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Abstract

The fabrication of nanostructured block copolymer (BCP) films endowed with

lithium ion-conducting gyroid (GYR) nanochannels is an appealing solution to

build solid polymer electrolytes (SPEs) that combines high ionic conductivity

(IC) with suitable mechanical properties. However, the formation of a

well-developed GYR structure remains challenging to achieve from the self-

assembly of polyelectrolyte BCP chains. To overcome this issue, large ion

conducting gyroid grains were produced within freestanding polystyrene-block-

poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO) films by com-

bining a solvent vapor annealing (SVA) treatment with an infiltration process.

Here, the SVA treatment enabled the manufacture of SPEs entirely composed of a

GYR structure while the infiltration process allowed for the incorporation of an

appropriate Li salt (i.e., lithium iodoacetate, LiIAc) within the 3D-interconected

nanochannels via a Menshutkin reaction. By using this SVA-Infiltration strategy,

it has been demonstrated that the creation of ion conducting GYR nanochannels

enhances the ion transportation capacity of pyridine-containing SPEs since sub-

stantially lower ICs were measured from analog PS-b-P2VP-b-PEO/LiIAc films

having a nominally disordered as-cast state. Remarkably, zwitterionic pyridinium-

based moieties formed inside the interpenetrated nanochannels enable an efficient

migration of Li+ and I3
� species, leading to an IC as high as 10�4 S cm�1 at 70�C.

KEYWORD S

block copolymer electrolyte, double-gyroid, ionic conductivity, self-assembly, solvent vapor
annealing

1 | INTRODUCTION

Among the various alternative energies employed to
accelerate the transition toward a world with carbon-free
mobility, lithium-ion batteries (LIBs) have emerged as

one of the dominant energy storage solutions to replace
conventional fossil fuels that power vehicle engines.1–3

However, to supplant effectively the diesel and petrol cars,
LIBs endowed with better performances (i.e., higher-
energy density and lower electrochemical potential) are
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urgently needed in order to improve the electric vehicle
ranges.4 To make progress in the race to achieve better per-
formances, one promising approach relies on the use of Li
metal as ultimate anode (theoretical capacity of
3860 mAh g�1) to replace the graphite electrode.5,6 How-
ever, during the repeated Li striping/plating process, the
lithium metal suffers from safety issues (e.g., thermal insta-
bility and flammability) due to the destruction of the solid
electrolyte interface (SEI) and the formation of lithium den-
drites that can penetrate the separator, and eventually create
internal short-circuits.7 To address this safety concern, solid
polymer electrolytes (SPEs) have attracted great attention to
replace the conventional liquid electrolyte since SPEs, made
of a mixture of homopolymer8 or block copolymer9,10 (BCP)
chains and Li salts, have the potential to suppress efficiently
the Li dendrite formation in Li-metal batteries, particularly
if a lithium iodide additive is used.11,12

For practical use, SPEs also have to meet minimum bat-
tery conductivity requirements of 10�4 S cm�1. To achieve
this high ionic conductivity (IC) while preventing the Li-
dendrite formation, an ideal SPE architecture offering a
strong decoupling between the conductive and mechanical
properties is highly desired.13,14 This attractive SPE architec-
ture could be reached by creating ion conductive nanochan-
nels, with continuous and uninterrupted pathways,
integrated inside an insulating polymer matrix having suit-
able mechanical properties. An appealing approach to man-
ufacture such nanostructured SPEs is to produce a gyroid
(GYR) morphology with ion conducting pathways by using
self-assembled ionic aggregate15,16 or BCP17–19 templates
since the GYR phase can transport ions through all three
directions, which obviates the need for channel alignment.

Besides, to optimize the overall IC and suppress the Li-
dendrite growth, zwitterion (ZI)-based electrolytes have
emerged as interested materials since a thinner SEI, a
higher columbic efficiency as well as an improved IC can
be reached by adding ZI in the electrolyte formulation.20–22

Following this paradigm shift, the Segalman group has
recently demonstrated an unprecedented lithium ion-
conductivity (1.6 mS cm�1) and selectivity (tþ ≈ 0:6�0:8)
by using blends of polymerized zwitterionic liquids
(PZILs) and Li salts as new design platforms for SPEs.23

Herein, a novel zwitterion-containing solid polymer
electrolyte (ZI-SPE) endowed with interconnected ion
conductive nanochannels was manufactured via a two-
step method. For that purpose, 25 μm thick polystyrene-
block-poly(2-vinylpyridine)-block-poly(ethylene oxide)
(PS-b-P2VP-b-PEO) films entirely composed of a GYR
structure were first generated by using a solvent vapor
annealing (SVA) treatment. These GYR-forming terpoly-
mer films were then infused by a lithium iodoacetate
(LiIAc) solution for 48 h to transform the pyridine sites
into zwitterionic 2-(pyridinium-1yl)acetate moieties via

a Menshutkin reaction. Interestingly, an IC as high as
1.9 � 10�5 S cm�1 was measured at 60�C from GYR-
structured SPEs generated by SVA when the infiltration
process was carried out for 1 h. This value was found to be
an order of magnitude higher than that measured from as-
cast SPEs, consisting of a thick (�25 μm) substructure hav-
ing a disordered (DIS) phase and a thin (�200 nm) skin
layer exhibiting out-of-plane ion conducting lamellae
(1.5 � 10�6 S cm�1 at 60�C). Here, the overall IC of GYR-
forming SPEs was limited to the single Li-ion conduction
because charge-transfer complexes between LiIAc and pyri-
dine nitrogen atoms, immobilizing the acetate counter-ion,
were formed during short infiltration process durations.
Conversely, ZI-SPEs, with gyroid conductive nanochannels
exhibiting ICs >10�4 S cm�1 above 70�C, were produced
when the infiltration process was carried out for 48 h due
to the formation of pyridinium centers that enable the fabri-
cation of dual-ion (Li+ and I3

�) conducting electrolytes. For
this infiltration duration, the GYR-forming PS-b-P2VP-b-
PEO film also has a higher ion conductivity than that
probed from an analog SPE having a substructure with a
DIS phase (1.1 � 10�5 S cm�1 at 70�C).

2 | RESULTS

The linear ABC triblock terpolymer used in this work con-
sists of PS (45 kg mol�1, ϕPS � 0.65), P2VP (16 kg mol�1,
ϕP2VP � 0.22) and PEO (8.5 kg mol�1, ϕPEO � 0.13), where
ϕ is the volume fraction of the corresponding block. Figure 1
illustrates the process route used to produce a freestanding
GYR-forming ZI-SPE endowed with dual-ion conductive
nanochannels. To this end, a 25 μm thick PS-b-P2VP-b-PEO
film, casted on a (3 � 3 cm) silicon substrate with sacrificial
water-soluble layer, was first solvent-annealed [15 h, dichlor-
omethane (DCM)] to achieve the GYR structure. After
detaching the terpolymer film from its substrate by solubiliz-
ing the sacrificial layer in a water bath, the freestanding PS-
b-P2VP-b-PEO layer shaped into a 2.5 cm diameter disc was
then reacted with a 1 wt% of LiIAc solution to form
2-(pyridinium-1yl)acetate on the 2VP moieties as shown on
the schematic reaction diagram. Note that charge-transfer
complexes between LiIAc and reactive pyridine nitrogen
atoms [noted (1)] are mainly formed after 1 h of reaction at
30�C while cationic pyridinium centers with iodides as
counter-ions [noted (2)] are also observed when the reaction
is carried out for 48 h (see the discussion hereafter).

Figure 2 shows atomic force microscopy (AFM)
topographic images of a PS-b-P2VP-b-PEO film before and
after the SVA treatment. The as-cast PS-b-P2VP-b-PEO
layer, generated by using a tape casting technique, exhibits
a top surface with a lamellar (LAM) morphology that
locally resembles to a perforated lamellar (PL) structure
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with (bright) PS perforations having a period of �48 nm (see
Figure 2A).24 In contrast, a highly-ordered gyroid structure is
produced on the top surface of a PS-b-P2VP-b-PEO film
exposed to a DCM vapor for 15 h (see Figures 2B and S1).

The cross-section scanning electron microscopy
(SEM) image presented in Figure S2a shows that a 25 μm
thick PS-b-P2VP-b-PEO film having a DIS state (i.e., no-
evidence of nanochannels formation within its substruc-
ture) is produced after the casting process. Indeed, the
magnified SEM view taken in the vicinity of the top sur-
face revealed that the LAM structure formed on the as-cast
PS-b-P2VP-b-PEO material (see Figure 2A) did not propa-
gate deeply within the material (LAMthickness ≈ 200 nm)
during the casting process (see Figure S2b). Note
that a dense bottom layer is also formed at the opposite
interface of the as-cast PS-b-P2VP-b-PEO layer (see
Figure S2c). The presence of a nominally disordered
(as-cast) state within the substructure is also confirmed
by the grazing incidence small-angle X-ray scattering
(GISAXS) data since a diffuse scattering pattern, arising
from the lack of order through the entire film thickness,
can be observed (see Figure S3a). Conversely, a well-

developed GYR structure is produced within the entire
terpolymer film thickness after the SVA treatment as
shown on the cross-section SEM images presented in
Figure 3. Here, large gyroid grains are formed in the
vicinity of the top and bottom surfaces as well as in the
middle of the 25 μm thick PS-b-P2VP-b-PEO film gener-
ated by SVA (15 h, DCM). GISAXS data presented in
Figure S3b confirm the formation of a well-developed
GYR structure at large scale since multiple sharp peaks
can be clearly observed from the scattering pattern.

To prepare ion conductive electrolytes, the freestand-
ing PS-b-P2VP-b-PEO films generated by SVA were
infused by a 1 wt% of LiIAc solution maintained at 30�C
for different times. Figure 4A displays the Fourier-
transform infrared (FTIR) traces for the GYR-forming film
before and after reaction with LiIAc in the range of 1500–
1750 cm�1. In addition to the C N stretching vibration
mode of the free P2VP band occurring at 1590 cm�1, a
new vibrational peak is observed at 1600 cm�1 when the
GYR-forming film was infiltrated for 1 h. This variation is
attributed to the constraint on the free rotation of pyridine
ring resulting from (partial) interactions between some

FIGURE 1 Schematic overview of

the SVA-Infiltration process route used

to produce freestanding GYR-forming

ZI-SPEs endowed with dual-ion

conductive nanochannels. (1) and

(2) represent the charge-transfer

complexes between P2VP and LiIAc

(green) and the formation of

2-(pyridinium-1yl)acetate, respectively.

GYR, gyroid; SVA, solvent vapor

annealing; ZI-SPEs, zwitterion-

containing solid polymer electrolytes.

FIGURE 2 (3 � 3 μm and

magnified 1 � 1 μm) AFM topographic

images of a PS-b-P2VP-b-PEO layer

acquired (A) before and (B) after the

SVA treatment where the PS matrix and

P2VP/PEO nanochannels appear in

bright and dark, respectively. The as-cast

PS-b-P2VP-b-PEO film exhibits a PL-like

morphology that is transformed into a

highly-ordered GYR structure after

exposition to a DCM vapor for 15 h.

Scale bars: 500 nm. AFM, atomic force

microscopy; GYR, gyroid; PL, perforated

lamellar; SVA, solvent vapor annealing.
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pyridine nitrogen atoms and LiIAc. After an infiltration
duration of 48 h, the number of interactions between pyri-
dine nitrogen atoms and LiIAc is observed to increase
since the free P2VP band at 1590 cm�1 has mainly shifted
to 1600 cm�1. For such infiltration conditions, the

formation of zwitterionic moieties is evidenced by the
apparition of the C–N+ stretching vibration mode of pyridi-
nium at 1630 cm�1,25 which was not observed after only 1 h
of reaction. Note that the existence of two type of associa-
tions has been monitored by FTIR during the reaction of R-

FIGURE 3 Cross-sectional SEM

views of a 25 μm thick PS-b-P2VP-b-PEO

layer generated by SVA (15 h, DCM)

showing (A) the presence of large gyroid

grains within the entire film thickness

and details of the GYR structure in the

vicinity of the (B) top and (C) bottom

film regions. Insets (A) and (B) show a

stack of gyroid planes and the pattern

(i.e., nanochannels arrangement) formed

in these planes, respectively. Scale bars:

500 nm. GYR, gyroid; SEM, scanning

electron microscopy; SVA, solvent vapor

annealing.

FIGURE 4 (A) FTIR spectra of GYR-forming films infused by a LiIAc solution for different times: (black) no-treatment, (red) 1 h and

(blue) 48 h. The new bands at 1600 and 1630 cm�1 attest for the formation of charge-transfer complexes and pyridinium sites, respectively.

The (pink) FTIR spectrum of the LiIAc powder is given for comparison. (B) N1s XPS spectrum of an infiltrated (48 h) PS-b-P2VP-b-PEO

layer showing the formation of (green) charge-transfer complexes and (orange) pyridinium sites at 399.9 and 402.1 eV, respectively.

(C) Raman spectra of GYR-structured films infused by a LiIAc solution for different times: (black) no-treatment, (red) 1 h and (blue) 48 h.

The formation of I3
� species is revealed by the presence of its characteristic band at 111 cm�1. The (pink) Raman spectrum of the LiIAc

powder is also shown for comparison. FTIR, Fourier-transform infrared; GYR, gyroid; XPS, X-ray photoelectron spectroscopy.
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and S-mandelic acids with P2VP: one is corresponding to
hydrogen bonding between dopant and pyridine (1600 cm�1)
and the other is resulting from protonated nitrogen on
the pyridine (1620 cm�1).26 The presence of pyridinium
sites was also confirmed by X-ray photoelectron spec-
troscopy (XPS) since a peak fraction of the N1s core
level shifted of �3.2 eV (402.1 eV) after reaction with
LiIAc for 48 h (see Figure 4B).27,28 Although, no-
change was observed on the N1s XPS data before and
after reaction with LiIAc for 1 h (see Figure S4), I3d
XPS spectra confirmed that charge-transfer complexes
between LiIAc and reactive pyridine nitrogen atoms
occurred in the infiltrated (1 h) PS-b-P2VP-b-PEO layer
since both the I3d3/2 (620.1 eV) and I3d5/2 (631.6 eV)
peaks of pure LiIAc have been shifted of �2 eV
(see Figure S5). Note that XPS data for the infiltrated
(48 h) PS-b-P2VP-b-PEO film indicate that an excess
(i.e., unreacted) of LiIAc molecules is adsorbed in the
sample since two binding energies (BEs) are observed
for the I3d3/2 (620.3 and 618.2 eV) and I3d5/2 (632.1
and 629.7 eV) peaks. As this excess of LiIAc salt is
observed for both the as-cast and GYR-structured PS-b-
P2VP-b-PEO films infiltrated for 48 h, it will lead to an
overestimation of their intrinsic IC properties but
will not alter the conclusion regarding the effect of cre-
ating 3D-interconnected nanochannels to enhance the
ion transport within SPEs (see discussion below). The
presence of iodide species was established by the

Raman analyses, as presented on the obtained spectra
in Figure 4C. Indeed, a weak band at 111 cm�1,
assigned to the symmetrical stretching mode of I3

�

species,29–31 is observed in the GYR-forming film
infused by a LiIAc solution for 1 h. This (111 cm�1)
band is much stronger in the Raman spectrum of the
PS-b-P2VP-b-PEO layer generated by SVA-Infiltration
(48 h), confirming the release of iodide species by the
reaction of LiIAc with the P2VP moieties.

To determine the mode of ion transport within the
GYR-structured ZI-SPEs generated by SVA-Infiltration,
electrochemical impedance spectroscopy (EIS) measure-
ments were conducted at different temperatures between
two gold-plated blocking electrodes in a through-plane
configuration cell. Prior to EIS measurements, the GYR-
forming ZI-SPE sample was heated at 50�C for 1 h and,
subsequently, equilibrated at 20�C to eliminate traces of
water and to ensure a good interfacial contact with the
electrodes. Figure 5A shows the Nyquist plot of an infil-
trated (48 h) PS-b-P2VP-b-PEO film measured at 20, 40,
65, and 90�C. Plots established at low temperatures
revealed that the IC is ruled by intra-grain (GYR nano-
channels) and inter-grain (grain boundary, GB) contribu-
tions since two partly formed semicircles as well as a
capacitive tail can be observed on curves.32 This behavior,
fully-supported by the architecture of solvent-annealed
(15 h, DCM) PS-b-P2VP-b-PEO films exhibiting large
gyroid grains (see Figure 3), has been previously observed

FIGURE 5 (A) Nyquist plot of an infiltrated (48 h) PS-b-P2VP-b-PEO film recorded at different temperatures: (blue) 20�C, (black) 40�C,
(purple) 65�C, and (green) 90�C. The total IC of the GYR-structured ZI-SPE sample is fitted by using an equivalent circuit model that

separates the intra-grain (GYR) and inter-grain (GB) contributions (see red fitting curve at 40�C). (B) Arrhenius plot of IC versus inverse

temperature determined by EIS in the range of 20–90�C for an infiltrated (48 h) GYR-forming SPE. EIS, electrochemical impedance

spectroscopy; GYR, gyroid; IC, ionic conductivity; ZI-SPE, zwitterion-containing solid polymer electrolyte.
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from GYR-structured hybrid electrolytes endowed with
ceramic and polymer microchannels.33 As illustrated for
the curve acquired at 40�C, experimental data are well-
fitted by an equivalent circuit model comprising a War-
burg (W) element that represents the blocked-diffusion of
ions, an electrode resistance (Relectrode) and two parallel
arrangements of a resistor (RGYR and RGB) and a capaci-
tance (CGYR and CGB) (see red plot). Note that the GB
contribution, corresponding to the low-frequency semi-
circle,32 decreases more rapidly with temperature than
that arising from the intra-grain ion transport to vanish
above 65�C (see purple dotted curve). The temperature-
dependent IC of a 25 μm thick GYR-structured ZI-SPE is
presented in Figure 5B. Data recorded between 20 and
90�C show that the IC (σ) value exceeds 10�4 S cm�1 at
70�C, and are better fitted using the Arrhenius law
instead of the Vogel-Tamman-Fulcher (VTF) equation,
which indicates that ion transport essentially occurs
through a hopping mechanism.34

Note that a lower IC value (1.1 � 10�5 S cm�1) was
measured at 70�C from an as-cast PS-b-P2VP-b-PEO SPE
infused by a LiIAc solution for 48 h which indicates that
the presence of 3D interconnected nanochannels within
the entire film thickness is attractive to improve the ion
transport within the SPE (see Figure S6). To further
investigate this phenomenon, the IC values were also
measured from as-cast and GYR-structured SPEs infused

by a LiIAc solution for 1 h (see Figure 6). As the as-cast
PS-b-P2VP-b-PEO film architecture consists mainly of a
DIS phase, it will be used as reference to determine
how much the ion conductivity is affected by the crea-
tion of 3D interconnected pathways within the entire
SPE thickness. The Nyquist plot recorded at 60�C for a
GYR-structured SPE infused by a LiIAc solution for 1 h
confirms that the total IC could be divided into two
contributions attributed to the GYR and GB ion trans-
port (see Figure 6A inset). In contrast, data acquired in
similar conditions from the DIS phase shows solely the
formation of a semicircle and a capacitive tail due to
the absence of GBs. From these results, an IC as high
as 1.9 � 10�5 S cm�1 was measured at 60�C from the
GYR-forming SPE which revealed to be an order of
magnitude higher than that measured from the as-cast
material (1.5 � 10�6 S cm�1 at 60�C). The temperature-
dependent IC plots of as-cast and solvent-annealed PS-b-
P2VP-b-PEO SPEs infused by a LiIAc solution for 1 h evi-
dence that the creation of ion conducting nanochannels
with physical continuity through the entire film thickness
is benefit to optimize the ion transport since the σGYR
values are significantly higher than that probed in the DIS
phase in the range of 30–70�C (see Figure 6B).

Interestingly, a nonlinear VTF and linear Arrhenius
model was used to fit the data measured from the as-cast
and solvent-annealed PS-b-P2VP-b-PEO SPEs, respectively,

FIGURE 6 (A) Nyquist plot of infiltrated (1 h) PS-b-P2VP-b-PEO SPEs endowed with a (blue) GYR or (red) DIS (as-cast) phase. Data

recorded at 60�C clearly evidence that the ion transport is faster for the blue dotted curve exhibiting two partly formed semicircles due to the

formation of GBs within the GYR phase (see inset). (B) Plot of IC versus inverse temperature determined by EIS in the range of 30–70�C for

infiltrated (1 h) SPEs with a (blue) GYR or (red) DIS (as-cast) phase. A nonlinear and linear model was used to fit the data measured before

and after the SVA treatment (15 h, DCM), respectively. DIS, disordered; EIS, electrochemical impedance spectroscopy; GYR, gyroid; IC,

ionic conductivity; SVA, solvent vapor annealing; SPE, solid polymer electrolyte.
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which reveals that the ion diffusion operates via two differ-
ent mechanisms within the GYR and DIS phases.

The mechanical properties of the 25 μm thick GYR
structured film were evaluated by dynamic mechanical
analysis (DMA) over the temperature range 25–200�C. The
data presented in Figure S7 show that a higher storage mod-
ulus, E0, is observed for the PS-b-P2VP-b-PEO film in the
temperature range of 25–70�C. Above 70�C, the E0 values
decrease progressively, which may be due to the glass tran-
sition temperature of polystyrene, Tg,PS, that we have previ-
ously measured at 89�C by differential scanning calorimetry
(DSC) from the terpolymer powder.24 For this PS-b-P2VP-b-
PEO film, a plateau was also observed between 110 and
200�C, and would correspond to a stabilization of the
mechanical properties of the GYR structure above Tg,PS.
The associated image shows that the 25 μm thick PS-b-
P2VP-b-PEO film did not break under stress at 200�C.

3 | CONCLUSION

We present a strategy to manufacture GYR-structured SPEs
endowed with 3D-interconected ion conductive nanochan-
nels. This architecture generated by SVA-Infiltration allows
to optimize the overall ion conductivity of the terpolymer
material over a wide temperature range since the ion trans-
port within GYR nanochannels is always well-above than
that measured within the DIS (as-cast) phase. For instance,
our results reveal that the manufacture of ZI-SPEs com-
posed entirely of a GYR morphology enables to achieve an
IC as high as 10�4 S cm�1 at 70�C. In contrast, a lower IC
value of �1.1 � 10�5 S cm�1 was probed at 70�C from an
analog terpolymer film having a disordered phase.

4 | EXPERIMENTAL

4.1 | Material

1,4-dioxane (DOX, 99.5%), tetrahydrofuran (THF, 99%), DCM
(99%), LiIAc (>97%) and poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS, 2.8 wt% in water)
were purchased from Sigma Aldrich. Silicon substrates
were provided from silicon materials (Si-Mat). PS-b-
P2VP-b-PEO (S :V :EO≈ 65 : 22 : 13, 69.5 kgmol�1) was
purchased from Polymer Source inc (Canada).

4.2 | Fabrication of DIS and
GYR-structured PS-b-P2VP-b-PEO films

The 25 μm thick PS-b-P2VP-b-PEO films having a sub-
structure with a nominally disordered state were casted

from a 20 wt% terpolymer solution in a di-solvent mix-
ture (DOX/THF: 70/30 by weight) onto (3 � 3 cm) silicon
substrates, covered by a sacrificial PEDOT:PSS layer, by
using a tape casting technique with a 400 μm blade. To
manufacture PS-b-P2VP-b-PEO films entirely composed
of a DG structure, the terpolymer materials were exposed
to a DCM vapor for 15 h in order to promote the mobility
of BCP chains until reaching the formation of the DG
structure. Here, a continuous flow system was used to
control the DCM vapor pressure (32 sccm DCM + 8 sccm
N2) in the SVA chamber as described previously.24,35

Note that the temperature of the DCM tank was kept at
20�C during the SVA process.

4.3 | Fabrication of DIS and GYR-
structured PS-b-P2VP-b-PEO SPEs

To produce PS-b-P2VP-b-PEO SPEs, the DIS and GYR-
structured films were first detached from their sub-
strate by solubilizing the sacrificial PEDOT:PSS layer
in a deionized water bath. The square-shaped PS-b-
P2VP-b-PEO films were then infused by a 1 wt% LiIAc
solution (300 mg of LiIAc in 30 g of deionized water)
for different times (1 and 48 h in this study). Finally,
the SPEs with a DIS or GYR phase were washed in a
deionized water bath, cut into discs with a diameter of
2.5 cm, and wrapped in a wipe to remove the excess of
water.

4.4 | Ionic conductivity and DMA
measurements

The ionic conductivities of 25 μm thick SPEs with a DIS
or GYR phase were recorded by using EIS (Solartron
1260 impedance analyzer) over a frequency range
between 1 and 1000 Hz with an amplitude of 50 mV.
For that purpose, the DIS and GYR-structured SPEs
were placed into a sample holder (BioLogic CESH-e)
with circular gold-plated blocking electrodes (2 cm
diameter), and then compressed to allow through-plane
measurements at different temperatures between
20 and 90�C. Prior to EIS measurements, samples were
heated at 50�C for 1 h and, subsequently, equilibrated at
20�C to eliminate traces of water and to ensure a good
interfacial contact with the electrodes. Thermomechani-
cal properties (elastic storage modulus, E0) of a 25 μm
thick GYR-structured film were assessed using a DMA
242 E Artemis from NETZCH. The sample was heated
from 25 to 200�C at a rate of 2�C min�1, a frequency of
1 Hz and a displacement amplitude of 10 μm (0.1% of
strain).
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4.5 | AFM and SEM imaging

AFM (nano-observer, CSInstruments) was used in tap-
ping mode to characterize the surface morphology of
PS-b-P2VP-b-PEO films. Silicon cantilevers (PPP-NCH,
Nanosensors) with a typical tip radius of �5 nm were
used. The resonance frequency of cantilevers was
�235 kHz. SEM (Hitachi S-4800) was used at an acceler-
ating voltage of 5 kV to acquire top view and cross-
section images of both DIS and GYR-structured films.

4.6 | GISAXS characterizations

GISAXS experiments were performed on an Anton Paar
SAXSPOINT 5.0 equipped with a PRIMUS copper X-ray
source (λ = 0.15418 nm). The X-ray beam incident angle
with respect to the sample surface was set at 0.4�, which
is slightly larger than the critical angle of total external
reflection of the polymer, ensuring full penetration of the
X-ray beam in the material and hence, analyzing the full
volume of the sample. The 2D scattering patterns were
collected with a Dectris Eiger2 R 1M detector. The mea-
suring geometry was calibrated with silver behenate as
standard, and a sample-to-detector distance of 1300 mm
was used. For each measurement 48 30-min frames were
averaged.

4.7 | FTIR, XPS, and Raman
measurements

FTIR spectra was monitored on a Thermo Nicolet Nexus
FTIR spectrometer with a diamond ATR attachment, and
samples were subjected to 32 scans in the range of 4000
and 650 cm�1. XPS was performed on an ESCALAB
250 (Thermo Electron) with a monochromatic Al Kα
(1486.6 eV) source operating at 150 W (15 kV and
10 mA). The analyzed surface area was 500 μm2 with a
sampling depth of �5 nm. The emitted photoelectrons
were detected perpendicular to the sample surface with a
constant analyzer energy mode. Data analysis was carried
out using the Avantage software. BEs of all core levels
are referred to the C C bond of C1s (at 284.8 eV). The
charge is compensated by a low energy (�2 eV) electron
beam. N1s and I3d high-resolution spectra were recorded
at a step of 0.1 eV (transition energy of 20 eV). Micro-
Raman analyses were conducted using a HORIBA Jobin
LabRAM HR800UV Raman spectrometer (λ = 660 nm,
1800 gr mm�1 grating) with a Leica PL Fluotar �50
objective (NA = 0.55). Si vibration at 520 cm�1 was
employed for calibration. Raman spectra were typically
collected with 60 s exposure time and four accumulations

at a laser power of 10 mW. No post-processing was per-
formed on obtained data.
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