address 
this issue leverages the hydrophilic–
hydrophobic bicontinuous nanophase 
morphologies of block copolymers to 
independently control the ion conductivity 
and mechanical properties.[4,5] Neverthe-
less, some limitations of this approach 
encompass (i) insufficient ion conductivity 
at low humidity due to the lack of long-
range order in the conducting channels, 
and (ii) relatively low mechanical strength 
due to the lack of hierarchically designed 
nonionic phases. Moreover, the resulting 
complex nanophase structures confound 

the fundamental understanding of the ion-conducting behavior. 
Another important approach is the fabrication of composite 
solid electrolytes reinforced by strong porous substrates such as 
porous polytetrafluoroethylene, porous polyimide, glass–fiber 
paper, and nonwoven fabrics.[6] While this has certain merits, 
the durability of the solid electrolytes could be degraded due 
to weak interactions and surface energy differences between 
the substrate and impregnated electrolyte. Furthermore, the 
ion conductivity could be compromised by the nonconductive 
substrates. Thus, a novel approach that integrates both superior 
ion conduction and mechanical properties within one material 
is imperative.

2D materials of atomic thickness such as graphene oxide 
(GO) and montmorillonite (MMT) have emerged as ideal 
molecular building blocks to develop intricately structured 
advanced membranes.[7] The 2D building blocks can be easily 
assembled into lamellar microstructures showing ordered chan-
nels that percolate throughout the membrane as well as being 
highly uniform and tunable in width. Consequently, mem-
branes incorporating 2D channels have demonstrated extraor-
dinarily rapid mass transport.[8] However, studies of 2D channel 
solid electrolyte membranes are still in their infancy,[9] and fast 
ion conduction channels that can compete effectively in perfor-
mance with those in block copolymer membranes have not yet 
been created. Nanochannels containing high concentrations of 

Solid electrolytes have attracted much attention due to their great prospects 
in a number of energy- and environment-related applications including fuel 
cells. Fast ion transport and superior mechanical properties of solid electro-
lytes are both of critical significance for these devices to operate with high 
efficiency and long-term stability. To address a common tradeoff relationship 
between ionic conductivity and mechanical properties, electrolyte mem-
branes with proton-conducting 2D channels and nacre-inspired architecture 
are reported. An unprecedented combination of high proton conductivity 
(326 mS cm−1 at 80 °C) and superior mechanical properties (tensile strength 
of 250 MPa) are achieved due to the integration of exceptionally continuous 
2D channels and nacre-inspired brick-and-mortar architecture into one mate-
rials system. Moreover, the membrane exhibits higher power density than 
Nafion 212 membrane, but with a comparative weight of only ≈0.1, indicating 
potential savings in system weight and cost. Considering the extraordinary 
properties and independent tunability of ion conduction and mechanical 
properties, this bioinspired approach may pave the way for the design of next-
generation high-performance solid electrolytes with nacre-like architecture.

Fuel Cells

Solid electrolytes that conduct ions (particularly protons) have 
attracted much attention due to their prospects in a number 
of energy- and environment-related applications including 
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sulfonic acid groups can enable superior proton conductivity in 
that the strongly acidic groups impart a highly dissociated ion 
concentration as well as well-connected water network struc-
tures. Such a favorable chemical microenvironment facilitates 
proton conduction.[10] Thus, it is conjectured that high proton 
conductivity could be obtained if highly sulfonated electrolytes 
are incorporated into the interlayer space of the 2D channels, 
because both the physical and chemical microenvironments 
are optimized for proton transport. However, 2D membranes 
have been challenged with inferior mechanical properties due 
to inadequate interlayer adhesion.[11]

Coincidently, 2D materials are utilized as building blocks 
in nature to construct armor having exceptional mechanical 
properties, exceeding the majority of artificial materials for 
self-protection, which offers ingenious inspiration to address 
the aforementioned issue.[12] Nacre possesses highly sophisti-
cated structures with well-ordered brick-and-mortar architec-
ture composed of about 95 vol% 2D calcium carbonate and 
5 vol% biopolymers. The high-level ordering of the inorganic 
2D nanosheets coupled with robust organic–inorganic inter-
faces confers highly efficient load transfer between the organic 
moiety and inorganic moiety, leading to exceptional mechanical 
properties.[13,14] Thus, it is envisaged that superior mechanical 
properties could be achieved if nacre-like nanostructures are 
incorporated into the 2D solid electrolytes.

Herein, we report for the first time the fabrication of nacre-
inspired proton-conducting solid electrolytes through controlled 
assembly of the 2D materials (GO and MMT nanosheets) and 
highly sulfonated hydrophilic polymer (sulfonated polyvinyl 
alcohol, SPVA) along with rational manipulation of the inor-
ganic–organic interfacial interactions. Two types of 2D mate-
rials are utilized to implement a synergistic toughening effect. 
An unprecedented combination of high proton conductivity 
(326 mS cm−1 at 80 °C) and superior mechanical properties 
(tensile strength of 250 MPa) are achieved due to the integra-
tion of 2D channels and nacre-inspired brick-and-mortar archi-
tecture into one materials system. Our study indicates that 
enabling the independent tunability of ion-conduction and 
mechanical properties is an effective approach to designing 
next-generation high-performance solid electrolytes for estab-
lished and emerging energy and environmental applications.

SPVA was synthesized by the reaction of polyvinyl 
alcohol with benzaldehyde-2,4-disulfonic acid disodium salt 

(BADSA).[14,15] The chemical structure of SPVA is confirmed by 
1H nuclear magnetic resonance (1H NMR) spectrum (Figure S1, 
Supporting Information), which shows signals between 7.7 and 
8.2 ppm (d1–d3) corresponding to the protons of benzene in 
BADSA. The content of sulfonic acid groups or ion exchange 
capacity (IEC) in SPVA is 4.21 mmol g−1, which is calculated 
based on the signal area ratios of the protons d1–d3 and a. The 
content of hydroxy groups in SPVA is 5.05 mmol g−1, which is 
calculated based on the signal area ratios of protons c and a. GO 
was synthesized by the modified Hummers method[16] and the 
structures are verified by atomic force microscopy (AFM), wide 
angle X-ray diffraction (XRD), and X-ray photoelectron spectros-
copy (XPS), as shown in Figure S2 (Supporting Information). 
The thickness and in-plane size of individual GO nanosheets 
are around 1 nm and 1–2 µm, respectively, as observed by 
AFM. The sharp peak (2θ = 10.79) in the XRD pattern indicates 
that the interlayer spacing of GO nanosheets is 0.82 nm. The 
XPS pattern shows typical peaks of GO at binding energies of 
282 and 530 eV, corresponding to C 1s and O 1s, respectively.[17] 
The high oxygen content (38.9 wt%) indicates a high degree 
of oxidation of GO due to the presence of abundant hydroxy, 
epoxy, and carboxyl groups.[18] The structures of MMT are 
determined by transmission electron microscopy (TEM), XRD, 
and XPS, as shown in Figure S3 (Supporting Information). The 
TEM images show that the in-plane size of MMT nanosheets 
was 0.1–0.3 µm. The sharp peak (2θ = 6.2°) in the XRD pat-
tern indicates that the interlayer spacing of MMT nanosheets 
is 1.4 nm.

The GO/MMT/SPVA ternary composite membranes were 
fabricated by a vacuum-assisted self-assembly method, as illus-
trated by Figure 1a.[19] It is noteworthy that the underlying 
reason of utilizing a ternary composite is that nacre-inspired 
ternary composites show higher mechanical properties than 
other binary composites due to the effective synergistic tough-
ening effect from incorporating two kinds of 2D nanomate-
rials.[20] The weight ratio of GO to MMT for all the composite 
membranes was maintained at 9:1, which is selected based on 
previous literature.[21] For the GO/MMT/SPVA-X (X = 30, 40, 
50, 60) membranes, X corresponds to the weight ratio of SPVA 
to [GO + MMT + SPVA] in the filtration suspension. The weight 
of glutaraldehyde (GA: cross-linker) was 1.6 times of that of 
SPVA. The actual mass fractions of SPVA were estimated by 
thermogravimetric analysis (TGA), as shown in Figure S4 and 
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Figure 1.  a) Schematic illustration of preparing GO/MMT/SPVA composite membranes and digital picture of the membrane. b) Chemical structure 
of SPVA.
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Table S1 (Supporting Information). Both the 2D nanoscale 
building blocks (GO and MMT) and SPVA have a large number 
of polar groups (hydroxy, epoxy, carboxy groups) to ensure the 
hydrogen-bonding driven assembly during the preliminary 
physical blending process, resulting in sandwich-structured 
nanosheets.[19,22] By using vacuum filtration, the ternary com-
posite membrane was formed.

The cross-sectional morphologies of the GO/MMT/SPVA 
composite membranes were observed by scanning electron 
microscopy (SEM) (Figure 2a–d). The membranes reveal well-
ordered laminar microstructures, which are similar to the 
brick-and-mortar structure of nacre and many other nacre-
inspired materials.[23,24] A comparison between Figure 2 and 
Figure S5 (Supporting Information) highlights the striking 
similarities between the GO/MMT/SPVA membranes and 
natural nacre.[23,25] The 2D nanosheets in the membranes are 
broadly orientated horizontally. With an increasing content of 
SPVA, the sharp profile of the 2D nanosheets becomes less 
distinct due to the increased amount of polymer enveloping 
the nanosheets. The distribution of Si (a characteristic ele-
ment in MMT) and S (a characterstic element in SPVA) in the  
GO/MMT/SPVA-30 membrane, probed by energy-dispersive 
X-ray spectroscopy (EDX) mapping and shown in Figure S7 
(Supporting Information), indicates a homogeneous distribu-
tion of MMT and SPVA throughout the membrane. XRD spec-
troscopy was used to further confirm the “brick-and-mortar” 
microstructure of the GO/MMT/SPVA membranes, as shown 
in Figure S8 (Supporting Information). With an increasing con-
tent of SPVA, the d-spacing of GO in the membranes increases 
from 0.96 to 1.34 nm, implying the ordered arrangement of GO 
nanosheets and increased content of polymers in the GO inter-
layers. The peaks corresponding to MMT are not observed due 
to the low content of MMT in the composites.

To evaluate the mechanical properties of the nacre-inspired 
membranes, we measured the stress–strain curves, as shown 
in Figure 3 and Table S2 (Supporting Information). The 

GO/MMT/SPVA membranes exhibit exceptionally high ten-
sile strength and elastic modulus, surpassing those of all 
reported proton-conducting electrolyte membranes (PEMs) 
(Figure 4d; Table S6, Supporting Information). The GO/MMT/
SPVA-30 membrane shows the highest mechanical proper-
ties with a tensile strength of 288 MPa and elastic modulus of 
18.63 GPa, in contrast to some state-of-the-art poly(aryl ether) 
block copolymer electrolytes exhibiting a tensile strength of 
about 48.5 MPa and an elastic modulus of about 1.7 GPa.[26] 
Such superior mechanical properties can be attributed to the 
nacre-like brick-and-mortar architecture of GO/MMT/SPVA 
membranes.[27] Nacre possesses two distinct structural fea-
tures: (i) the horizontal orientation of 2D inorganic materials; 
(ii) the strong interfacial interactions between 2D materials and 
polymers.[13,28] The superior load-transfer efficiency between 
the flexible polymers and stiff inorganic materials endows 
nacre with high mechanical properties. According to the above 
SEM and XRD characterizations, the GO/MMT/SPVA mem-
branes exhibited nacre-like architecture with horizontally ori-
entated GO and MMT as “bricks,” which are glued together 
by SPVA and GA molecules as “mortar.” SPVA contains a 
high density of hydroxy and ether groups, which readily form 
numerous hydrogen bonds with oxygen-containing groups 
on GO nanosheets and siloxane units on MMT nanosheets. 
Moreover, SPVA forms COAl covalent bonds with MMT 
nanosheets, as confirmed by Fourier transform infrared (FTIR) 
(Figure S10, Supporting Information); the introduction of GA 
in the filtration solution strengthens the covalent bonding 
between 2D materials and polymers (Figure S8, Supporting 
Information).[14] GA is an efficient cross-linking agent that 
forms covalent acetal linkages between hydroxy groups from 
SPVA, GO, and MMT nanosheets.[19] The synergy between 
hydrogen bonds and covalent bonds affords the GO/MMT/
SPVA membranes robust interfacial adhesion, thus promoting 
load transfer efficiency.[29] It is noteworthy that the presence of 
sulfonic acid groups is detrimental to interfacial adhesion in 
the interlayers, as indicated by the result in Figure S11b (Sup-
porting Information), although this is somewhat counteracted 
by cross-linking with GA. In the absence of polymer being 
utilized in membrane formation, insufficient hydrogen bonds 
between the 2D inorganic nanosheets results in lower strength 
and toughness of the GO and GO/MMT membranes compared 
with natural nacre (tensile strength of 80–135 MPa and tough-
ness of 1.8 MJ m−3).[25] Through the fine-tuning of the organic/
inorganic interfacial interactions via the incorporation of SPVA 
and cross-linker, the mechanical properties of GO/MMT/SPVA 
membranes are remarkably improved. The GO/MMT/SPVA-50 
membrane shows tensile strength of 250.2 MPa and tough-
ness of 2.7 MJ m−3, which are about 85% and 50% higher than 
those of natural nacre counterpart. The mechanical properties 
are also higher than many other nacre-inspired materials, as 
shown in Table S3 (Supporting Information). With increasing 
SPVA in 2D nanosheet galleries, the tensile strength tends to 
decrease from 287.7 to 180.7 MPa because the increased poly-
mers densely wrap the GO and MMT nanosheets and reduce 
the interlayer adhesion.[30]

To determine the optimal dosage of GA, GO/MMT/SPVA-50-I  
(low cross-linking degree) and GO/MMT/SPVA-50-II (high 
cross-linking degree) membranes are fabricated as a comparison 

Adv. Mater. 2017, 29, 1605898

Figure 2.  a–d) SEM cross-sectional images of the GO/MMT/SPVA 
membranes.
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and the mechanical properties are shown in Figure 3b. The 
result indicates that moderate cross-linking degree is benefi-
cial to the enhancement of mechanical properties. Owing to 
higher dosage of GA, the GO/MMT/SPVA-50 membrane pos-
sesses stronger interfacial interactions, higher tensile strength, 
and elastic modulus in comparison with GO/MMT/SPVA-50-I 
membrane. With further increasing the GA cross-linking agent 
(double that of GO/MMT/SPVA-50-I), the GO/MMT/SPVA-
50-II membrane shows decreased tensile strength and tough-
ness because of excessive cross-linking; the membrane is brittle 
and ruptures at a relatively low elongation.[31]

To elucidate the synergistic strengthening effect of the ter-
nary composite GO/MMT/SPVA membrane, a fracture model 
is proposed (Figure 3d). With initial stretching, the nanosheets 
slide over each other. The weaker hydrogen bonds between 
the 2D nanosheets and SPVA are first broken, followed by 
stretching of the coiled SPVA long chains, leading to dis-
sipation of energy. Subsequently, the friction between GO 
nanosheets and MMT nanosheets brings about the movement 
of MMT along GO. With the gradual increase of loading, the 
covalent bonds at the interfaces are broken and more energy 
is absorbed, leading to pull-out of the nanosheets and destruc-
tion of the membranes, as shown in the fracture morphology of 
Figure S9 (Supporting Information).

The mechanical bendability test results of the GO/MMT/
SPVA membranes are shown in Figure S12 (Supporting 

Information). All the membrane samples maintain their 
dimensional stability after 100 bending cycles, indicating that 
the GO/MMT/SPVA membranes have a strong resistance to 
fracturing or cracking when subjecting to bending stress. As 
shown in Figure S13 (Supporting Information), the mem-
branes maintained their mechanical properties after compres-
sion at a pressure of 1 MPa, indicating that the membranes 
have a high resistance to compression. Dynamic mechanical 
analysis (DMA) of GO/MMT/SPVA-50 membrane (Figure S14, 
Supporting Information) indicates that the storage modulus of 
the membrane is close to its Young’s modulus, and the storage 
modulus increases with temperature.

The chemical stability of PEMs is crucial for their practical 
application in fuel cells.[32] Table S5 (Supporting Informa-
tion) shows the results of the accelerated oxidative stability 
of the GO/MMT/PVA membranes in Fenton’s reagent, indi-
cating the membranes’ resistance to free radical attack. The 
weight losses of the membranes were all above 90 wt% after 
1 h exposure, and the membranes did not dissolve even 
after 50 h exposure. The GO/MMT/PVA membranes exhibit 
better oxidative stability in comparison to many aromatic 
sulfonated PEMs treated under the same conditions.[33] This 
excellent stability arises primarily from the narrow transport 
channels and cross-linked chemical structures in the GO/
MMT/PVA membranes, and the good chemical stability of 
graphene.[34]

Adv. Mater. 2017, 29, 1605898

Figure 3.  a) Tensile stress–strain curves of GO/MMT/SPVA membranes. b) Comparison of tensile stress–strain curves of GO/MMT/SPVA membranes 
with different degrees of cross-linking. c) The tensile strength and Young’s modulus of GO/MMT/SPVA membranes with different SPVA contents. 
d) Proposed synergistic mechanism of nacre-inspired GO/MMT/SPVA membrane.
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To evaluate the proton transport properties of the 2D chan-
nels, we investigate the proton conductivity of the GO/MMT/
SPVA membranes in detail (Figure 4; Table S5, Supporting 
Information). The proton conductivities of the membranes pos-
itively correlate with the IEC. With increasing IEC from 1.12 to  
2.11 mmol g−1, the proton conductivity at 30 °C increases 
from 92 to 222 mS cm−1, which is 2.9 times higher than that 
of Nafion 117, and 17% higher than that of a state-of-the-art 
block copolymer.[5] The underlying reasons are summarized as 
follows: (i) with increasing IEC, the ion concentration of mem-
branes increases as shown in Figure 4b; (ii) with increasing 
IEC, the size of 2D nanochannels increases as shown by XRD. 
This improved physical microenvironment of ion nanochannels 
reduces the resistance of proton transport and thus facilitates 
the ion mobility, which is in good accordance with the result 
shown in Figure 4b. Such a simultaneous increase of ion con-
centration and ion mobility leads to the enhancement of proton 
conductivity. Figure 4a shows that the proton conductivity of 
the membranes increases with temperature, which arises from 
the thermally activated characteristic of proton transport. The 
activation energy (Ea) is calculated according to the Arrhenius 
formula, and the result is shown in the insertion of Figure 4a. 
With increasing IEC, the membranes display decreased Ea, 
indicating the reduction of energy barrier for proton trans-
port.[35] This result is in good accordance with the enhancement 
of proton mobility shown in Figure 4b.

The GO/MMT/SPVA-60 membrane exhibits the highest 
proton conductivity, 364 mS cm−1 at 80 °C and 100%RH, 
which is among the highest conductivity ever reported for a 

moderately low IEC value.[36] The conductivity is 257% higher 
than a state-of-the-art GO-based laminar membrane,[37] and 
comparable to some state-of-the-art highly sulfonated block 
copolymers[4,5,38] such as cross-linked sulfonated multiblock 
copoly(ether sulfone) with an IEC of 2.99 mmol g−1 showing 
a conductivity of ≈340 mS cm−1 at 80 °C and 95%RH.[39] The 
high conductivity of GO/MMT/SPVA-60 is attributed to the fol-
lowing aspects: (i) the proton-conduction nanochannels of the  
GO/MMT/SPVA-60 membrane have a favorable chemical micro-
environment. The hydration number λ (H2O/fixed ionic charge) 
of the membrane is 14, as shown in Table S4 (Supporting Infor-
mation). According to the literature, this degree of hydration is 
especially advantageous for proton transport; that is to say, the 
water content is sufficiently high to dissociate SO3H groups 
and sustain high hydronium ion concentration (by avoiding 
the dilution effect).[1] Moreover, the proton-conduction nano-
channels are composed principally of highly sulfonated PVA 
(IEC 4.21 mmol g−1), and thus have a high local ion concen-
tration.[38,40] Furthermore, the sulfonic acid group is identified 
as one of the most effective proton-conduction functionalities 
due to its strong acidity and superior hydration capability;[40]  
(ii) the proton-conduction nanochannels of the GO/MMT/
SPVA-60 membrane possess appropriate physical microen-
vironments. The membrane has predominately continuous 
2D nanochannels percolating throughout the layered mate-
rials, affording the membrane low proton conduction resist-
ance and energy barrier.[41] The synergistic optimization of 
both the chemical and physical microenvironments endows 
the membrane with exceptionally high proton conductivity. 

Adv. Mater. 2017, 29, 1605898

Figure 4.  a) Proton conductivity of GO/MMT/SPVA and Nafion 117 membranes as a function of time at 100%RH. b) Ion concentration and effective 
ion mobility of GO/MMT/SPVA and Nafion 117 membranes as a function of IEC. c) Humidity dependence of the GO/MMT/SPVA and Nafion 117 
membranes at 80 °C. d) Comparison of proton conductivity and tensile strength of the present nacre-inspired membranes and other typical PEMs. 
The data in (d) are presented in Table S6 (Supporting Information).
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Compared with Nafion 117, the GO/MMT/SPVA-30 membrane 
shows higher proton conductivity at 100%RH, despite the ion 
concentration being considerably lower (see Figure 4a,b). This 
behavior further substantiates the excellent microenvironments 
of the nanochannels within the GO/MMT/SPVA membranes.

Figure 4c shows the humidity dependence of proton conduc-
tivity at 80 °C for the GO/MMT/SPVA and Nafion 117 mem-
branes. The GO/MMT/SPVA-X (X is in the range of 40–60) 
membranes exhibit much higher or similar proton conduc-
tivity compared with Nafion 117 at a 40% to 90%RH range. 
In particular, the GO/MMT/SPVA-60 membrane has a proton 
conductivity of 62.6 mS cm−1 at 50%RH, which is the highest 
value for all GO-based laminar membranes,[42] and even com-
parable to the pioneering sulfonated nanoporous silica mem-
brane (≈70 mS cm−1 at 50%RH).[43] The high conductivity can 
also be attributed to the appropriate microenvironments of the 
2D nanochannels. The high density of SO3H groups favors 
the formation of well-connected water structures, even at low 
water content.[44] In the case of the GO/MMT/SPVA-30 mem-
brane, the proton conductivty shows a significant decrease with 
reducing RH, which may be the result from the collapse of rela-
tively narrow nanochannels with water evaporation.

By integrating 2D channels into a nacre-inspired structure, 
the GO/MMT/SPVA membranes achieve an unprecedented 
combination of high proton conductivity and mechanical prop-
erties, as show in Figure 4d and Table S6 (Supporting Infor-
mation). Remarkably, the GO/MMT/SPVA membranes exhibit 
up to 17 times higher tensile strength and up to nearly three 
orders of magnitude higher Young’s modulus in comparison 
with those of typical solid electrolytes. In typical PEM struc-
tures, the proton conductivity is sustained by the hydrophilic 
phase while the mechanical properties are sustained by the 
hydrophobic phase.[1] We provide a systematic comparison and 
discussion of different approaches to tuning the ion-conducting 
and mechanical properties of solid electrolytes in the Sup-
porting Information (below Table S6). By contrast, the proton 
conductivity in GO/MMT/SPVA membranes is sustained by 
the 2D channels percolated throughout the electrolyte, while 
the mechanical properties are sustained by the nacre-like hier-
archical brick-and-mortar architecture. This intriguing design 
is expected to open a new avenue to fabricate ion-conducting 
solid electrolytes with both high conductivities and superior 
mechanical properties.

To demonstrate the application potential of the ultrathin 
nacre-inspired membrane in a fuel cell, a polarization 
curve in a single cell membrane electrode assembly (MEA, 
operated at 40 °C and 60%RH) is measured, as shown in 
Figure S15 (Supporting Information). The maximum power 
density of the freestanding GO/MMT/SPVA-50 membrane 
(7 µm) is 159 mW cm−2, which is 54% higher than that of 
Nafion 117 (183 µm) and 20% higher than that of Nafion  
212 (50.8 µm). To the best of our knowledge, this is the thin-
nest free-standing PEM utilized for fuel cell application. The 
realization of our ultrathin PEM is enabled by the creation of 
nacre-like architecture. It is also noteworthy that the weight of 
the tested GO/MMT/SPVA-50 membrane per unit area is ≈0.03 
that of Nafion 117 and ≈0.1 that of Nafion 212, indicating that 
the cost of fuel cell could be substantially reduced by applying 
the ultrathin GO/MMT/SPVA-50 membrane. Since the thermal 

stability of the membranes is limited by the inferior stability of 
GO, future studies will be focused on improving the long-term 
stability of the membranes at elevated temperatures.

In summary, GO/MMT/SPVA ternary composite membranes 
with fast proton-conducting 2D channels and nacre-inspired 
architecture are fabricated for the first time. The GO/MMT/
SPVA-60 membrane shows proton conductivity of 364 mS cm−1 
at 80 °C, 100%RH, which is among the highest ion conductivi-
ties ever reported. Such a high conductivity is attributed to the 
high density of sulfonic acid groups and exceptional continuity 
of the 2D channels. Owing to the brick-and-mortar architec-
ture and strong interfacial interactions, the GO/MMT/SPVA 
membrane exhibits the highest tensile strength and Young’s 
modulus ever reported for PEMs. Moreover, the GO/MMT/
SPVA-50 membrane exhibits higher power density than Nafion 
212 membrane, but with weight ≈0.1 that of Nafion 212 mem-
brane, indicating potential savings in system weight and cost. 
Considering the extraordinary properties and independent tun-
ability of ion conduction and mechanical properties of PEMs, 
this bioinspired approach may pave the way to the design of 
next-generation high-performance solid electrolytes with brick-
and-mortar nacre-like architecture.

Experimental Section
Preparation of GO and MMT Dispersion: GO dispersion was 

synthesized according to the modified Hummers method,[16] which 
was described in detail in a previous study.[17] Briefly, a mixture of 
98 wt% H2SO4 (115 mL), 5 g of graphite powder, and 5 g of NaNO3 was 
mechanically stirred at 0 °C in a 1 L three-necked, round-bottomed flask, 
followed by the slow addition of 15 g of KMnO4 (caution: fast addition of 
KMnO4 may ignite the mixture!). The mixture was stirred at 0 °C for 2 h, 
and then stirred at 35 °C for 30 min. After 230 mL of water was added 
slowly during a period of 30 min, stirring was maintained at 98 °C for 
3 h. Subsequently, the mixture was poured into water, followed by the 
addition of 30 mL of H2O2. Finally, the mixture was washed with 1 L of 
HCl (1 m), and then with excess water until the pH reached 7. The GO 
aqueous dispersion was obtained by dispersing the above product in 
water using ultrasonic treatment for 1 h. The GO aqueous dispersion 
was centrifuged at 3000 rpm for 40 min to remove the sedimentary GO 
(unexfoliated GO or large GO sheets). MMT aqueous dispersion was 
obtained by mechanically stirring 3 g of MMT in 500 mL of water for one 
week, followed by centrifuging at 3000 rpm for 20 min to remove the 
sedimentary MMT (unexfoliated MMT or large MMT sheets).[21]

Preparation of SPVA: SPVA was synthesized by an acid-catalyzed 
reaction between hydroxy and aldehyde groups.[15] 1 g of PVA was 
dissolved in 20 mL of water by stirring the solution at 95 °C for 4 h. 
Subsequently, 10 mmol of BADSA and 1 mL HCl (1 m) were added into 
the solution. The above mixture was stirred at 50 °C for 96 h, followed by 
repeatedly washing with ethanol, and then drying.

Preparation of GO/MMT/SPVA, GO/MMT, GO, and MMT Membranes: 
The preparation of GO/MMT/SPVA-X is described in detail as follows: 
(1) A specific amount of GO was dispersed in water (the concentration 
of GO was 2 mg mL−1) under ultrasonic treatment for 1 h. Subsequently, 
a specific amount of MMT solution with a concentration of 2.7 mg mL−1 
was added into the above solution, followed by ultrasonic treatment 
for 1 h to obtain an aqueous dispersion of GO/MMT mixture; (2) A 
specific amount of SPVA aqueous solution (5 wt%) was added into 
the above GO/MMT mixture, followed by stirring for 2 h to obtain 
aqueous dispersion of GO/MMT/SPVA mixture; (3) A specific amount 
of GA was added into the above GO/MMT/SPVA mixture, followed 
by stirring for 2 min; and (4) The above homogeneous mixture was 
assembled into GO/MMT/SPVA-X membrane by vacuum filtration 
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of the mixture through a porous poly(ether sulfone) (PES) membrane 
having an average pore diameter of 220 nm), followed by thermal 
treatment at 60 °C for 12 h. The GO/MMT/SPVA-X membrane was 
peeled off from the PES membrane for the subsequent characterization 
and measurement. For the GO/MMT/SPVA-X (X = 30, 40, 50, 60) 
membranes, the X refers to the mass percentage of SPVA in the filtration 
mixture of GO, MMT, and SPVA. The weight ratio of GO to MMT is 9:1, 
and the weight ratio of GA to SPVA is 160%. Through adding different 
amounts of GA in the mixture, GO/MMT/SPVA membranes were 
fabricated with various degrees of cross-linking. The mass ratios of GA 
to SPVA in GO/MMT/SPVA-50-I (low cross-linking degree), GO/MMT/
SPVA-50 (moderate cross-linking degree), and GO/MMT/SPVA-50-II 
(high cross-linking degree) are 100%, 160%, and 200%, respectively. The 
comparative GO/MMT, GO, and MMT membranes were prepared by a 
similar approach. In the GO/MMT membrane, the weight ratio of GO to 
MMT was also 9:1 for direct comparison. Most of the membranes used 
for characterization and measurement are 7 µm thick, as determined by 
a digital micrometer caliper (Mitutoyo). Only for the characterization of 
membrane cross-sectional morphology by SEM, 10 µm thick membrane 
was used for better visualization because the 7 µm thick membrane was 
easily curved.

Characterization: Cross-section morphology of the composite 
membrane was observed by field emission SEM (Nanosem 430) after 
being sputtered with a thin layer of platinum. The element distribution 
in the composite membrane was detected by EDX equipped SEM. FTIR 
spectra of the membrane samples were obtained with a Bruker Vertex 70 
FTIR spectrometer equipped with a horizontal attenuated transmission 
accessory. The characterization of 1H NMR spectrum was described 
in previous literature.[45] The crystalline properties of GO/MMT/SPVA, 
GO/MMT, and GO membrane samples were measured by wide-angle 
XRD using a D/MAX-2500 X-ray diffractometer (Cu Kα). The thermal 
properties of the GO/MMT/SPVA and GO/MMT membrane samples 
were measured by TGA (NETZSCH-TG209 F3) at a heating rate of  
10 °C min−1 under an N2 atmosphere. The surface morphology of GO 
was observed by AFM (CSPM 5000). The surface morphology of MMT 
was observed by TEM (Tecnai G2 20 S-TWIN).

Proton conductivity of the membrane samples was tested by two-
point probe alternating current (AC) impedance spectroscopy using 
an electrode system connected with a frequency response analyzer 
(Compactstat, IVIUM Tech.). Proton conductivity under 100%RH 
was tested in a temperature-controlled water-bath chamber. Proton 
conductivity under low RH (40%–90%) was tested in a temperature 
and humidity controlled chamber. Proton conductivity (σ, S cm−1) was 
calculated according to the equation: σ = l/AR, where R is the resistance, 
A is the cross-sectional area of the sample, and l is the length between 
the electrodes. Rectangular samples were dehydrated at 60 °C under 
vacuum until constant weight, and the weight (Wdry), thickness (Tdry), 
and length (Ldry) were tested. Then, the samples were immersed in 
water until fully hydrated, and the weight (Wwet), thickness (Twet), and 
length (Lwet) were tested. The water uptake, through-plane swelling, and 
in-plane swelling were respectively calculated by the equations: water 
uptake (%) = (Wwet − Wdry)/Wdry × 100, ΔT (%) = (Twet − Tdry)/Tdry × 100, 
and ΔL (%) = (Lwet − Ldry)/Ldry × 100. An electronic tensile machine 
(WDW-2, Yangzhou Zhongke Measuring Apparatus Co., China) was used 
to measure the mechanical properties of the dry membrane samples at 
a stretching rate of 1 mm min−1 at room temperature. The weight-based 
ion exchange capacities (IECw) of the membranes were tested by acid–
base titration method. The mechanical bendability of the GO/MMT/
SPVA membranes was measured using an electronic tensile machine 
(WDW-2), in which the samples were subjected to repeated bending 
stress at a strain rate of 10 mm min−1. The bendability was reflected by 
the number of bending cycles before a crack appeared in the sample.[46] 
The resistance of the membranes to compression was measured using 
the following procedure. First, the membrane samples were compressed 
at a pressure of 1 MPa for 3 min, then the stress–strain curves 
were measured using an electronic tensile machine (WDW-2). The 
mechanical properties of compressed and noncompressed membranes 
were compared to evaluate the resistance to compression. A DMA 

(Q800, TA Instrument) was used to measure the storage modulus 
of membrane. The chemical stability of membrane was evaluated 
by comparing the weight change of membranes after immersion in 
Fenton’s reagent (3 wt% H2O2 containing 2 ppm FeSO4) at 80 °C 
for 1 h, according to a standard accelerated oxidative stability test.[32] 
The volume-based ion exchange capacities, IECv(dry) and IECv(wet) 
(mmol cm−3), are calculated, respectively, by the equations: IECv(dry) = 
IECw × ρ, and IECv(wet) = IECv(dry)/(1 + 0.01 WU × ρ), where ρ is the 
membrane density in the dry state. IECv(wet) can be regarded as the ion 
concentration in the membrane. The effective mobility (μ, cm2 s−1 V−1) 
is calculated by the equation: μ = σ/[IECv(wet) × F], where σ and F are 
the proton conductivity and the Faraday’s constant, respectively.[47] The 
MEA was made by sandwiching a GO/MMT/SPVA membrane or Nafion 
membrane between gas-diffusion electrodes by hot pressing method. 
The Pt/C catalyst (60 wt% Pt, Johnson Matthey) was used as the anodic 
and cathodic catalyst. The catalyst loading was 1 mg cm−2 for both 
anode and cathode. The ionomer (Nafion) loading was 30 wt% for both 
cathode and anode. The MEA for GO/MMT/SPVA membrane was hot 
pressed at 50 °C with a pressure of 0.4 MPa for 3 min.[48] The MEA for 
Nafion membrane was hot pressed at 135 °C with a pressure of 0.4 MPa 
for 3 min.
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