Macromolecules

This article is licensed under CC-BY 4.0 € (®

pubs.acs.org/Macromolecules Article

Hierarchical lon-Conducting Materials Based on Polymer-Aligned
Nanoparticles within Poly(vinyl benzyl methoxy poly(ethylene oxide)
ether)-block-polystyrene Diblock Copolymer

Leire Unanue, Monika Krol, Gabriele Lingua,* Jorge L. Olmedo-Martinez, Alejandro Herranz Berzosa,
Sven Schneider, Agnieszka Tercjak, Janne Ruokolainen, Patrick Théato, Alejandro J. Miiller,*
and David Mecerreyes

Cite This: https://doi.org/10.1021/acs.macromol.6c01855 I:I Read Online

ACCESS | Ll Metrics & More | Article Recommendations | @ supporting Information

- ¢IJ|l] 3 pgoj| “sandwich” |

\ PS
structure \‘PEO

ABSTRACT: Solid polymer electrolytes based on poly(ethylene oxide) (PEO) are promising alternatives to liquid electrolytes for
safer lithium-ion batteries. Here, we report hierarchical solid polymer electrolytes obtained by selectively incorporating lithium
sulfonamide-functionalized polymer nanoparticles (LiNPs) into a microphase-separated poly(vinyl benzyl methoxy poly(ethylene
oxide) ether)-block-polystyrene block copolymer. Transmission electron microscopy (TEM), atomic force microscopy (AFM), and
small-angle X-ray scattering (SAXS) demonstrate that the phase-segregated lamellar morphology of the block copolymer is preserved
upon nanoparticle incorporation. Notably, the LiNPs preferentially localize within the poly(ethylene glycol)-rich lamellae, generating
hierarchical structures with ordering across multiple length scales arising from block copolymer self-assembly, selective nanoparticle
organization, and poly(ethylene glycol) crystallization. Differential scanning calorimetry (DSC) reveals that the crystallinity of the
poly(ethylene glycol) phase depends strongly on nanoparticle loading and plasticizer content. These hierarchical electrolytes exhibit
high ionic conductivity, which is further enhanced by the addition of sulfolane as a plasticizer. These results elucidate the interplay
between hierarchical morphology, phase crystallinity, and ion transport in block copolymer-based solid electrolytes, providing design
guidelines for mechanically robust solid electrolytes with enhanced transport performance.

1. INTRODUCTION attention because of the possibility to achieve robust SPEs
wherein mechanical integrity is imparted by a rigid block and ionic
conduction occurs within a softer, transport-active block.'>~*
Thus, the combination of polystyrene (PS) and poly(ethylene
oxide) or poly(ethylene glycol) in block copolymers is currently
among the most popular strategies in the field, in which PEO
domains are responsible for ion conduction and styrene domains
provide mechanical rigidity.”*>® Butzelaar et al.'® established a

Solid polymer electrolytes (SPEs) have attracted significant atten-
tion as a viable solution to address safety concerns arising from the
use of liquid electrolytes in lithium-ion batteries (LIBs).'~® In par-
ticular, poly(ethylene oxide) (PEO) is among the most studied
polymer matrices in the field."*®” However, the low ionic con-
ductivity at room temperature (107*~107¢ S/cm) and the low
lithium transference number (ca. 0.2—0.3) of the resulting SPEs
obtained by mixing PEO with lithium salts remain an obstacle.*’

The main reason for this limitation in PEO-based SPEs is the crys- Received: July 2, 2026
tallinity of the polymer at room temperature,*” which generally Revised:  September 25, 2026
decreases with increasing lithium salt concentration, along with Accepted:  October 6, 2026

an increase in ionic conductivity. However, this decrease is in-
evitably accompanied by a drop in mechanical properties.’
Among the different strategies to solve the issue, ' the use of
microphase-separated block copolymers has gathered significant
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straightforward synthesis of a block copolymer based on PEO and
PS, named poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-
block-polystyrene (PVBmPEO2000-b-PS). This diblock copolymer
was combined with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) to form self-standing films that exhibited ionic conductiv-
ity of ca. 1.6 X 107> S/cm at room temperature. Later, the block
copolymer and LiTFSI system were used in combination with
two different ionic liquids, only compatible with the PEO, to
improve the ionic conductivity by two orders of magnitude
(L0 X 1072 S/cm at 40 °C)."

Another limitation of PEO polymer electrolytes is their low
lithium transference number due to the high mobility of the
anions. Here, the so-called single-ion-conducting polymers are
becoming a very popular strategy. In single-ion-conducting
polymers, the anion is covalently bonded to a cross-linked net-
work and, thus, is constrained, allowing only the mobility of the
lithium ions.””~*° Furthermore, restricting anion mobility effec-
tively mitigates battery polarization and suppresses lithium den-
drite grow’th.”’”’3 ! In this context, Porcarelli et al. reported the
preparation of polymeric lithium-functionalized nanoparticles
(LiNPs) via emulsion polymerization, in which lithium ions
are the only freely mobile species.*> These LiNPs were used
as a brick to construct single-ion-conducting all-polymer nano-
composites by blending with PEO.** The favorable interfacial
interactions between the ethylene oxide groups and the LiNP
surface ensured their dispersion within the polymer network.

In fact, the inclusion of nanoparticles into polymeric matrices
is an increasingly popular strategy, often pursued to obtain
mechanically improved systems.”””*> In a pioneering work,
Balsara et al. added nanoparticles to a PS-b-PEO and lithium
salt system to improve ionic conductivity, resulting from a mor-
phological change driven by the nanoparticles.”® Thus, the
introduction of nanoparticles can affect mechanical properties,
crystallinity, morphology, and electrochemical properties.*®
More recently, the use of polymeric LiNPs in combination with
different plasticizers has been exploited to prepare quasi-solid-
state single-ion polymer electrolytes (SIPEs). Gallastegui et al.
used carbonates and sulfolane as plasticizers, and the resulting
electrolytes showed ionic conductivity values of 2.9 X 107*
and 2.3 X 107> S/cm at 85 °C.!*> Meanwhile, Berzosa et al.
investigated LiNPs with different compositions to improve the
ionic conductivity and the resistance toward lithium dendrite

growth, achieving stable plating and stripping in lithium sym-
metrical cells up to 0.2 mA/cm? and cycling with an NMC cath-
ode at 45 °C."* Indeed, nanoparticles were used to obtain an all-
polymer nanocomposite solid electrolyte by mixing PEO and
LiNPs, targeting an improvement of the SPE mechanical prop-
erties.” Finally, Olmedo-Martinez et al.>’ investigated the dis-
tribution of the LiNPs in the PEO matrix, revealing that the
ordering of LiNPs within interlamellar regions of PEO, by con-
trolling the crystallization rate, allows us to achieve superior
ionic conductivity compared to the nonordered system.

In this work, self-assembled poly(vinyl benzyl methoxy
poly(ethylene oxide) ether)-block-polystyrene block copolymer
was used as a matrix for the selective dispersion of LiNPs in one
of the phase-separated blocks. More specifically, the selective
positioning of LiNPs within one of the phase-separated blocks
was studied using different techniques. The LiNPs ordering
within the nanocomposite were confirmed by transmission elec-
tron microscopy (TEM), atomic force microscopy (AFM), and
small-angle X-ray scattering (SAXS), and crystallinity was stud-
ied by differential scanning calorimetry (DSC). Finally, the
effect of morphology on the ionic conductivity of the hierarchi-
cal materials was analyzed in the presence of a plasticizer.

2. EXPERIMENTAL SECTION
2.1. Materials

Poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-
polystyrene (PVBmPEO2000-b-PS) was obtained by sequential
RAFT polymerization as described in the literature.'®'® Regarding
its molecular weight, we calculated the theoretical molecular weight
based on the polymerization degree of each block and the EO
units of the starting monomer. The total molecular weight was
43,079 g/mol. The fraction of the PEO (f) in the diblock copolymer
is 37% by weight, considering its molecular weight to be 1,980 g/mol
in each of the 8 PEO-PS blocks. Its chemical structure is depicted in
Results and Discussion Section Scheme 1A.

The lithium sulfonamide-functionalized polymeric nanoparticles
(LINPs) were obtained by drying a polymer nanolatex produced by
emulsion polymerization, as reported in our previous work.'* In that
study, the lithium content was determined by inductively coupled
plasma mass spectrometry (ICP-MS) to be 8.7 mg/g of nanoparticles.
At the same time, DLS measured an average hydrodynamic diameter of
24 nm. Later, in the Results and Discussion Section, we present the

Scheme 1. Chemical Structures of (A) Block Copolymer and (B) Lithium-Functionalized Polymeric Nanoparticles
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LiNP diameter measurements by TEM and AFM. The chemical struc-
ture of LiNPs is depicted in Scheme 1B.

For the preparation of the films, acetonitrile (ACN), tetrahydrofu-
ran (THF), sulfolane (99%), propylene carbonate (PC) (99%), and
tetraethylene glycol (G4) (99%) were purchased from Sigma-Aldrich.

2.1.1. Preparation of the Films for the Ordering of the
LiNPs into the PEO within the Block Copolymer. The neat
PVBmPEO2000-b-PS (or BCP, as we will refer to it later) and the
composite films with LiNPs were obtained by solvent casting (from
both ACN and THF in the case of the neat BCP) first at room temper-
ature for ca. 24 h and then under vacuum at 35 °C for 3 days to remove
any remaining solvent. Subsequently, a thermal protocol was applied to
ensure the erasure of thermal history. First, samples were heated to
160 °C, a temperature that is higher than T, + 30 °C (above the
T, of the PEO and the Tg of the PS) at 20 °C/min. Then, using the
same rate, they were cooled to a low temperature (—40 °C) and heated
up to room temperature (RT). The samples used for TEM, AFM, and
SAXS were prepared in DSC aluminum pans. The samples used for
EIS were thermally treated in a Memmert UF30plus oven.

To prepare the nanocomposites, the BCP was dissolved in ACN
and LiNPs were added in different concentrations, i.e., 10%, 20%,
and 35% by weight relative to PEO. The highest concentration at
which the nanoparticles dissolved was 35 wt %; higher concentrations
led to visible agglomeration. For the PVBmPEO2000-b-PS with
35 wt % LiNPs, the sulfolane plasticizer was added in concentrations
of 30, 40, and 60% by weight with respect to the LiNPs and the
PEO. Sulfolane was added together with LiNPs. Solutions containing
LiNPs alone and with sulfolane underwent ultrasonication for 30 min
and magnetic stirring overnight before solvent casting.

2.2. Transmission Electron Microscopy (TEM)

A Leica EM UC7 cryo-ultramicrotome was used to obtain approxi-
mately 70 nm thick polymer sections from the thermally treated sam-
ples. The samples were microtomed at —80 °C via a 35 °C Diatome
diamond knife. The sections were then deposited on 300-mesh copper
grids coated with lacey carbon. Later, the grids were brought up to
room temperature under vacuum. Next, sections were stained with
RuO, for 10 min in the case of the neat block copolymer and
30—180 s for samples doped with LiNPs. Microscopic characterization
was conducted using either JEOL JEM-3200FSC (300 kV) or Tecnai
12 (120 kV). In the case of acquisitions taken via JEOL JEM-
3200FSC, the specimen was kept at —174 °C during the imaging pro-
cess. Additionally, micrographs were acquired using an omega-type
zero-loss energy filter (a slit width of 30 keV). Pictures were recorded
via a Gatan Ultrascan 4000 CCD (JEOL JEM-3200FSC) or Gatan
Ultrascan 1000 CCD (Tecnai 12).

2.3. Atomic Force Microscopy (AFM)

The morphology of the PVBmPEO2000-b-PS block copolymer and its
nanocomposites with LiNPs was also studied by AFM using a
Dimension Icon with a Nanoscope VI controller (Bruker). The AFM
measurement was performed in tapping mode using an integrated sili-
con TESP-V2 tip/cantilever with a resonance frequency of ~320 kHz.
Scan rates ranged from 0.8 to 1 Hz/s. Different areas of each sample
were scanned to choose representative AFM images. Cross-sections
of each sample after DSC thermal treatment, as addressed in
Section 2.5, were obtained by cutting with a diamond knife using a
Leica Ultracut R ultramicrotome at room temperature.

2.4. Small-Angle X-ray Scattering (SAXS)

SAXS experiments were carried out at room temperature after a ther-
mal treatment, which consisted of heating the samples to 160 °C to
erase the thermal history, cooling to —40 °C, and heating back to
RT. These were performed at 20 °C/min, and DSC was used on sam-
ples encapsulated in aluminum pans. The experiments were performed
at the BL11-NCD beamline in the ALBA synchrotron (Cerdanyola del
Vallés, Spain).

2.5. Differential Scanning Calorimetry (DSC)

The crystallization of the neat PVBmPEO2000-b-PS and of mem-
branes containing different concentrations of LiNPs was studied using
a Perkin-Elmer 8000 calorimeter. The DSC is equipped with an
Intracooler 2 cooling system that operates under a nitrogen atmo-
sphere at a gas flow rate of 20 mL/min. The calibration was performed
with indium and tin standards. Samples were weighed and sealed in
aluminum standard pans (ca. S mg).

The protocol consisted of heating the material up to a sufficiently
high temperature, ie., 160 °C (over T, + 30 °C, above the T, of
the PS), to erase the thermal history for 3 min. Then, the samples were
cooled to a low temperature (—S0 °C for 1 min) and heated again to
over T, + 30 °C.

2.6. Electrochemical Characterization

For ionic conductivity measurements, an Autolab 302N potentiostat/
galvanostat (Metrohm AG) equipped with a temperature controller
(Microcell HC station) was used. The solvent-cast and thermally
treated films were placed between two stainless steel electrodes (sur-
face area of 0.5 cm®) and measured over a range of temperatures
(25—100 °C). The Nyquist plots were obtained by electrochemical
impedance spectroscopy (EIS) using a 10 mV perturbation voltage in
a frequency range of 100 kHz to 1 Hz.

The electrochemical stability window (ESW) was investigated by lin-
ear sweep voltammetry (LSV), performing separate anodic (Li vs
Stainless steel, SS) and cathodic (Li vs Copper, Cu) scans at 1 mV/s'
scan velocity at 80 °C. The investigated potential range was between
—0.5and S Vvs Li"/Li.

Li" transference number (#;,) was determined at 80 °C with a Li
metal symmetrical cell subjected to a 0.20 mV polarization bias after
an equilibration time. EIS was performed before and after the applica-
tion of the external potential, and the Bruce—Vincent method was used
to calculate the t;;, following the equation:38

I (AV — (Ryo X Ip))
t+ =
IO(AV_ (RbssXIss))

Lithium plating and stripping measurement was conducted with a Li
metal symmetrical cell at 80 °C at 0.1 mA/cm? (1 h of plating and 1 h
of stripping per cycle).

ESW, t;,, and galvanostatic cycling measurements were conducted
using coin cells CR2032 assembled in an argon-filled glovebox (H,0O
and O, content < 0.1 ppm) to avoid oxygen and moisture
contamination.

3. RESULTS AND DISCUSSION

The hierarchical ion-conducting materials investigated here
were based on a PVBmPEO2000-b-PS block copolymer and
lithium sulfonamide-functionalized cross-linked poly(methyl
methacrylate) nanoparticles (LiNPs). The structure of the
BCP obtained by sequential RAFT polymerization is character-
ized by a PEO-type block for ionic conductivity and a PS block
for the mechanical properties as illustrated in Scheme 1A.'%'?
The LiNPs (Scheme 1B) were obtained by emulsion polymeri-
zation as reported in our previous work.'* The hierarchical
materials were prepared by simple solvent casting a blend of
both components (block copolymer and LiNPs) following the
procedure described in the Experimental Section.

However, before investigating the effect of the LiNP addi-
tion, we studied the bulk morphology of the neat BCP and
the role of the solvent on the orientation upon thermally treat-
ing the samples. Since all films were thermally treated after sol-
vent casting, the direct influence of solvent-induced ordering
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near the substrate cannot be unambiguously inferred from the
TEM micrographs. Moreover, the thermal treatment is essential
for a highly ordered, lamellar nanostructure. The bulk morphol-
ogy captured via TEM prior to thermal annealing can be found
in the Supporting Information, Figure S1. Nevertheless, distinct
changes in alignment were observed in the samples prepared
using different solvents. Controlling orientation is critical, as
unfavorable alignments can disrupt continuous ion-conducting
pathways and reduce the fraction of material contributing to
ion conduction.*"** In neat BCP films cast from ACN
(Figure 1A), which is a selective solvent for the PEO,* TEM
revealed a highly favorable, long-range ordering of lamellae ori-
ented predominantly perpendicular to the substrate throughout
the entire bulk. Conversely, films cast from THF (Figure 1B),
which is a rather good solvent for both PEO and PS,* exhibited
a fundamentally different alignment. While parallel stacking was
observed near the interface, the bulk of the material displayed a
randomized orientation distribution.

These distinct, solvent-driven morphological alignments
observed via TEM are further corroborated by 2D SAXS
patterns, with pronounced intensity maxima consistent with
the perpendicular lamellar ordering for the case of ACN
(Figure 1, insets). We hypothesize that, in the case of the
ACN solvent-cast sample, the self-assembly process may be ini-
tiated from the formation of micellar-like structures with a PS-
rich core and a PEO-rich corona. These preformed anisotropic
structures, along with the interfacial constraints and gradual sol-
vent evaporation, likely govern the final alignment, which is trig-
gered by the thermal treatment. The lower selectivity of THF
toward the PEO may lead to differences in the self-assembly
pathway that ultimately lead to the randomized lamellar mor-
phology. Consequently, ACN was selected for the preparation
of the hierarchical ion-conducting materials, including LiNPs.

It is well known that due to the immiscibility of the PS and
PEO blocks, they tend to segregate into microdomains.*®>"%2¢
In our case, we have chosen a block copolymer with a segrega-
tion strength high enough to separate into microphases.'®'? On
the other hand, the polar sulfonamide-functional LiNPs are
highly compatible with the poly(ethylene glycol)***” domain

but not with the apolar polystyrene domain. Hence, the poly-
mer nanoparticles are expected to assemble within the
PEG/PEQO microdomains.

To corroborate this hypothesis, we performed TEM of our
nanoparticle-block copolymer hierarchical nanocomposites
(Figure 2). It is clear from Figure 2A (as well as Figure 1) that
the neat block copolymer exhibits a well-defined lamellar mor-
phology, characterized by the alternation of light and dark
domains. The RuO, preferentially stains the PEO block; hence,
the lighter regions correspond to the PS block microdomains,
while the darker regions correspond to the PEO block microdo-
mains. The presence of a highly ordered lamellar arrangement
indicates strong microphase separation between the PS- and
PEO-type blocks, driven by the thermodynamic incompatibility
of the two polymers and constrained by the covalent linkage
between them. Theoretically, the segregation of the system
depends on the volume fraction (f,) of the monomers and the
product yN, where y is the Flory—Huggins interaction parame-
ter (dependent on temperature) and N corresponds to the
polymerization degree.*’~*’ According to Leibler, in the case
of symmetric and close-to-symmetric diblock copolymers
(f, = 0.5), a xN product higher than 10.5 leads to the formation
of a lamellar morphology, while a lower value leads to a disor-
dered state.*” However, with asymmetric diblock copolymers,
depending on the volume fraction f,, a higher ¥N product
may be required to reach the lamellar morphology, and other
morphologies such as hexagonal or body-centered-cubic are
possible at lower yN products. In our case, the theoretical esti-
mation of the yN product was not possible; nevertheless, the
difference in the solubility parameter, 8, of PEO and PS*° and
the high molecular weight of the employed copolymer suggest
a high yN product, evidenced by the lamellar morphology
observed through TEM (Figures 1 and 2A).

Moreover, the PS block microdomains contain a thin,
difficult-to-spot dark line, which we believe corresponds to
PEO (see Figure 2A). Image] was used to measure both the
PEO and PS block microdomains, obtaining values of 6 + 1
and 16 + 2 nm, respectively. It is important to note that the thin
PEO microdomain within the PS domain was too thin to

500 nm
—_— SUBSTRATE

SUBSTRATE

Figure 1. Morphology of BCP cast from (A) ACN and (B) THF near the substrate/BCP interface (marked by the blue line). Insets show 2D SAXS
patterns of the samples in the cross-sectional plane. Schemes illustrate macroscopic ordering of the films.
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Figure 2. TEM micrographs of (A) neat PVBmPEO2000-b-PS (or
BCP), (B) BCP with 10 wt % LiNPs, (C) BCP with 20 wt % LiNPs,
and (D) BCP with 35 wt % LiNPs.

measure; hence, the 16 nm value corresponds to the whole
“sandwich” structure (see Scheme 2A below).

Upon incorporation of LiNPs, we assume the N product var-
ies, as it would if a lithium salt was added.>’ However, the system
remains strongly segregated into the characteristic lamellar mor-
phology (see Figure 2B—D) wherein the thickness of the PEO
microdomains has apparently increased for most samples in com-
parison to the PEO microdomains of the neat BCP (Figure 2A).
This observation is consistent with the preferential localization of
LiNPs within the PEO phase likely due to favorable interactions
between the lithium-containing nanoparticles and the polar ether
groups. As nanoparticles enter the PEO domains, they effectively
swell this lamellar phase, increasing its thickness. Importantly,
despite the incorporation of LiNPs and the associated swelling of
the PEO layers, the overall lamellar morphology remains pre-
served. The measurements of each microdomain through Image]J
are as follows: the BCP with 10 wt % LiNPs has a PS domain of
12 + 2 nm, and the PEO domain is 5 + 2 nm; the BCP with
20 wt % LiNPs has a PS domain of 13 & 5 nm and a PEO domain
of 8 + 3 nm. Lastly, the PS domain of the BCP containing 35 wt %
LiNPs is 11 + 3 nm and the PEO domain is 8 + 2 nm. With
increasing concentration of LINPs, these are incorporated not only

into the easily observable PEO microdomain but also into the thin
microdomain that remains “inside” the PS block domain (see
Scheme 2B). Hence, when nanoparticles are located there, these
PEO microdomains within the PS thicken, slightly shrink the PS
domain, and make it easier to measure. In other words, in the neat
BCP, the PS domain was measured as a “sandwich” containing PS,
the thin PEO microdomain, and PS. As the nanoparticle concen-
tration increases, measuring only the PS microdomain becomes
easier. Thus, with the highest concentration of LiNPs, the mea-
sured distance of the PS domains is smallest (ca. 11 nm), while
the system containing the smallest concentration of LiNPs (i.e,
10 wt %) still shows many areas where the “sandwich” cannot be
measured separately, consequently obtaining a distance of ca.
12 nm. As for the PEO microdomain, it increases overall with
the addition of the nanoparticles. An important observation is that
although the LiNPs are only compatible with PEO, they do not
integrate homogeneously into the system; they form aggregates,
which explains the many “empty” PEO areas, most notable at
10 wt % LiNPs but present at all concentrations. For this very rea-
son, the error in the thickness measurements on the TEM micro-
graphs in the samples containing LiNPs is considerably higher than
that measured for the neat BCP.

Moreover, it should be noted that the perpendicular lamellar
alignment obtained using ACN as a solvent is retained despite
the addition of nanoparticles. Indeed, TEM analysis on samples
doped with 30 wt % LiNPs was performed and is available in the
Supporting Information. For comparison purposes, such samples
were again prepared using both ACN and THF (see Figure S2).

The alignment of the LiNPs was clear from the TEM images.
Next, SAXS was used to further quantify the interlamellar dis-
tances of our materials. These SAXS results are shown in
Figure 3, using the Lorentz-corrected intensity as a function
of the scattering vector (g). The neat block copolymer yields
two signals at 1q and 2q. This indicates that the morphology
is lamellar,* as seen previously in the TEM micrographs
(Figures 1 and 2). In Figure 3, a scheme of this morphology
is depicted, with black corresponding to the PS domains and
blue corresponding to the PEO domains. Then, we can observe
the interlamellar distance increasing with the addition of LiNPs.
The distance increases from 22 nm (neat BCP) to 24—26 nm
depending on the concentration of LiNPs (calculated d =
(2mn)/q* as reported in the literature®®). These findings show
slight variations relative to the TEM measurements obtained
with Image]. While the long period in the neat BCP is compa-
rable (22 nm in SAXS and TEM), the systems containing
LiNPs show larger differences. The long period of the BCP with
10 wt % LiNPS is 24 nm according to SAXS, while TEM

Scheme 2. Schematic Illustration of the “Sandwich” Structure Containing PS, the Thin PEO Microdomain, and PS in (A) Neat

BCP and (B) BCP Containing LiNPs
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Figure 3. Lorentz-corrected SAXS of the PVBmPEO2000-b-PS with

different concentrations of LiNPs: (A) neat BCP, (B) BCP with

10 wt % LiNPs, (C) BCP with 20 wt % LiNPs, and (D) BCP with
35 wt % LiNPs.

showed ca. 18 nm; 20 wt % LiNPs exhibits an interlamellar dis-
tance of 26 nm according to SAXS and ca. 24 nm according to
TEM. Lastly, SAXS shows a distance of 26 nm, and TEM shows
19 nm for the BCP with 35 wt % LiNPs. As previously stated,
the LiNPs do not locate homogeneously in the PEO microdo-
mains, leading to considerable differences, most notably using
TEM and depending on the measured area. Overall, SAXS
yields more representative results for the bulk. Similarly, the
SAXS distribution is broader for samples containing LiNPs
due to the inhomogeneous placement of LiNPs within the
PEO block microdomains.

The influence of LiNPs on the self-assembly of the BCP was fur-
ther investigated using AFM (Figure 4). Diamond-knife-cut trans-
verse cross-sections of each sample were analyzed. As in the case of
TEM, the well-defined lamellar structure of the self-assembled
PVBmPEO2000-b-PS block copolymer is shown in Figure 4A,
where lighter lamellae correspond to the PS block microdomains
and darker lamellae to the PEO block microdomains. Upon addi-
tion of the LiNPs, the AFM phase images (Figure 4B—D) show
small, spherical nanoparticles within the dark PEO microphase
located near the interface between self-assembled blocks of
BCP.>* The average size of the LiNPs is 6 + 1 nm according to
AFM. As the nanoparticle concentration increases, the dark PEO
microdomains appear thicker due to aggregation, particularly at
35 wt % LiNPs, where individual nanoparticles cannot be resolved
(see Figure 4D). Despite the thickening of some of the PEO block
microdomains, the morphology remains lamellar. Hence, these
images confirm the findings above (Figures 1-3).

Next, the crystallinity of the neat copolymer as well as the
films containing 10, 20, and 35 wt % LiNPs was studied by
DSC. The crystallization temperature for the PEO within the
BCP is ca. 13 °C, while the melting occurs at 52 °C, at the stud-
ied cooling rate of 20 °C/min (Figure 5). In a PEO homopol-
ymer of similar molecular weight to the PEO side chain of the
BCP (2 kg/mol), these values are T. ~ 29 °C and T, =~
60 °C, using the same rate (see Figure S3). Due to the strong
segregation and the PS block microdomains being vitrified over

500 nm.

Figure 4. AFM phase images of (A) neat BCP, (B) BCP + 10 wt %
LiNPs, (C) BCP + 20 wt % LiNPs, and (D) BCP with 35 wt % LiNDs.

the temperature range in which the PEO crystallizes (the T, of
the PS is ca. 100 °C),"®"” the PEO should be confined within
its microdomains. Such confinement appears to decrease the
PEO crystallization ability, thus yielding a lower T, lower T,
and crystallinity degree.

As seen in Figure 5, the neat PVBmPEO2000-b-PS has a rel-
atively high crystallinity of 65% due to crystallization of the
PEO side chains, although lower than its homopolymer version
(78%). The degree of crystallinity was calculated by measuring
the melting enthalpy AH, , which is the integration of the heat
flow under the melting endotherm, and applying it to the equa-

tion X, = ﬂﬁ% x 100, where fis the weight fraction of the PEO

in the sample and AH, is the PEO equilibrium melting
enthalpy, which is a theoretical value that corresponds to the
melting enthalpy of a perfect crystal; the value for AH? of
PEO is 214 J/ g.17 With increasing concentration of LiNPs,
the crystallinity decreases to 59%, 46%, and 16% (with 10, 20,
35 wt % LiNPs). This decrease was expected since the LiNPs
strongly interact with the PEO and hinder the packing of the
chains and their ability to crystallize into an ordered state.>®

X,=16% N\ B

, endo up (W/g)
, endo up (W/g)

——BCP
——BCP + 10 wt% LiNPs

——BCP + 20 wt% LiNPs|
—— BCP + 35 wt% LiNPs

10 Wig

X, =65%

Heat flow,
5Wig
Heat flow,

"— BCP |
‘— BCP + 10 wt% LiNPs}|
i~ BCP + 20 wt% LiNPs
——BCP + 35 wt% LiNPs|
»

256 0 25 50 75 100 125 150 25 0 25 50 75 100 125 150
Temperature (°C)

Temperature (°C)

Figure 5. (A) DSC cooling scans from the melt and (B) subsequent
heating scans of PVBmPEO2000-b-PS as well as the BCP with 10,
20, and 35 wt % LiNPs.
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Ionic conductivity measurements were attempted from 25 up
to 100 °C. However, as shown in Figure 6, measurements were
possible only from 60 °C upward. Below the melting point of
PEQ, ie., below ca. 50 °C, the crystallinity within the PEO
phase hinders ion conduction and makes the sample too rigid
to be properly measured. Samples must have good contact with
the electrodes, which is difficult when films are very rigid. The
melting transition marks the threshold at which measurements
can be taken. However, at the melting point (50 °C), contact
between the sample and electrodes is still inadequate for accu-
rate results. Therefore, only measurements obtained at temper-
atures above the melting transition of the PEO (from 60 to
100 °C) are depicted in Figure 6.

Overall, increasing the nanoparticle load increases ionic con-
ductivity (see Figure 6). For instance, the film containing
10 wt % LiNPs has the lowest ionic conductivity, i.e., 7.4 X
10® S/cm at 80 °C. As depicted in Figure 6, the ionic conduc-
tivity increases following the increment of LiNPs, achieving
values of 5.0 X 1077 and 2.8 X 107 S/cm at 80 °C for the sam-
ples containing 20 and 35 wt % LiNPs, respectively. In addition,
over the measured temperature range (from 60 °C upward),
sample crystallinity does not restrict ion movement, and con-
ductivity increases with temperature. It is worth noting that,
across all investigated polymer electrolytes, ionic conductivity
is determined solely by the lithium cation mobility, while the
anions are immobilized in the LiNPs, thereby ensuring single-
ion conduction in the SPEs.

Despite the focus of the work being the study of the
structure—property relationship of an ion-conducting material,
further electrochemical characterization has been carried out on
sample PVBmPEO2000-b-PS with 35% of LiNPs to provide a
comprehensive overview of the material for energy storage appli-
cations. Linear sweep voltammetry (LSV) performed at 80 °C
revealed that the polymer electrolyte is stable against oxidation
up to & 4.5 V vs Li*/Li. Furthermore, no visible reduction peaks
were observed during the cathodic scan prior to the onset of lith-
ium plating on copper at &~ 0 V vs Li*/Lj, as shown in Figure S4A.
The Lithium transference number t;;, was measured at 80 °C
following the Bruce—Vincent method.”® The polymer electrolyte
showed a t;;, of 093, in line with the single-ion-conducting
nature of the conducting material (see Figure S4B).
Additionally, galvanostatic  lithium  plating/stripping  at
0.1 mA/cm? and 80 °C revealed stable cycling over time with a
limited increase of overpotential of 0.024 V after 100 cycles, high-
lighting the robust electrochemical compatibility of the polymer
electrolyte toward the lithium metal anode (see Figure S4C).

Temperature (°C)

5 100 80 60 40
,.10 ! —e—BCP'+ 10 wt% LiNPs
3 *—o —0—BCP +20 wt% LiNPs
% ©~_8—BCP + 35 Wtk LiNPs
<10 T~—e
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g ~—oe.
g —
=] ®
B 107
§ 10 ——q —,
L
c
2108

26 238 3.0 3.2

1000/T (K")

Figure 6. Ionic conductivity results for PVBmPEO2000-b-PS with dif-
ferent concentrations of LiNPs.

To improve the temperature range of application of the
obtained hierarchical materials as solid electrolytes and to
increase ionic conductivity while maintaining single-ion charac-
ter, sulfolane was added at different concentrations (weight %
relative to PEO and LiNPs) as a plasticizer. The best sample,
PVBmPEO2000-b-PS containing 35 wt % LiNPs, was selected
to investigate the effect of the plasticizer on the ionic conductiv-
ity and crystallinity. The sulfolane was added in concentrations
of 30%, 40%, and 60% in weight. The TEM, AFM, and SAXS
results are provided in the Supporting Information,
Figures S5—S7. The DSC and ionic conductivity results are
shown below (Figure 7).

Sulfolane is a widely used small-molecule plasticizer in lithium
batteries due to its thermal stability, high dielectric constant, and
oxidation potential.>>~>” For these reasons, it was combined with
the BCP. The addition of sulfolane to the system is expected to
promote amorphization of the PEO phase, with a consequent
decrease in crystallinity and an increase in lithium-ion mobility at
temperatures below the melting transition. As shown in
Figure 7C, adding sulfolane allowed the polymer electrolyte to
be used over a wider temperature range due to films becoming less
rigid and improving sample-electrode contact. Specifically, across
all compositions, the ionic conductivity at 25 °C ranged from
1X 1077 to ~7 X 1077 S/cm. However, we observed an increased
crystallinity (Figure 7A,B). Namely, as reported in Figure 7B, the
degree of crystallinity of the sample containing 35 wt % LiNPs
increases from 16% to 33% after the addition of 30 wt % sulfolane
and to 30% after the addition of 40 and 60 wt % plasticizers. When
the plasticizer is added, it probably swells the PEO domains, as
seen in SAXS experiments (see Figure S7), and most likely pro-
motes segmental chain motion, acting like a plasticizer for PEO.
The increased chain mobility enhances the crystallization rate
below the melting point. At temperatures above T of PEO (i.e,
from SO °C upward), PEO should contribute to the conductivity
more, and we would expect to see a slope change in the ionic con-
ductivity vs temperature plots (Figure 7C). However, despite the
thickening of the PEO block microdomains (Figure S7), we
believe that due to the overall restricted PEO microdomain area
and relatively low crystallinity, its melting does not allow the
LiNPs to move/realign and, thus, the trend does not dramatically
change. Notably, this strategy enabled us to achieve satisfactory
ionic conductivity in a wide range of temperatures (1077 S/cm
at 30 °C and 107 S/cm at 80 °C) while maintaining the polymer
electrolyte’s film-forming ability.

Considering these interesting results, we decided to extend our
investigation to several well-known plasticizers used in poly-
mer electrolytes, such as tetraethylene glycol dimethyl ether
(tetraglyme, TEGDME) and propylene carbonate (PC). DSC
and conductivity results proved that both additives have similar
effects on crystallinity, which increases upon the addition of the
plasticizer (see Figure S8). This phenomenon is typical in other
polymers, such as poly(lactic acid) (PLA).**>° However, in the
case of PEO, these types of plasticizers tend to decrease its
crystallinity.°~%® Our results show the opposite trend: the crystal-
lization of PEO increases when plasticized, likely because it
releases the PEO from confinement to its microphase within the
BCP. This confinement probably slows the crystallization kinetics
of unplasticized PEO and reduces its crystallinity. As we previ-
ously mentioned, the degree of crystallinity of a PEO homopoly-
mer of similar molecular weight is higher than in the case of the
PEO within our block copolymer (78% vs 65%, in Figure S3).
The addition of a small-molecule plasticizer (either sulfolane,
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Figure 7. (A) DSC cooling scans from the melt and (B) subsequent heating scans of the neat BCP as well as the BCP with 35 wt % LiNPs and BCP
with 35 wt % LiNPs containing 30, 40, and 60 wt % sulfolane; and (C) ionic conductivity results for PVBmPEO2000-b-PS with 35 wt % LiNPs and

the BCP with 35 wt % LiNPs containing 30, 40, and 60 wt % sulfolane.

PC, or TEGDME) swells the PEO domains, which likely pro-
motes the mobility of the PEO chains, helping with crystallization.
The increase in crystallinity upon plasticization was previously
reported by Yang et al.,”” who studied PEO-PS-PEO copolymers.
Although in their case, they attribute the increased crystallinity of
the samples to the PEO cocrystallizing with the TEGDME plasti-
cizer. Additionally, for our BCP, we believe the plasticizer affected
only the PEO within the BCP (and not the LiNPs) because mix-
ing the BCP with the plasticizer alone (without LiNPs) increases
the crystallinity of the PEO (see the DSC cooling and heating
runs in the Supporting Information, Figure S8).

4. CONCLUSIONS

In this work, we prepared hierarchical ion-conducting materials
based on the self-assembly of polymer nanoparticles within a
PVBmPEO2000-b-PS block copolymer. TEM and AFM images
clearly show the lamellar morphology of the block copolymer
and the ordering of the LiNPs within the PEO regions of the
BCP. SAXS experiments further confirm that the BCP morphol-
ogy is lamellar and remains unchanged upon the addition of the
LiNPs and that the interlamellar distance increases due to their
presence. DSC shows that increasing LiNP concentration
decreases crystallinity, accompanied by an increase in ionic con-
ductivity. Indeed, this work sheds light on the role of additives such
as sulfolane, propylene carbonate, and tetraethylene glycol in
PVBmPEO2000-b-PS block copolymer, evidencing their affinity
for the PEO within the BCP rather than the LiNPs. As a result,
we observe a slight increase in crystallinity, along with a minor
change in ionic conductivity, following the addition of plasticizers.
Notably, this strategy extends the operating temperature range of

the SPEs, achieving satisfactory ionic conductivities of 1077 S/cm
at 25 °C and 107¢ S/cm at 80 °C, while also ensuring the polymer
electrolyte’s film-forming ability and single-ion conduction.
Indeed, preliminary electrochemical characterization revealed an
extended electrochemical stability window (ESW) up to &~ 4.5V
vs Li*/Li and a high lithium transference number of 0.93. These
properties, along with the balance between crystallinity and
extended ionic conductivity, highlight the potential of these poly-
mer electrolytes for membrane thinning and further electrochem-
ical optimization.
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