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Driven by the boosted demand for energy storage and conversion devices, highly conductive proton
exchange membranes (PEMs) are extremely desired. Assembling atomically thin nanosheets into
nanofluidic channels represents one promising way to construct high-performance PEMs. However, how
to produce ultra-aligned nanofluidic channels in a universal and scalable manner is still challenging.
Here, we report a dual-constrained assembly strategy to fabricate two-dimensional (2D) montmorillonite
(MMT) membranes with highly ordered nanochannels and fast proton transport through confined
modification with sulfonated polyvinyl alcohol (SPVA). The numerous polar functional groups with rich
lone pair electrons of SPVA enabled nanosheets to feature more negative charges and additional proton
carriers, improving the spatial orientation degree of nanosheet dispersion via the electrostatic
confinement effect. The hydrogen bond interaction between SPVA and nanosheets offered a unique
capillary force compensation effect to constrain nanochannel disordering during water removal.

Consequently, the SPVA-modified MMT membrane presented significantly enhanced alignment of
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Accepted 1st July 2025 nanochannels, endowing it with ultra-high proton conductivity (134.58 mS cm™), ultra-low activation

' energy (9.19 kJ mol™), and excellent stability. This work provides a facile and general strategy for
DOI: 10.1035/d5ta02997] constructing high-performance PEMs, and opens an avenue for the development and design of highly

rsc.li/materials-a aligned lamellar membranes.

exhibited excellent stability, and the huge capillary-like force
created inside nanochannels can substantially facilitate proton
transport, which enables them to be considered as promising

Introduction

Efficient transport of protons through proton exchange

membranes (PEMs) plays a crucial role in biological processes,
and energy storage/conversion devices."? Currently, commer-
cially available PEMs such as Nafion membranes face the great
challenge of a severe decline in conductivity and efficiency due
to ready dehydration at high temperature and/or low
humidity.*® In contrast to amorphous polymers, nanofluidic
channels constructed using two-dimensional (2D) nanosheets
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candidates for PEMs.*® Notably, the fast proton transport in
aqueous systems is usually governed by the Grotthuss mecha-
nism that occurs on the hydrogen bond networks and induces
a collective proton motion analogous to a Newton's cradle.>*®
Such Grotthuss-type proton transport mainly depends on
proton bridging of continuous hydrogen bonds, making it
important to construct well-aligned nanofluidic channels.®"
The high aspect ratio (i.e. the ratio of lateral size to thick-
ness) of nanosheets enables them to spontaneously and pref-
erentially stack face-to-face to form a lamellar nanochannel
structure; however, the edge-to-edge interactions between
randomly spatially oriented nanosheets in suspension inevi-
tably cause undesirable pre-assembly of 2D building blocks.****
Subsequently, the pre-assembled nanochannels are removed
water to enhance the stacking of nanosheets and assemble
lamellar membranes.”® During the assembly process, the
capillary forces drive the lateral contraction of nanosheets,
resulting in further deterioration of the nanochannel
alignment,'**® which fails to fully exploit the proton transport
potential of the nanofluidic channels of lamellar membranes.
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Therefore, it is imperative to regulate the stacking and assembly
behaviors of nanosheets to construct highly aligned and
ordered nanofluidic channels for optimizing proton transport
in PEMs.

So far, several strategies have been developed to fabricate
lamellar membranes with highly aligned nanochannels, which
mainly involve: (i) enhancement of the spatial orientation of the
nanosheet dispersion,'**?** (ii) optimization of the assembly
approaches of nanosheets,? and (iii) externally assisted
nanosheet alignment.** Based on these strategies, methods
such as nanosheet property modulation, shear-induced ordered
assembly, chemical cross-linking, and stretch-induced align-
ment have been developed. While these methods are able to
improve the alignment of nanochannels to some extent, they
are limited by the complex procedures or their negative effects
on ion transport.” Tailoring nanosheets to nanofluidic chan-
nels with high alignment and rapid proton transport properties
through a facile and scalable way is still very challenging.

Herein, we propose a dual-constrained assembly strategy
that strengthens the electrostatic confinement effect between
nanosheets and offers a capillary force compensation effect to
construct highly aligned nanofluidic channels for efficient
proton transport. Montmorillonite (MMT), a natural layered
silicate mineral, was selected to represent 2D nanomaterials
due to its abundant reserves and exceptional stability.”®** The
exfoliated MMT nanosheets were modified with sulfonated
polyvinyl alcohol (SPVA), where SPVA acted as a negatively
charged coating, cross-linking agent and proton carrier.
Consequently, SPVA-modified MMT (SMMT) nanosheets
featured a higher negative charge to enhance the electrostatic
repulsion and thereby constrain the edge-to-edge interactions,
contributing to the improved spatial orientation degree of the
nanosheet dispersion. During the assembly process, the
hydrogen bond interaction between SPVA and MMT nanosheets
generated tensile forces to compensate for capillary forces, thus
restraining nanochannel disordering. Further, SPVA provided
additional sulfonic acid groups within the aligned nano-
channels to enhance the Grotthuss proton transport mecha-
nism. Benefiting from the dual-constrained assembly strategy,
the prepared SMMT membrane presented an ultra-high proton
conductivity of 134.58 mS cm ™ at 30 °C, ultra-low activation
energy of 9.19 k] mol™", and outstanding stability. This work
provides a universal and scalable strategy for constructing
advanced PEMs, which can be extended to the development and
design of other aligned 2D lamellar membranes.

Materials and methods
Preparation of SMMT nanosheets and membranes

A dispersion of MMT nanosheets was prepared according to our
previous report, including purification, ion exchange and exfo-
liation.* Briefly, the raw MMT mineral was crushed, cleaned
and centrifuged at high speed to remove impurities. The
resulting MMT suspension was then ion exchanged with NaCl
to prepare Na-based MMT and then exfoliated by sonication
(output power of 450 W) to obtain MMT nanosheets. Further,
sulfonated polyvinyl alcohol (SPVA) equivalent to 15% of the
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mass of MMT nanosheets was taken and homogeneously mixed
with MMT nanosheets for 24 h to obtain SPVA-modified SMMT
nanosheets, and the details of the preparation of SPVA are
described in ESI Text S3.F

MMT and SMMT membranes were assembled by vacuum
filtration of the nanosheet dispersion using a PES filter (4.0 mm
diameter, 0.02 um pore size, Whatman). The MMT membrane
was easily peeled off from the filter membrane after natural air
drying. The obtained MMT membrane was white and trans-
lucent, and could be easily cut into the required shapes using
a razor blade. Large scale membranes were prepared using
a PES filter of 10 mm diameter.

Preparation of the nanofluidic devices

The MMT and SMMT membranes were cut into rectangular
pieces and immersed into a mixture of polydimethylsiloxane
(PDMS) and curing agent to cure. Two reservoirs were excavated
in the area at the ends of the membrane to expose the
membrane to the electrolyte solutions. Before each test, the
conduit device was immersed in a certain concentration of
electrolyte for 24 h to ensure full hydration of the nano-
channels. Two Ag/AgCl electrodes used as the working electrode
and reference electrode were inserted into the source and drain
reservoirs to measure the ionic current of the MMT conduits at
different electrolyte concentrations.

Conductivity measurement of membranes

The proton conductivity of membranes was determined based
on I-V tests. Specifically, the linear scan voltammetry (LSV)
method was applied to measure the I-V curves of proton
transport through nanochannels in a scanning voltage range
from —0.5 V to 0.5 V with the scanning rate of 0.01 V s . The
ionic conductivity (¢, S cm™') of the membrane at different
electrolyte concentrations could be calculated according to the
following equation:

o = Kllwh (1)

where [ (cm), w (cm), and % (cm) are the length, width and
height of the MMT channel, respectively. K refers to the slope of
the I-V curves.

The activation energy (E,) values for the MMT and SMMT
membranes were obtained by least squares fitting of the
Arrhenius diagram.® E, was calculated using eqn (2):}

_ () —E.(l
o= exp(kT> (2)
where o, stands for the preexponential factor; k and T are the

Boltzmann constant and the absolute temperature in kelvin,
respectively.

Results and discussion
Preparation of the spatially ordered SMMT nanosheets

The fabrication procedure of the well-aligned SMMT membrane
is shown in Fig. 1a. The MMT nanosheets were first produced
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Fig.1 (a) Schematic illustration of the preparation process of the SMMT membrane. (b) Molecular structure and (c) electrostatic potential of the

SPVA molecule. (d) UV-vis absorption spectra of the SPVA solution, MMT nanosheet, and SMMT nanosheet. (e) Zeta potential of MMT nanosheets
before and after SPVA modification. SEM images of (f) MMT nanosheets and (g) SMMT nanosheets after liquid nitrogen transient freeze-drying

treatment. (h) POM images of MMT and SMMT nanosheets in dispersions

with different concentrations. (i) Schematic illustration of the effect of

SPVA modification on the spatial distribution of nanosheets in dispersions.

through ultrasound-assisted exfoliation. The atomic force
microscopy (AFM) image of MMT nanosheets revealed typical
monolayer morphology with an average lateral size of 220 nm
and thickness of 1.5 nm (Fig. S17). The as-prepared nanosheet
colloidal solution presented a homogeneous dispersion
(Fig. S27). Further, the sulfonated SMMT nanosheets were ob-
tained by physically blending MMT with the aqueous solution
of sulfonated poly(vinyl alcohol) (SPVA), which is an ideal
hydrogen-bonding agent and proton carrier due to its
numerous oxygen-containing polar groups (Fig. 1b).** The
detailed synthesis of SPVA is described in Text S3 and Fig. S3 in
the ESI.T As MMT nanosheets are mixed with the SPVA solution,
SPVA molecules readily coat onto the MMT surface via hydrogen
bonds, causing sandwich-structured nanosheets.’”*> This was
revealed by UV-vis absorption spectra, where the peaks corre-
sponding to MMT and SPVA were significantly shifted and
integrated into a new peak after mixing, suggesting hydrogen
bond interaction between the hydroxyl groups of MMT and
sulfonic acid groups (Fig. 1d).>* Such interaction was further
verified by the blue shift of X-ray photoelectron spectroscopy
(XPS) spectra for the O 1s core level (Fig. S47). After sulfonation
modification, the zeta potential of the nanosheets shifted from
—36.7 mV to —49.4 mV, which also provided further proof for

This journal is © The Royal Society of Chemistry 2025

the coating of SPVA on the MMT surface (Fig. 1e). The molecular
structure of SPVA includes numerous polar functional groups
(i.e., -OH and -SO;H) with rich lone pair electrons, featuring
a negative electrostatic potential (ESP), which enhanced the
negative charge of MMT nanosheets (Fig. 1c).

As expected, the dramatic change in the surface potential of
nanosheets is likely to affect their spatial arrangement. We
investigated the spatial microstructure of MMT and SMMT
nanosheets in colloidal solutions using liquid nitrogen tran-
sient freeze-drying technology (for details, see ESI Text S47). The
scanning electron microscopy (SEM) images demonstrated the
chaotic waviness and wrinkles in MMT nanosheets, suggesting
that MMT had a randomly spatial orientation degree in the
suspension, which readily induced the edge-to-edge interac-
tions between nanosheets," resulting in edge overlapping and
self-folding (Fig. 1f). In contrast, SMMT exhibited a markedly
flatter morphology with less wrinkles, which revealed the higher
spatial orientation degree of SMMT nanosheets in the suspen-
sion after sulfonation (Fig. 1g). Further, we also experimentally
identified the spatial arrangement of nanosheet dispersions by
polarized optical microscopy (POM). As shown in Fig. 1h, the
birefringence of both nanosheets became more distinct as the
concentration of the suspension increased, indicating the
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transition of the nanosheets from the isotropic to the nematic
phase.” It is noteworthy that the birefringence of SMMT
nanosheets was significantly stronger than that of MMT at the
same concentration, proving that the SPVA coating of MMT
improved the arrangement of nanosheets in the suspension.
This might be ascribed to that the higher negative charge of
nanosheets originating from negatively charged SPVA generates
an electrostatic confinement effect, which constrained the
random dispersion and engagement of nanosheets driven by
the edge-to-edge interaction between nanosheets.** As a result,
SMMT nanosheets presented a more stable and ordered
dispersion in the suspension, favoring the aligned stacking and
assembly of nanosheets into 2D lamellar membranes (Fig. 1i).

Fabrication of the in-plane aligned SMMT membrane

MMT and SMMT nanosheets were readily self-assembled into
lamellar membranes with nanofluidic channels by vacuum
filtration (Fig. 1a), which were self-supporting and flexible
(Fig. S57). The three-dimensional AFM images presented visu-
ally the topographical differences between MMT and SMMT
membranes, where the latter had arithmetic mean roughness
(Ra.) as low as 10.7 nm, far lower than that of the former
membrane with a R, of 45.7 nm (Fig. 2a and b). This was verified
by the increased water contact angle of the SMMT membrane
surface (Fig. S6T). Furthermore, the SEM images showed that
the SMMT membrane featured a smoother surface with less
wrinkles compared to the MMT membrane (Fig. 2¢ and d). The
cross-sectional images revealed that the higher alignment of the
SMMT membrane with ordered nanochannels originated from
the layer-by-layer stacking of SMMT nanosheets, and SPVA was
uniformly distributed in the membrane, while the twisted
wrinkles in the MMT membrane suggested the disordered

R

\\:2>§<”
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Poor alignment
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stacking of nanosheets (Fig. 2e, f, S7 and S8%1). Moreover, the
microstructure of the nanochannels was analyzed usingX-ray
diffraction (XRD) patterns of the membranes (Fig. 2g). It can
be found that compared to the MMT membrane, the SMMT
membrane showed a narrower and stronger peak correspond-
ing to the (001) plane, demonstrating more ordered nano-
channels. In addition, the nanochannel size of the SMMT
membrane was expanded from 0.29 nm to 0.34 nm (d-spacing of
the SMMT membrane =13.0 A, platelet thickness of MMT
~9.60 A, namely, the interlayer free spacing =~3.40 A), which
was caused by the SPVA coated on the MMT nanosheets being
intercalated into the nanochannels as the assembly process
proceeded.* Such expanded nanochannels were proved by the
transmission electron microscopy (TEM) images of the
membranes, in which the lattice spacing of the SMMT
membrane assigned to the (001) plane increased from 1.252 to
1.295 nm (Fig. S97). Further, combining with the XPS spectra for
the S 2p and O 1s core levels, the hydrogen bond interaction
between intercalated SPVA and MMT nanosheets was demon-
strated (Fig. S10 and S117).

Further, we applied POM and wide-angle X-ray diffraction
(WAXD) to determine the stacking orientation of nanosheets in
the membranes. As shown in Fig. S12,f the MMT membrane
exhibited a distributed hue with a dispersion degree of 31.87°,
indicating poorly aligned nanosheets. By contrast, the SMMT
nanosheets showed good in-plane stacking behavior in
membranes according to the uniform hue over hundreds of
micrometers and low dispersion degree (15.59°) of the POM
image. The orientation degree of nanosheets in the membranes
was quantitatively analyzed via WAXS patterns. From 2D
patterns, the SMMT membrane presented a more concentrated
and intensive scattering compared to that of the MMT
membrane, indicating the higher in-plane alignment of

(h) Spontaneous assembly Constrained assembly

< N 4
>N .
1 > N
g &S » = 4
) )
- e >
Water removal
v
LESEe

—_
«

-
=

FWHM=1.62|

d009=1:25 nm ——MmT (I) 3

—— SMmMT
FWHM=37° &'

_J

d00=1:30 nm

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.) &

Capillary force

SMMT membrane

MMT membrane

" 90 60 -30 0 3 60 90 0 & 30 0

7
Two Theta (°) Azimuthal angle (°)

Azimuthal angle (°)

30 60 90 MMT nanosheet

]
LY |
H
Hydrogen bond Water MMT film i

Fig.2 Three-dimensional AFM images of (a) MMT and (b) SMMT membranes. Surface SEM images of (c) MMT and (d) SMMT membranes. Cross-
sectional SEM images of (e) MMT and (f) SMMT membranes. (g) XRD patterns of MMT and SMMT membranes. WAXD patterns of (h) MMT and (i)
SMMT membranes. (j) Schematic illustration of the hydrogen bonding interaction between interlayer SPVA and MMT nanosheets to generate
tensile forces for compensating the capillary forces during water removal.
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nanosheets (Fig. 2h and i). Furthermore, the WAXD data were
converted into 1D azimuthal plots. The SMMT membrane (33°)
had a narrower full width at half maximum (FWHM) than the
MMT membrane (37°), revealing that SPVA modification of
MMT can effectively improve the nanosheet alignment. Also, we
quantified the planar orientation degree of nanosheets in
membranes through Herman's orientation factor (for details,
see the ESIT). The orientation factor was increased from 0.671 to
0.854 after modification (Fig. S131). Such enhanced in-plane
orientation of SMMT nanosheets illustrated the highly aligned
and continuous nanochannels of the SMMT membrane.

The significantly improved alignment of the membrane and
nanochannel structure due to our dual-constrained assembly
strategy could be attributed to two reasons: (i) the higher spatial
orientation degree of the SPVA-modified nanosheets allows for
more aligned pre-assembly (Fig. 1f-i); (ii) during the water
removal of the pre-assembled network to induce stacking of
nanosheets, the capillary force drives the lateral contraction of
nanosheets, leading to the change of the formed nanochannels
from flat to wavy."”> Meanwhile, the hydrogen bond interaction
between interlayer SPVA and MMT nanosheets exerts tensile

View Article Online
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forces to compensate for the capillary forces, thus restraining
the disordering of the nanochannels (Fig. 2j).”” The high
alignment of the SMMT membrane is capable of facilitating
proton transport.

Proton conductivity of the SMMT membrane

To measure the proton conductivity of the as-obtained
membranes, we prepared a homemade nanofluidic device
(Fig. S1471), in which the MMT membranes were embedded in
a PDMS elastomer with their ends exposed to the HCI solution
(Fig. 3a). To avoid inadequate hydration of the MMT nano-
channels (Fig. S15f) and ensure stable proton conductance
tests, the membranes were wetted in HCI for 24 h prior to
procedures. The representative current-voltage (I-V) curves of
the MMT and SMMT membranes were determined in 0.1 M HCl
solution (Fig. S16 and S1771). The conductance (G) was then
calculated from the slope of the I-V curve, and the proton
conductivity (o) was determined based on the dimensions of the
2D nanochannel. Fig. 3b presents the temperature-dependent
proton conductivity through the membranes. Both MMT and
SMMT membranes

showed a pronounced increase in
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(a) Schematic illustration of the nanofluidic device. (b) Temperature-dependent proton conductivities and (c) Arrhenius plots of the MMT

and SMMT membranes. (d) The //V curves of the MMT and SMMT membranes recorded in HCl-D,O and HCl-H,O solutions of 0.1 M at room
temperature. (e) The conductivities of MMT and SMMT membranes in different electrolytes of 1 M. (f) The binding energies between Na*/K* and
SO3™. (g) Proton conductivity and activation energy of the SMMT membrane compared with those of state-of-the-art PEMs reported in the
literature (for details, see ESI Table S1t). (h) Concentration-dependent proton conductivities of the MMT and SMMT membranes at room
temperature. (i) Proton conductivities of the SMMT membrane at low (0.1 mM) and high (0.1 M) proton concentrations compared with those of
state-of-the-art PEMs reported in the literature (for details, see ESI Table S27).
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conductivity with increasing temperature from 30 °C to 80 °C
due to the thermally activated behavior of proton transport.
Obviously, the proton conductivity of SMMT was significantly
higher than that of MMT. In particular, the conductivity of
SMMT at 30 °C was as high as 134.58 mS cm ™', which showed
an increase of 91.19% compared to MMT (70.39 mS cm ™).

We further explored the mechanism of proton transport in
membranes based on the Arrhenius analysis (Fig. 3c). The
activation energies (E,) were estimated to be 16.78 and
9.19 k] mol~* for the MMT and SMMT membranes, respectively,
which were below 40 k] mol ', suggesting that proton transport
in the membranes followed the Grotthuss transport mecha-
nism.*® Furthermore, we carried out the kinetic isotope effect
(KIE) measurement of the SMMT membranes by soaking the
devices in deuterated electrolyte solution to exchange H' with
D'. For the Grotthuss mechanism, the KIE value is required to
exceed (mp/my;)* ~ 1.4 since the mass of the D atom (myp) is
twice that of the H atom (my).° In contrast, the KIE value for the
vehicle mechanism is equal to the mass ratio of D,O to H,0, i.e.,
~1.2. As exhibited in Fig. 3d, the conductivity of the SMMT
membrane in the H,O system was 2.36 times higher than that in
the D,O system, providing solid proof for the proton transport
governed by the Grotthuss mechanism. It is noted that the E, of
proton transport greatly reduced from 16.78 to 9.19 kJ mol "
after SPVA modification, which also confirmed the enhanced
proton transport in the SMMT membrane.

The improvement in proton transport might stem from two
aspects: (i) the nanosheets modified with SPVA feature good
spatial orientation and preferential planar alignment in
membranes, enabling more ordered nanochannels for proton
transport. Based on the Nernst-Einstein relationship (¢ = Fap,
where F is Faraday's constant, a refers to ion concentration and
u represents the effective mobility of ions), the enhanced
alignment of nanochannels and thereby improved effective
mobility of protons is able to facilitate proton conductivity.*” (ii)
SPVA with -SO;H groups can provide additional proton carriers
to create rich hydrogen bond networks for accelerating proton
transport. To this end, we determined the ion exchange capacity
(IEC) of membranes before and after modification with SPVA
(Fig. S187). It was found that the SMMT showed an increased
IEC value compared to MMT, demonstrating the successful
introduction of -SO;H groups. Notably, there was an increase in
IEC of only 18.5% due to the low SPVA addition, making it hard
for such a limited number of proton carriers to deliver a large
increase in proton conductivity. As exhibited in the thermog-
ravimetric analysis (TGA), compared to the pristine MMT
membrane, an additional slight weight loss (6.06%) occurred at
around 270 °C, corresponding to the decomposition of the
SPVA, which affirmed the successful introduction of -SO;H
groups but in small amounts (Fig. S19%). Therefore, it can be
concluded that the enhanced proton conductivity of the SMMT
membrane mainly depended on the increased orientation
degree of nanochannels due to the electrostatic confinement
effect (Fig. 1i) and capillary force compensation effect (Fig. 2h)
of SPVA, while additional proton carriers played a subsidiary
role.
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Further, we measured the conductivities of Na* and K' in
MMT and SMMT membranes to determine the contributions of
channel alignment (C,jign) and proton carriers (C.) of SPVA to
proton conductivity (Fig. 3e). Specifically, the transport of Na*
and K' in membranes obeys the vehicle mechanism, which
requires a highly aligned channel structure.*® The SPVA has
a negative C. on Na' and K' transport in membranes due to the
stronger binding interaction between -SO;H groups and cations
(Fig. 3f). Unexpectedly, the Na" and K" conductivities of the
SMMT membrane were higher than those of the MMT
membrane, revealing the dominant effect of Cyjign in ion
transport. In contrast, protons, in addition to the vehicle
mechanism for diffusion and migration, mainly undergo
hopping transport via the Grotthuss mechanism.* As a strong
acid, the -SO3H groups can bind to protons released from
hydrated hydrogen ions or free protons, and then dissociate to
facilitate proton hopping transport. Thus, SPVA imparts a posi-
tive C. to the SMMT membrane. Accordingly, the increased
orientation degree of nanochannels and additional proton
carriers jointly contributed to rapid proton conduction, where
the former holds the primary role. Benefiting from these
properties, the SMMT membrane exhibited low E, and high
conductivity, outperforming most of the state-of-the-art PEMs
reported in the literature under similar conditions (Fig. 3g).

The concentration-dependent proton conductivity of MMT
and SMMT membranes was demonstrated as well (Fig. S207). As
displayed in Fig. 3h, with increasing concentration, the
conductivity of both membranes significantly increased, which
indicated that MMT-based membranes are capable of offering
outstanding proton conductivity through 2D nanochannels
once enough protons are available. As expected, SMMT with
highly ordered nanochannels presented obviously enhanced
conductivity under the tested conditions. Furthermore, we
compared the proton conductivity at low (0.1 mM) and high (0.1
M) proton concentrations with that of the reported PEMs in the
literature (Fig. 3i). The results demonstrated the universal high-
performance of the SMMT membrane, revealing the advance-
ment of our dual-constrained assembly strategy in achieving
fast proton transport.

Conductivity properties of the SMMT membrane

Stability is a common challenge for PEMs in practical applica-
tions in complex environments. Therefore, the stability of
proton conductivity of the SMMT membrane was investigated
comprehensively. It was found that the SMMT membrane
remained stable after 30 days of immersion in 0.1 M HCI
solution, demonstrating hydro-stability (Fig. S21}). The
dimensional stability of the SMMT membrane was also
confirmed by the negligible in-plane (<3.2%) and through-plane
(<5.0%) dimensional swelling at various temperatures at
a saturated relative humidity of 98% (Fig. S227). Furthermore,
the conductivity of the SMMT membrane could remain
constant during a continuous long-term operation for nearly
1000 min under both room and high temperatures with negli-
gible structural changes, indicating the admirable stability
(Fig. 4a and S23-S25%). Such thermal stability was further
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Fig. 4 (a) Proton conductivity stability of the SMMT membrane during the long-term test at room temperature. (b) Proton conductivity stability
of the SMMT membrane during two heating—cooling cycles from 30 to 80 °C. (c) Proton conductivity and mechanical strength of the SMMT
membrane compared with those of state-of-the-art PEMs reported in the literature (for details, see ESI Table S3+). (d) Representative /-V curves
of the SMMT membrane recorded at 0.1 M HCl concentration at the straight and different curved states. The inset shows the photographs of the
SMMT nanofluidic device at curved and straight states. (e) The photograph of the scaled-up free-standing SMMT membrane marked with four
randomly selected test sites. (f) Proton conductivities at different sites of the scaled-up SMMT membrane.

confirmed by the low and slow weight loss on heating to 250 °C,
which is the typical highest working temperature for PEMs
(Fig. S19%). Also, the SMMT membrane presented high toler-
ance during successive cooling-heating cycles from 30 to 80 °C.
The conductivity did not exhibit a decline at each cooling-
heating cycle, which could be assigned to the intrinsic struc-
tural stability of nanochannels assembled by 2D nanoclays
(Fig. 4b).

Mechanical performance, another critical property for PEMs,
was evaluated by stress-strain curves (Fig. S267). Due to the
poorly aligned stacking and arrangement of nanosheets in the
MMT membrane, which reduced the inter-nanosheet stress
transfer efficiency and caused local stress concentration, the
MMT membrane had limited mechanical strength (3.61 MPa).*
In the case of the SMMT membrane, however, Young's modulus
(813 MPa) and tensile strength (15.72 MPa) were significantly
improved owing to the more ordered stacking of the SMMT
nanosheets and the inter-nanosheet bonding of hydrogen
bonds. Compared with the PEMs reported in the literature, the
SMMT membrane showed outstanding proton conduction and
mechanical stability (Fig. 4c). Further, the flexibility of the
SMMT membrane was assessed. The membrane could maintain
structural integrity after hundreds of bending cycles. We
determined the proton conductivity of the curved SMMT
membrane by bending the nanofluidic device to varying degrees
(Fig. 4d). It was found that the I-V curves recorded in the curved
and straightened states almost overlapped, that is, the
conductivity remained constant, which confirmed the robust
nanochannels of the SMMT membrane for proton transport.

To explored the reversibility of the scaled-up membranes, we
prepared two SMMT membranes with a diameter of 10 cm.

This journal is © The Royal Society of Chemistry 2025

Then, each membrane was divided into nine regions for
measuring the thickness (Fig. S271). It was displayed that all
regions in both membranes had almost the same thickness
(~18 um), illustrating that the scale-up of the SMMT
membranes had good consistency and reversibility (Fig. S287).
In addition, we randomly selected four sites for performing
proton transport (Fig. 4e). As displayed in Fig. 4f, the conduc-
tivities of the four sites were in good agreement, proving the
excellent homogeneity of the SMMT membranes. It was noted
that the size and thickness of the membrane could be flexibly
tailored by controlling the preparation process and the amount
of nanosheets, presenting the promise of simple large-scale
manufacture in the future.

Conclusions

In summary, to address the vulnerability of nanochannels to
disorder during the construction of 2D lamellar PEMs, we
developed a dual-constrained assembly strategy to induce the
ordered stacking and assembly of nanosheets into aligned
nanofluidic channels. Characterizations and experiments
revealed that through facile modification with SPVA, MMT
nanosheets were endowed with more negative charges and
additional proton carriers, which created an -electrostatic
confinement effect to constrain the edge-to-edge interaction
between nanosheets for a more stable and ordered dispersion.
Further, the hydrogen bond interaction between SPVA and
nanosheets offered in-plane tensile forces to constrain nano-
channel disordering driven by capillary forces. Benefiting from
these emerging properties, the SPVA-modified MMT membrane
exhibited greatly increased alignment, thereby dramatically
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increasing the proton conductivity by 91.19% and lowering the
energy barrier of proton transport by 82.5%, compared to the
pristine MMT membranes. In addition, the SMMT membrane
featured excellent stability and scalability as well. Compared
with other assembly strategies, our dual-constrained assembly
strategy presented the advantages of universality, accessibility
and sustainability in constructing high-performance PEMs with
highly ordered nanochannels, which can be expended for the
development of different lamellar membrane fields.
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