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The construction of nanostructured ion-transport channels is highly desirable in the design of advanced
electrolyte materials, as it can enhance ion conductivity by offering short ion-transport pathways. In this
work, we present a supramolecular strategy to fabricate a nanocomposite electrolyte containing highly
ordered lamellar proton-conducting nanochannels, by the electrostatic self-assembly of a polyoxome-
talate H3PW1,040 (PW) and a comb copolymer poly(4-methlstyrene)-graft-poly(N-vinyl pyrrolidone).
PW can effectively regulate the self-assembling order of polymer moieties to form a large-range lamellar
structure, meanwhile, introducing protons into the nanoscale lamellar domains to build proton transport
channels. Moreover, the rigid PW clusters contribute a remarkable mechanical reinforcement to the
nanocomposites. The lamellar nanocomposite exhibits a conductivity of 4.3 x 10~ S/cm and a storage
modulus of 1.1 x107 Pa at room temperature. This study provides a new strategy to construct
nanostructured ion-conductive pathways in electrolyte materials.
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Intensive interests have been devoted to ion-transport polymer
electrolytes because they combine the advantages of solid ionic
conductors with the ease processing properties inherent to
polymer materials. This feature enables polymer electrolytes to
show a wide range of applications in energy storage and
conversions such as batteries, supercapacitors, and fuel cells
[1-4]. Constructing nanostructured ion transport channels in
polymer electrolytes is one of the most effective ways to enhance
ion conductivity by offering short ion-transport pathways [5-7].
Among diverse nanostructures, the lamellar morphology with
nanoscale interlayer spacing is highly desirable due to the reduced
tortuosity of the ion-transport pathways, which can efficiently
promote ion conduction [8]. The microphase separation of
ionomers with different topological structures, such as block
copolymers and graft copolymers, can lead to electrolyte
membranes with a lamellar microphase morphology and an
increase in the overall conductivity performances [9-12]. For
instance, Mezzenga and co-workers constructed lamellar proton
transport nanochannels in a diblock copolymer, sulfonated
polystyrene-block-polymethylbutylene [9]. The resultant lamellar
polymer electrolytes exhibited an improved ion conductivity that
was one order of magnitude than the samples with isotropic phase
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and cylindrical hexagonal phase. Lee et al. realized a high ionic
conductivity in the multiblock copolymers of sulfonated poly
(arylene sulfide sulfone nitrile), due to the formation of uniform
lamellar ion-conducting nanochannels in these polymers [10].

The current strategies to fabricate lamellar structured polymer
electrolytes are mainly based on the covalent or non-covalent
modification of linear block copolymers. On the other hand, comb-
shaped copolymers, which change the topological structure of
linear polymers to a branched form through tethering side chains
to a polymer backbone, show interesting microphase morpholo-
gies and considerable mechanical properties. The unique confor-
mational asymmetry of comb copolymers can facilitate the
microphase separation between the backbone and side chains,
thus achieving tunable domain morphologies. Theoretical simu-
lations demonstrated that an ordered lamellar phase with multi-
oriented domains can be obtained in comb copolymers, by
adjusting the grafting density of side chains and the volume ratio
of the backbone to side chains [13,14]. Moreover, experimental
studies also confirmed this [15,16]. For instance, Jannasch et al.
obtained lamellar morphology in the sulfonated comb copolymer
of poly(phenylene oxide)-graft-poly(4-fluorostyrene) [16]. How-
ever, it remains a challenge to construct the large-area ionic
nanolayers in comb copolymer electrolytes as ion-conducting
channels.

Polyoxometalates (POMs), as a large class of well-defined
anionic nanoclusters of metal oxides [17], are widely used as
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inorganic building blocks to prepare functional hybrid materials
[18-29], in particular POM-polymer composite electrolytes
[30-38], owing to their high ionic conduction and excellent
electrochemical stabilities. Unlike small molecular liquid acids, the
characteristic of POMs as a rigid solid acid enables them to improve
both the proton conductivity and the mechanical strength of
polymer matrices simultaneously, performing as multifunctional
proton conductors. Moreover, POMs can also tune the self-
assembly behaviors of polymer matrices through electrostatically
interacting with the polar groups of polymers. Our group has
proposed an electrostatic control strategy of using POMs to induce
the formation of nanoscale proton-conducting channels in a series
of linear block copolymer matrices, resulting in bicontinuous [39]
and inverse hexagonal morphologies [40], which demonstrates the
promising role of POMs as morphological modulators in fabricat-
ing nanostructure polymer electrolytes.

Here, we report the preparation of lamellar structured nano-
composite electrolytes based on POMs and comb copolymers. Poly
(4-methlstyrene)-graft-poly(N-vinyl pyrrolidone) (PMS-g-PVP)
with the neutral main chains for mechanical support and the
polar side chains for ion conduction, was synthesized and
electrostatically assembled with a Keggin-type POM, H3PW {5,049
(PW), leading to the formation of lamellar nanocomposites with
improved long-range regularity in Fig. 1. The morphologies, proton
conductivities, and mechanical properties of these nanocompo-
sites were systemically studied. This approach provides a new
strategy to fabricate functional comb copolymer electrolytes
containing lamellar ion transport nanochannels.

Comb copolymer PMS-g-PVP was synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization as
shown in Fig. S1 (Supporting information). PMS was selected as the
main chain, on which the benzylmethyl groups were brominated
and used as the reactive sites for subsequent grafting [41].
Ethylxanthate groups were connected to the backbones of
brominated PMS through a nucleophilic substitution reaction to
obtain a macromolecular chain transfer agent (PMS-CTA). Then,
comb copolymer PMS-g-PVP with a controllable length of PVP side
chains was synthesized from the PMS-CTA by grafting monomer,
N-vinyl pyrrolidone (NVP), with the grafting density of 0.03. The
degree of polymerization (DP) of PVP side chains is controlled to be
about 30, according to "H NMR results. Besides, gel permeation
chromatography (GPC) shows that the molecular weight of PVP
side chains is 58 kg/mol with a DP value of 29, matching well with
the NMR results. The detailed synthesis procedures and character-
izations are shown in the Supporting information (Figs. S2-S5 in
Supporting information). Such a PVP length gives a PVP volume

Fig. 1. Schematic illustration of comb copolymer PMS-g-PVP and PMS-g-PVP/PW
nanocomposites.
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fraction (fpyp) of 0.42, which can favor the formation of lamellar
microphase morphologies.

For the preparation of proton-conducting electrolytes, PW is
chosen as the inorganic component, which is deemed as a high
proton conductor that provides protons and proton-jumping sites.
PW was dissolved with PMS-g-PVP in N,N-dimethylformamide and
stirred to gain a homogeneous and transparent solution. In order to
facilitate the comparison of the influence of PW content on the
nanocomposites, we choose a series of nanocomposite films with
increasing PW contents as the research objects. A relatively large
interval of 10wt% in PW content was set for all the samples.
Nanocomposite films were obtained after evaporating the solvent
with the increasing PW loading of 10 wt%, 20 wt% and 30 wt%,
named as NC-1, NC-2 and NC-3, respectively. However, when
further loading PW to 40 wt%, the nanocomposite films become
very fragile and easy to break into small pieces. Thus, NC-3 is
regarded as the optimized sample for further study. Free-standing
nanocomposite films of NC-3 are transparent with the introduction
of PW, which demonstrates the homogenous dispersion of PW in
the PVP domains (Fig. S6 in Supporting information). Furthermore,
X-ray diffraction (XRD) experiments showed no characteristic
peaks of PW clusters in these films, which further indicated that
PW dispersed homogeneously (Fig. S7 in Supporting information).
The interaction between PMS-g-PVP and PW was presented by
Fourier transform infrared spectroscopy (FTIR). The characteristic
vibration bands of the pristine PW with the Keggin unit were
observed in the typical FTIR spectra at 1080 cm™~! (P-0,), 983 cm™!
(W=0q), 892cm ™! (W-0,-W) and 806 cm™! (W-0.-W), (O,, the
central oxygen atom of PW; Oy, corner-sharing oxygen; O, edge-
sharing oxygen; Oq4, terminal oxygen), corresponding to the four
kinds of oxygenatoms in PW (Fig. S8 in Supporting information)
[34]. As a representation, the FTIR spectrum showed all these
vibrations of PW in the NC-3 nanocomposites, which means that
PW clusters remain their structural integrity in the nanocomposite
films. Meanwhile, an obvious shift was observed in the vibration of
W-0.-W at 817 cm~! in NC-3 compared with it at 806 cm ™! in PW.
The W-0,-W and W = Q4 peaks also slightly shifted, appearing at
896cm~' and 979cm™!, respectively. These phenomena of
characteristic peak shift indicate that the ambient electrostatic
environment of PW changes, that is, PW has an electrostatic
interaction with the nitrogen atom in the pyrrolidone unit [40].

Small-angle X-ray scattering (SAXS) is used to study the
nanoscale morphologies of the nanocomposite films. The SAXS
profiles characterized the low-range scattering peaks in PMS-g-
PVP without loading PW. With the increase of PW content, the
periodic scattering peaks are clearly observed and are assigned to a
lamellar mode (Fig. S9 in Supporting information). In NC-1, NC-2
and NC-3, these scattering peaks are all attributed to the lamellar
structure with a long-range order as expected, which indicates that
PW plays the role of morphology modulator in inducing a more
ordered microphase structure.

In the PMS-g-PVP/PW nanocomposites, the H atoms of PW can
randomly protonate the pyrrolidone groups through electro-
staticinteraction, thereby leading to the formation of lamellar
nanocomposites with improved long-range regularity. The ultra-
thin sections of nanocomposite films were prepared for transmis-
sion electron microscopy (TEM) measurement to further
investigate the microphase separated structures. For the pristine
PMS-g-PVP, a short-range, tortuous, and multi-oriented lamellar
morphology is observed with light PMS domains and dark PVP
domains as shown in Fig. 2a. Note that the PVP domains are stained
by iodine to provide a high contrast. As for the films of PW contents
of 10 wt% and 20 wt%, the corresponding NC-1 and NC-2 show a
lamellar phase with an increased degree of order than the pristine
polymer (Figs. 2b and c). As the existence of tungsten element
contributing to a high electron density, the dark PVP/PW domains
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Fig. 2. TEM images of ultrathin sections of (a) PMS-g-PVP films with iodine staining, (b) NC-1, (c) NC-2 and (d) NC-3 with the scale bar of 50 nm.

Fig. 3. (a) HAADF-STEM image of NC-3. (b) EDX single mapping of W. (c) EDX single mapping of N. (d) AFM height image of NC-3. (e) AFM-IR 2D absorption map at 979 cm .
(f) AFM-IR 3D absorption map at 979 cm ™. Note that (a-c) correspond to the same region and (d-f) correspond to the same region. Scale bars in (a-c) are 30 nm. Scale bars in (d,

e) are 200 nm.

without iodine staining can be clearly recognized compared with
the light PMS domains. Further increasing PW loading, the TEM
image of NC-3 with a PW loading of 30 wt% exhibits well-defined,
long-range regular and highly ordered lamellar morphology in
Fig. 2d. The order degree of these lamellar morphologies can be
evaluated by comparing the area size of uniformly oriented
lamellar domains. The size can be indicated by the diameter of the
smallest circle that can cover such a domain, which increases from
~145nm to ~500nm with the increased PW content of the
samples from 0 to 30 wt% (Fig. S10 and Table S1 in Supporting
information). Meanwhile, the distances of the domains also
broaden with the increase of PW. The center to center distance
between neighbouring PVP domains in NC-3 is about 26.9 nm
summed up from TEM images (Fig. S11 and Table S1 in Supporting
information). The above results demonstrate that the presence of
PW remarkably improves the order degree of the lamellar phase in
the PMS-g-PVP matrix and widens the lamellar channels. In our
previous works, we found that the electrostatic interaction
between POMs and pyrrolidone units in the PVP-b-PS-b-PVP
triblock copolymer enabled POMs as morphology modulators to
increase the incompatibility between blocks and led to a phase
transformation from the ordered structures to inverse hexagonal
cylinders [40]. Similarly, in the present work, the improvement
from short-range to long-range regularity of lamellar structure can
be attributed to the increasing y value (Flory—Huggins interaction
parameter) between PMS and PVP/PW, because the introduction of
PW has little effect on the volume fraction of the PVP domains. For
instance, the volume fraction only increased by 0.03 even in NC-3
with the 30 wt% PW content.

In order to further substantiate the composition of PVP/PW
domains in NC-3, a high angle annular dark-field scanning
transmission electron microscopic (HAADF-STEM) and nanoscale
infrared spectroscopy characterization based on atomic force
microscopy (AFM-IR) were carried out. In the HAADF-STEM image,
PMS domains are darkened because the tungsten components
appear brighter against polymers in lamellar structure (Fig. 3a).
Then the elemental mapping by energy-dispersive X-ray spectros-
copy (EDX) confirmed that the distribution of tungsten and
nitrogen, which clearly elucidates that PW clusters and
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pyrrolidone units interact with each other in the lamellar
PVP/PW hybrid domains (Figs. 3b and c). Likewise, from the
AFM height images and the related AFM-IR maps that highlight the
PVP/PW domains, it can be seen that the domains correspond well
with those in the TEM images (Figs. 3d and e). By setting the
excitation laser to the 979 cm~, a clear difference between PMS
and PVP/PW can be observed that only PVP/PW domains showed a
distinct absorption, which is related to the W =04 absorption band
of PW (2D and 3D AFM-IR maps in Figs. 3e and f). The lamellar
nanosegregation structures from PVP and PMS components
formed in this work also supported the previous simulation and
experimental results [13-16], that is, the special molecular
structure with almost equal length of side chains in well-defined
comb copolymers can facilitate the phase behavior to evolve into a
lamellar phase.

PW can greatly increase the ionic conductivity of PMS-g-PVP,
working as proton conductors in the PVP domains. Meanwhile, the
neutral PMS main chains provide mechanical support. NC-3 has
the highest proton content among all nanocomposites, and thus it
is a suitable sample to study the enhanced conductivity of ordered
ion channels. The proton conductivities of NC-3 and PMS-g-PVP
films in a fully hydrated state were measured from 303 K to 343 K
by AC impedance measurements, as shown in the Nyquist plots in
Figs. 4a and b (details are shown in Figs. S12, S13 and Table S2 in
Supporting information). Note that the films become soft and
deformable at higher temperatures and are not suitable for the
conductivity test. The conductivity of NC-3 is 4.3 x 10~* S/cm at
303K and 7.5 x10"% S/cm at 343K, which is two orders of
magnitudes higher than that of pure PMS-g-PVP. The activation
energy is relatively low at 0.13 eV by Arrhenius fitting (Fig. 4c),
implying that the proton conduction in NC-3 follows the Grotthuss
mechanism [42]. Besides, the rigid PW can serve as nano-
reinforcers to enhance the mechanical strength of the nano-
composites. The films of pristine PMS-g-PVP and NC-3 were
studied by rheometry to assess the mechanical properties of these
films during proton conductivity measurements from 303 K to
343 Kin Fig. 4d. The storage modulus (G') of PMS-g-PVP is 2.6 x 10°
Pa at 303 K. After loading PW, the G’ remarkably increases to
1.1 x 107 Pa for NC-3, which reflects that the formation of highly
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Fig. 4. Nyquist plots of PMS-g-PVP (a) and NC-3 (b) from 303 K to 343 K. (c) The
conductivity of PMS-g-PVP and NC-3 from 303 K to 343 K. (d) Storage modulus G’ of
PMS-g-PVP and NC-3 in the fully hydrated state from 303 K to 343 K.

ordered PVP/PW nanolayers can attribute to enhanced mechanical
stability.

In summary, we developed an approach to fabricate lamellar-
structured nanocomposite polymer electrolytes based on PW and
comb copolymer PMS-g-PVP, through the PW-induced phase
regulation from a short-range to a long-range ordered lamellar
morphology. The electrostatic effect of PW on PVP contributes to
the ordered self-assembly of polymer matrices, leading to the
formation of a stable lamellar phase. Meanwhile, PW can also serve
as high proton conductors and nano-reinforcers, which can
address the trade-off between ionic conductivity and mechanical
strength, showing a high proton conductivity of 4.3 x 1074 S/cm
and a stable storage modulus at 1.1 x 107 Pa at room temperature.
This study provides a new strategy to design functional polymer
electrolytes with lamellar ion transport nanochannels.
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