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ABSTRACT: A bioinspired geometric templating of an electrospun PVDF
substrate with hexagonal platelets of Mg−Al layered double hydroxide (LDH),
an intrinsic anion conductor, is presented. The distinctive morphology
restructures the internal pore geometry and modulates the dynamic wetting
profile of PVDF, transforming it into a highly functional substrate for SAFC
anion conducting membranes. The membrane fabricated with PVDF-LDH
substrate exhibited exceptionally high durability (>140 °C), high anionic
conductivity, ion exchange capacity (IEC), restricted swelling, and improved
tensile strength, overcoming critical challenges associated with PVDF
electrospun substrates and validating its immense potential as a high-
temperature-stable and durable substrate for advanced fuel cell membrane
applications.
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Organic−inorganic hybrid porous substrates have recently
been used in a number of applications, including as

separators in batteries,1,2 fuel cell electrolyte membrane
substrates,3 and electrode materials for supercapacitors.4

Among the several fabrication methods adopted including
phase-inversion and template-assisted techniques, electrospin-
ning has acquired remarkable interest because of its superior
3D interconnecting configurations, high surface area, and rich
variety of morphology.5 Nevertheless, their special nonwoven
structure, larger pore size (∼2 μm), and poor wettability of
certain nanofibers remain as unresolved challenges, restricting
their applications to mainly milder environments.6

The poly(vinylidene fluoride) (PVDF) electrospun substrate,
a widely explored partially fluorinated polymer with superior
electrochemical and thermal stability, is hindered from
advanced applications due to its poor wettability/adhesion
properties in addition to its weak nonwoven structure.7

Conventional strategies aiming to resolve this problem often
altered its surface, thermo-mechanical properties or internal
porous structure.8−10 Herein, we have envisioned a compre-
hensive bioinspired approach and designed a micropatterned
PVDF electrospun substrate with distinctive geometrically
templated hexagonal platelets of hydrotalcite-like (naturally
occurring anionic clay) Mg−Al layered double hydroxide
(LDH) having a structural formula of Mg4Al2(OH)12CO3·
3H2O. With its unique cationic and brucite-like layered [M2+

1−x
M3+

x(OH)2] [An−
x/n·mH2O] structure, neutralized by anions

and water molecules at the interlayer, LDH finds diverse

application as an anion conducting/exchange material and
adsorbent as well as in drug delivery.11−14 The PVDF-LDH
hybrid substrate presented here is morphologically analogous to
the Cocosnucifera (coconut) flower. The internal pore geometry
of the as-prepared PVDF substrate is controlled with a
positively contributing template and regulating the dynamic
wetting behavior, thereby improving its mechanical properties
without compromising any of its favorable functional proper-
ties. This unique design and its cumulative functional properties
is the first of its kind reported, imparting a synergistic solution
to prevailing challenges of electrospun substrates. The design
concomitantly overcomes the intrinsic limitations of PVDF,
qualifying it for diverse applications that might include its
function as a flexible supercapacitor substrate, separators for
batteries, and a durable substrate for anion conducting
membranes.
As an illustrative application, an anion conducting membrane

(ACM) was fabricated with LDH-templated PVDF electrospun
substrate (referred to as the PVDF-LDH substrate) for solid-
state alkaline fuel cells (SAFCs), a superior source of power
generation in the present century. SAFCs have a higher energy
density and are more convenient with the specific advantages of
employing non-noble metal based catalysts and liquid
fuels.15−17 Nevertheless, the paramount commercial prospects
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anticipated for SAFCs could be fully realized only by employing
a high functional ACM with good durability, the vital
component of SAFC that determines hydroxide ion transport.
ACMs with higher ionic conductivity and ion exchange capacity
(IEC) often elicit high water uptake/swelling, leading to
prominent loss of mechanical properties, deteriorating its
durability.18−20 However, by employing our original “pore-
filling concept”, where an inert and thermally stable porous
substrate is employed to fill the polyelectrolyte, better
dimensional stability, uniformity, mechanical strength, and
swelling suppression could be achieved.21−25 Conventional
porous substrates, such as polyethylene, have a relatively lower
temperature stability of <120 °C, highlighting the need for
durable, high-temperature-stable, and porous substrates for
ACM applications.
Exceptionally high ionic conductivity can be accomplished

for fuel cell membranes when electrospun substrates are
employed because of a higher amount of polyelectrolyte
available in the pores. Nevertheless, redesigning and controlling
the pore structure is inevitable in order to transform it into a
durable supportive framework. Here, the special pore geometry,
unique micropatterning, and intrinsic properties of LDH
positively contribute to the hybrid substrate as a durable
ACM substrate for SAFC; this is evidenced by the retention of
its functional properties after an accelerated durability
evaluation at 140 °C in water, improved tensile strength and
swelling suppression. Good anionic conductivity is maintained
even at a lower relative humidity (RH) of 50%. The PVDF-
LDH substrate presented here validates its immense potential
as a high-temperature-stable and durable substrate for advanced
fuel cell membrane application and simultaneously allows for
new opportunities for fabricating several innovative highly

functional products through versatile combinations of filling
constituents.
Images A and B in Figure 1 present the morphology and

internal structure of the as-prepared PVDF substrate harvested
with field emission scanning electron microscopy (FESEM),
and Figure 1C presents a schematic illustration of the unique
PVDF-LDH substrate micropatterning. Figure 1D−F presents
FESEM images demonstrating the anisotropic organization of
LDH along the nanofibers of PVDF, corroborated by XRD
spectra (Figure 1G), validating the crystal structure of
templated Mg4Al2(OH)12CO3·3H2O, (JCPDS 22−0700) on
the PVDF-LDH substrate. The optimized structure of the
PVDF-LDH substrate presented in Figure 1D−F was obtained
by systematically modulating the templating procedure and
altering various parameters, such as the precursor concen-
tration, temperature and duration of the hydrothermal
treatment. The variation in morphology as a function of the
LDH precursor concentration is provided in Figure S1 in the
Supporting Information, and the amount of LDH present in
each of these compositions determined by X-ray fluorescence
analysis is provided in Table S1 in the Supporting Information.
The mechanical property is a fundamental aspect that dictates
dimensional stability of the ACM and thus the durability of the
membrane electrode assembly (MEA) in a fuel cell. The
restructuring of the internal pore-geometry and aniotropic
organization of LDH has increased the tensile strength of the
PVDF-LDH substrate by nearly 2-fold (7.0 ± 1.0 MPa) when
compared to as-prepared PVDF substrate, as shown in Figure
1H,I.
ACMs were fabricated with vinylbenzyltrimethylammonium

chloride (VBTAC),26,27a widely explored and highly conduct-
ing anionic electrolyte. The confocal-Raman spectra along the

Figure 1. Morphological and functional properties of the LDH-templated PVDF electrospun substrate. (A, B) FESEM images of the as-prepared
PVDFelectrospun substrate. (C) Illustration of the geometric templating of LDH on the PVDF substrate. (D−F) FESEM images ofthePVDF
electrospun substrate after geometrical templating with LDH platelets (PVDF-LDH substrate). (G) XRD spectra of the PVDF-LDH substrate
demonstrating templated LDH on PVDF. (H) Tensile strength comparison of the as-prepared PVDF electrospun substrate and the substrate after
LDH templating. (I) Tensile strength comparison of the as-prepared PVDF electrospun substrate and the substrate after LDH templating at initial
phase.
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cross-section of PVDF (Figure 2A) and PVDF-LDH (Figure
2B) pore-filling membranes in the region of 1500 cm−1 to 1700
cm−1 confirm the pore-filling by VBTAC. The Raman shift at

1610 cm−1, derived from aromatic domains of VBTAC,
confirms the presence of VBTAC in the pores of the porous
substrates, and the uniformity of the relative intensity in the

Figure 2. Physical properties of anion conducting membranes fabricated from PVDF and PVDF-LDH substrates. Confocal-Raman spectra of (A)
PVDF and (B) PVDF-LDH pore-filling membranes, ensuring pore-filling of VBTAC. (C) Water uptake comparison of PVDF and PVDF-LDH pore-
filling membranes. (D) Tensile strength comparison of PVDF and PVDF-LDH pore-filling membranes.

Figure 3. Ionic conductivity and durability profile of PVDF and PVDF-LDH membranes. (A) Cl− ion conductivity of the as-prepared PVDF and
PVDF-LDH membranes at 100% RH. (B) Comparison of the Cl− ion conductivities of as-prepared PVDF and PVDF-LDH membranes at 50% RH.
(C) OH− ion conductivity of the PVDF-LDH membrane after durability evaluation in a hot alkaline environment (1 M KOH; 60 °C) for 100 h at
100% RH. (D) Ionic conductivity (Cl− ion) of PVDF-LDH membranes at 100% RH before and after the accelerated durability test at 140 °C in
water, illustrating the high durability of the membranes.
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depth profile is correlated with its filling uniformity. The
reaction scheme is provided in the Supporting Information
(Scheme S1). The uniform topography for the PVDF-LDH
membrane viewed by FESEM micrographs further demon-
strates efficient pore-filling (Figure S2A in the Supporting
Information). An inhomogeneous surface micro texture was
observed for the PVDF membrane (Figure S2B in the
Supporting Information), which was attributed to the poor
wetting characteristics and larger pore size of the as-prepared
PVDF substrate. The PVDF substrate is demonstrated to have
a profoundly hydrophobic behavior with a contact angle of
136°, which was lowered significantly to 28−54° by LDH
templating and leads to a deep wettability modulation without
losing the fundamental thermomechanical properties of PVDF.
Increased water uptake adversely affects the durability of the
membrane, eventually leading to physical disintegration and
loss of mechanical properties. The secondary structure
imparted by LDH templating has restricted the water uptake
of PVDF-LDH ACM to 1/5 of that of PVDF-VBTAC ACM
(Figure 2C), and this remarkable swelling suppression is made
possible through effective control of pore-geometry. The LDH
templating has also reinforced the tensile strength of the
PVDF-LDH membrane by two-fold (14.0 ± 1 MPa), and
interestingly exhibits a tougher structure when compared to the
PVDF membrane’s more brittle nature (Figure 2E). The special
functional properties and rich structural diversity of natural
organisms are not intrinsically evolved; rather, they are
governed by smart micronano topographical features that
account for their desirable characteristics.28,29 One example of
this is the PVDF-LDH microtexture.
The ionic conductivity value of as-prepared PVDF-LDH

electrospun mat was measured as 1.2 × 10−6 S/cm at 80 °C, at
R.H. = 80%, whereas the intrinsic ionic conductivity value of
LDH (measured as solid pellet) is 1.9 × 10−4 S/cm at the same
condition.13 It is to be envisaged that LDH-templated PVDF
electrospun mat is characterized by intrinsic micropores and
hence unable to function as a continuous conducting channel
by itself, reflected as its very low ionic conductivity when
compared to LDH pellet.
The ion exchange capacities of PVDF and PVDF-LDH

ACMs were experimentally determined to be 2.68 and 2.91
mequiv g−1, respectively, using an autotitrating machine. The
high IEC value demonstrates the high anionic conductivity of
the PVDF-LDH membrane at both high (100%) and low
(50%) RH, illustrated by a Cl− ion conductivity of 92 mS cm−1

at 80 °C at 100% RH (Figure 3A) and 18 mS cm−1 at 50% RH
(Figure 3B). The high OH− ion conductivity value of the
PVDF-LDH membrane, 87 mS cm−1 at 70 °C (100% RH), was
retained in the alkaline environment (1 M KOH; 60 °C) for
100 h (Figure 3C); however, the PVDF membrane could not
retain its physical integrity after the alkali durability test; thus,
its ionic conductivity could not be measured. More
significantly, the PVDF-LDH membrane retained its functional
properties after an accelerated aging test performed in an
autoclave at 140 °C for 6 h in an aqueous environment (Figure
3D). The slight decrease in ionic conductivity after the
accelerated durability test could be attributed to the
decomposition of the VBTAC quaternary ammonium groups
occurring at the elevated temperature (140 °C). The retention
of the physicochemical integrity of the PVDF-LDH membrane,
along with the absence of any significant morphological
variation (Figure S4A in the Supporting Information), clearly
demonstrates its exceptional durability even under harsh

conditions, whereas the larger pore size and inhomogeneous
filling of the PVDF membrane leads to severe erosion of the
polyelectrolyte as a result of the accelerated durability test
(Figure S4B in the Supporting Information).
Poly(vinylbenzyl trimethylammonium chloride) (PVBTAC),

the well-known anionic electrolyte, conducts OH− ions
typically through its quaternary ammonium groups.26,27,30 In
the case of LDH, its intrinsic cationic layered structure has
inherent potential to transport OH− ions through their
interlayer channels.13 When anion conducting membrane is
fabricated by pore-filling PVDF-LDH with PVBTAC, the LDH
templating provides an additional channel for movement of
OH− ions through their interlayer spaces in addition to the
electrolyte derived ion transport, thereby offering a synergistic
ionic conductivity that is absent when conventional PVDF
substrate is used. This is well-reflected in the conductivity
results.
In conclusion, we have developed a highly functional

electrospun PVDF-LDH substrate by modulating the pore
geometry and dynamic wetting profile of a nonwoven PVDF
substrate with a positively contributing template of Mg−Al
layered double hydroxide. The inimitable bioinspired design
realized here addresses several prevailing challenges of
conventional electrospun substrates with special reference to
PVDF, which is validated by the outstanding durability of the
PVDF-LDH substrate at 140 °C compared to conventional
substrates, such as polyethylene. The enhanced mechanical
properties, restricted swelling and remarkable anion con-
ductivity even at lower RH (50%) were accomplished without
compromising any of the favorable properties of the PVDF
electrospun substrate and demonstrate its commercial pros-
pects as a highly functional anion conducting membrane
substrate for SAFCs. The enriched versatility and remarkable
features of the PVDF-LDH substrate along with its feasibility
for easy scale-up is anticipated to provide exceptional
functionality as a flexible substrate for supercapacitor use, for
battery separators and as durable substrates for filtration/
adsorption through the advantageous qualities of the filling
constituents.
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