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Abstract: The role of interfacial effects on an ion-conducting poly(styrene-b-ethylene oxide) (PS-b-PEO
or SEO) diblock copolymer doped with lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) was
investigated by electrochemical impedance spectroscopy (EIS). Coating the surface of commonly
used stainless steel electrodes with a specific random copolymer brush increases the measured
ionic conductivity by more than an order of magnitude compared to the uncoated electrodes. The
increase in ionic conductivity is related to the interfacial structure of the block copolymer domain
morphology on the electrode surface. We show that the impedance associated with the electrode–
electrolyte interface can be detected using nonmetallic electrodes, allowing us to distinguish the ionic
conductivity behaviors of the bulk electrolyte and the interfacial layers for both as-prepared and
annealed samples.
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1. Introduction

The global transition to next-generation energy sources has been accelerated by recent
technological advances in portable devices, renewable energy storage, new industries such
as electric vehicles, and the dwindling fossil fuel reserves [1,2]. Lithium-ion batteries (LIBs)
continue to dominate the battery market. Still, the growing demand over the past decade,
coupled with the anticipated future growth [3], has driven research to improve LIB perfor-
mance, particularly in increasing energy and power densities [4]. Next-generation electrode
materials are therefore designed to increase battery capacity and operating voltage [5,6].
High-voltage cathode materials such as LiCoMnO4 and LiNiPO4 [7–9] allow battery opera-
tion at 5 Volts, while advances in anode materials [10–12], particularly promising metallic
lithium, aim to increase the energy density [13].

However, challenges are associated with integrating such advanced electrodes with
liquid electrolytes (LEs), particularly with organic-based LEs, due to their limited electro-
chemical stability window [14]. The high reactivity of the metallic lithium anodes in contact
with the liquid electrolyte causes dendrite formation [15] during battery cycling [16,17].
This is dangerous due to the risk of short circuits and thermal runaway processes, which can
ignite the carbonaceous electrolyte and accumulate dead lithium aggregates and insoluble
by-products. These materials precipitate at the electrode–electrolyte interface, forming a
complex, mosaic-like structure: the solid electrolyte interphase (SEI) [18–20]. Thickening of
the SEI over cycling life leads to progressive battery capacity fading [21,22].

Replacing the commonly used liquid electrolytes with solid-state electrolytes (SSEs),
prominent classes of which were reviewed by Manthiram et al. [23], allows increases in
safety, mechanical properties, and the electrochemical stability window [24]. Among SSEs,
solid polymer electrolytes (SPEs) stand out for their exceptional mechanical properties.
They can withstand both extrinsic mechanical stresses during processing and intrinsic
stresses, such as those caused by dendrite growth and thermal expansion of the electrodes
during cycling.
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Polyethylene oxide (PEO)-based systems remain the dominant choice for SPEs [25–27].
They offer competitive transference numbers, electrochemical stability, and high ionic
conductivity. Their effective ionic transport stems from lithium-ion coordination by the
ether-oxygens along the polymer backbone and the fast segmental motion at the relevant
temperatures, characterized by PEO’s relatively low glass transition temperature [28].
However, like other homopolymers, PEO faces a trade-off between its mechanical properties
and ionic transport [29]. Fast segmental motion allows efficient ion transport but renders
the polymer soft, while slow chain motion hinders ion transport but stiffens polymers.

To overcome this trade-off, multicomponent polymers such as block copolymers (BCPs)
can be used instead of homopolymers. BCPs, such as PS-b-PEO (SEO), consist of a soft, ion-
conducting polymer, such as PEO, linked to a stiff, non-conducting block, like polystyrene
(PS). The unique property of BCPs to self-assemble into various morphologies, including
spheres, cylinders, lamellae, and gyroids [30], allows the design of nanostructured ion
conductors reinforced by a rigid phase [31]. This allows independent control and tuning
of stiffness and conductivity by the BCP composition. Moreover, these two fundamental
properties depend on the specific morphology of the ion conductor [32].

The effect of morphology on the ionic conductivity in block copolymer (BCP) elec-
trolytes is typically described by the equation σBCP = f ϕcσc, where σc is the intrinsic
conductivity of the conducting phase, ϕc is the volume of the conducting phase, and f is a
structural parameter [33,34]. Ideally, σc should match the electrolyte conductivity of the
corresponding homopolymer (σHP), and f is an ideal morphology factor (1 for gyroids, 2/3
for lamellae, 1/3 for cylinders, and 0 for spheres) accounting for the pathway’s degree of
freedom of ion transport in the different BCP morphologies. However, the conductivity in
the ion-conducting phase of BCP electrolytes is often lower than that of the correspond-
ing homopolymer (σc ̸= σHP). This discrepancy is due to the interface between the ion
conductor and the non-conductor in BCPs, which results in a region within the conductor
that cannot coordinate lithium ions effectively and has limited segmental mobility [35].
The resulting additional conductivity reduction is observed in thick [36] and thin films [37]
and is referred to as the dead zone or inactive volume.

It is possible to precisely control BCP structures in thin films to achieve defect-free
morphologies with well-aligned structures by directing the self-assembly of, for example,
PS-b-PEO lamellae [37]. Together with the ability to precisely control and image defects
in the nanostructured ion conductor [38], which cause unwanted conductivity drops,
this establishes a precise relationship between structure and conductivity performance.
However, controlling defects in thick BCP films, which are more common in practical
battery designs, is challenging. This often results in the formation of defects such as ion
transport dead ends and grain boundaries, leading to multi-grain structures.

Interestingly, multi-grain SPEs with small grain sizes increase the ionic conductivity
compared to larger, more refined grains [39]. Moreover, increasing the molar mass of a BCP
electrolyte increases the overall conductivity, plateauing at around 1 mS/cm for PS-b-PEO
lamellae [40]. However, understanding ion transport in these multi-grain structures is
difficult due to multiple interrelated factors, including the inactive conductive volume,
grain size, defect types, density, and their relationship to the BCP molar mass and annealing
protocols. The intricate interplay between these factors makes it difficult to distinguish
between intrinsic features on the ion transport, such as the interface between the non-
conducting and conducting phases causing tethered chain confinement, and extrinsic
factors such as defects and grain boundaries [41–43].

This complexity is compounded by preferential wetting of the BCP structure at the
electrode interface [44], which has recently been shown to reduce ionic conductivity signifi-
cantly. However, ionic transport in BCP electrolytes at the electrode interface is not clearly
understood. Overall, achieving precise control of the structure in BCP electrolytes is chal-
lenging, and the intricate interplay of structural parameters and a limited understanding
of the underlying structure–property relationships make optimizing conductivity in thick
BCP electrolytes a complex task.
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Two recent studies address the interfacial conductivity of a BCP containing an ionic
liquid block, forming a single ion conducting microphase. Measuring the DC conductivity
of thick BCP layers sandwiched between silicon wafers reveals a 20-fold difference between
transverse and in-plane conductivities, attributed to the formation of lamellar layers cover-
ing the silicon electrodes [45]. A follow-up study of similar BCPs attributed the anisotropic
conductivities to variations of in-plane rather than transverse conductivities [46]. Inter-
estingly, a comparison of rough stainless steel versus smooth silicon substrates showed
similar transverse conductivities despite substrate-induced BCP layering in the latter.

This work aims to extend the knowledge of polymer electrolyte thin films to thick
films, ultimately optimizing their ionic conductivity. The investigated thickness of the
electrolyte film, less than 100 µm, is significantly larger than both nanometer-scale BCP
domain spacing and brush layer. The approach is based on controlling the structure of a
lamellar PS-b-PEO BCP electrolyte at the interface with the electrode by chemically tuned
surface coatings to avoid unwanted conductivity drops. The ionic conductivity response of
the electrolyte on such chemically engineered electrodes was measured by electrochemi-
cal impedance spectroscopy and assessed by analyzing various derived electrochemical
quantities. Additionally, the effect of annealing on the ionic conductivity was studied to
elucidate the relationship between the electrolyte’s grain structure and ionic transport.

2. Materials and Methods
2.1. Materials

Lithium bis(trifluoromethanesulfonyl)imide, anisole (anhydrous, 99.7%), and tetrahy-
drofuran (anhydrous ≥ 99.9%, inhibitor-free) were purchased from Sigma Aldrich (Buchs,
Switzerland). Poly(styrene-block-ethylene oxide) and poly (styrene-random-2-vinyl pyri-
dine) were purchased from Polymer Source (Dorval, QC, Canada). Silicon wafers were
purchased from Si-Ma Silicon Materials (Kaufering, Germany). Stainless steel disks were
purchased from MTI (Richmond, CA, USA).

2.2. Sample Fabrication

All materials and chemicals were dried in a vacuum oven at 80 °C for 24 h before
transferring to an argon-filled glovebox (<0.01 ppm O2 and H2O). They were used without
further purification. The poly(styrene-block-ethylene oxide) copolymer and LiTFSI were
dissolved in anhydrous anisole in a molar salt concentration

r =
[Li+]
[EO]

, (1)

targeting a value of r = 0.08, corresponding to optimization by [40,47]. The solution was
drop-cast into PTFE washers, which were placed on the respective electrodes: stainless steel
or silicon wafers, pristine or covered by a random poly(styrene-random-2-vinyl pyridine)
copolymer brush.

The casting and manipulation of the samples were performed inside an argon-filled
glovebox (<0.01 ppm O2 and H2O). The samples were assembled by sandwiching the SPE
between identically prepared electrodes into sealed Swagelok cells inside the glovebox,
followed by their removal from the glovebox for measurements.

P(S-r-2VP) end group modification: Conversion of P(S-r-2VP)-RAFT agent to P(S-r-
2VP)-SH: 0.8 g of P(S-r-2VP) was dissolved in 7 mL anhydrous THF in a two-neck flask in a
nitrogen atmosphere. A small amount of Na2S2O4 was added after polymer dissolution
and 1 mL hexylamine was added to the mixture and stirred at room temperature overnight.
The solution was filtered, and the yellowish solution was dropwise added to a cold hexane
bath for polymer precipitation. The solid residue was then dried in a vacuum oven at
50 ◦C overnight.

Brush-covered stainless steel electrode preparation: Substrate disks were cleaned with
acetone before sputtering an approx. 5 nm thick gold layer onto one side. The gold-coated
substrate was immersed in a 0.015 mM solution of the thiol-terminated statistical copolymer,
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P(S-r-2VP)-SH, in deionized water overnight, allowing the homogeneous coverage of the
stainless steel substrate. The brush-covered substrate was then rinsed with fresh THF to
remove the excess unbranched polymer and placed in a vacuum oven at 80 ◦C for 12 h
before import into the glovebox, resulting in a solvent-free nanometer-thick brush layer on
the metallic substrate.

Brush-covered silicon electrode preparation: The silicon wafer was cleaned with
acetone and air plasma-treated for 10 min to introduce hydroxyl functional groups on
the surface. Brushing the substrate was achieved by spin coating a 0.015 mM statistical
copolymer brush, P(S-r-2VP), solution in THF on the polished silicon wafer and annealed at
150 °C for 1 h to end graft the polymer to the SiO2 surface. The procedure is fully described
elsewhere [44]; note that the copolymer has a hydroxyl terminal group, and therefore, no
further chemical modifications were required. The substrate was then rinsed with THF
to remove any ungrafted polymer and placed in a vacuum oven at 80 °C for 12 h before
transfer into the glove box.

Annealing protocol: Annealing was performed in a Binder vacuum oven under N2.
The dwell time was 1 hour with a ramp rate of about 2 °C min−1 followed by cooling to
room temperature.

2.3. Electrochemical Impedance Spectroscopy (EIS)

EIS data were acquired using an SP-300 BioLogic Potentiostat (Seyssinet-Pariset,
France), in single sine scanning mode, covering a frequency range between 5 MHz and
0.1 Hz, measuring 10 frequencies per decade. The amplitude was set to 100 mV, and an
average of 3 measurements per frequency was taken with a resolution of 333µV per mea-
surement. The temperature of the Swagelok cell was controlled in a Binder oven with
≈1 h dwell time for temperature equilibration, covering a temperature range from room
temperature to 95 °C in 15 °C intervals. The impedance data obtained were fitted using the
Z-fit function of the EC-Lab V10.44 software employing the adequate equivalent circuit
shown in Figure 1.

Relectrode

RSP E

CPE

Zw Relectrode

R1

CPE1

R2

CPE2

Zw

(a) (b)

Figure 1. Equivalent circuits used to fit the Nyquist plots showing single or multiple Randles circuits
for the case of stainless steel (a) and silica (b) substrates.

The ionic conductivity values were calculated using

σ =
1
R

L
SA

, (2)

where R is the resistance derived from the equivalent circuit fitting, L is the thickness of the
electrolyte layer, and SA is the surface area of the electrode–electrolyte interface. For clarity,
the reported ionic conductivity lines are the averages derived from three separate samples.
The sample geometry was maintained using PTFE washers of two different sizes: one with
a length of 0.8 mm and a radius of 4.3 mm and the other with a length of 0.4 mm and a
radius of 3.2 mm.

2.4. Atomic Force Microscopy (AFM)

Atomic force microscopy images were taken by a Park NX10 instrument (Suwon
16229, Republic of Korea). All measurements were performed in an acoustic enclosure
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(JPK Instruments AG, now: Bruker, Billerica, MA, USA) equipped with an antivibration
table (e-Stable mini, Kurashiki Kako, Tokyo, Japan). The acquired images were leveled by
mean-plane subtraction and second-order polynomial baseline removal. The look-up table
was adjusted to increase the contrast of image features. Profile fitting was performed using
the Gwyddion software, v. 2.66.

3. Results and Discussion

The impedance behavior of a high-molar-mass poly(styrene-b-ethylene oxide) (SEO;
block molar masses: MPS

w = 90 kg/mol and MPEO
w = 94 kg/mol) BCP solid polymer

electrolyte (SPE) was studied by electrochemical impedance spectroscopy (EIS). The poly-
mer electrolyte was doped with lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) at
an 8% molar ratio between lithium cations and ethylene oxide monomer units.

Two types of electrodes were employed to assess the impact of interfacial effects on
the impedance of the SPE: stainless steel and silicon wafers. Additionally, both electrodes
were tested in their pristine state and after coating with a P(S-r-2VP) statistical copoly-
mer brush (MPS-P2VP

w = 6 kg/mol, with a molar styrene:2-vinylpyridine ratio of 66:33),
altering their surface chemistry and SPE wetting behavior. Stainless steel, a frequently
employed blocking electrode in EIS analysis, was selected following established literature
references [48–50]. Atomic force microscopy of the steel substrate showed micrometer-scale
roughness stemming from its manufacturing process (Figure S5). Alternatively, highly pol-
ished single-crystalline silicon wafers with sub-micrometer-scale surface roughness were
employed as electrode substitutes to aim impedance analysis at the electrode–electrolyte
interface. An SPE layer was cast onto one electrode and was contacted by a second identical
electrode in a Swagelok cell, applying pressure.

Figure 2 shows Nyquist plots of LiTFSI-doped PS-b-PEO SPE, with Figure 2a display-
ing an SEO layer sandwiched between two pristine stainless steel substrates and Figure 2b
showing the SPE sandwiched between two stainless steel electrodes coated with a statistical
poly(styrene-r-2-vinylpyridine) (P(S-r-2VP)) copolymer brush. The response of impedance
analysis observed in both sample sets suggests a relaxation process with a single time con-
stant. The term time constant is associated with a relaxation process of the solid electrolyte,
which is depicted by the single semicircle in the Nyquist plot and the Gaussian bell curve
in the Bode plot. In the equivalent circuit, this process is modeled by a single Randles
element. Therefore, the universal equivalent circuit depicted in Figure 2a,b was used to
derive ionic conductivities. Control experiments comparing the conductivities of PEO
homopolymer sandwiched between pristine and brush-covered stainless steel substrates
have been published in [44] and are shown in Figure S2. The Nyquist and Bode plots of the
these samples are shown in Figure S6.
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Figure 2. Nyquist plot of a PS-b-PEO SPE layer sandwiched between two pristine stainless steel
electrodes (a) and those coated with statistical P(S-r-2VP) copolymer brushes (b). The red semicircles
stem from single equivalent Randles circuits, which were used to fit the data (shown in the inset),
yielding the ionic conductivity vs. temperature (c).

Significantly different values of the temperature-dependent ionic conductivity of the
SPE between the two sample sets were observed, as shown in Figure 2c. Notably, this
comparison reveals strongly enhanced ionic conductivities resulting from the brush-coated
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electrode, with an increase of more than an order of magnitude compared to the pristine
stainless steel electrode. Recent findings demonstrate that coating electrodes with polymer
brushes increases the ionic conductivity in gyroid-forming BCP electrolytes after annealing.
Brushes favoring the ion-conducting phase in the BCP electrolyte were used to avoid
electrode wetting by the non-conducting phase [44].

For the lamellar SEO BCP electrolytes considered here, preventing a layered BCP
arrangement at the electrode requires a surface that remains neutral to both PS and PEO, thus
avoiding preferential wetting by either block. In BCP thin films, simultaneous wetting of the
different blocks of amphiphilic BCPs can be achieved by coating a substrate with “neutral”
random copolymer brushes that interpolate between the interfacial energies of the two blocks
with the substrate [51]. The morphological arrangement of lamellar BCPs on preferential
surfaces and neutral polymer brushes is schematically shown in Figure 3. Starting from the
as-cast morphology (left), the BCP arrangement is affected by the chemical nature of the
surface. Preferential surfaces (Figure 3a) induce wetting by one of the blocks, leading to
lamellar stacking upon annealing. Conversely, neutral surfaces, such as those created by a
polymer brush, typically result in the edge-on arrangement shown in Figure 3b.

b

c d

a

Figure 3. Schematic BCP arrangement on preferential and neutral surfaces. (a) BCP layers reorganize
into a substrate-parallel lamellar stack adjacent to the pristine silicon wafer substrate while exhibiting
an isotropic orientation away from the substrate. (b) Rendering the substrate neutral by a polymer
brush results in an edge-on alignment of the BCP lamellae close to the substrate. The two mixed
morphologies impact near-surface impedances and ion access to the substrate. Equivalent BCP
surface reconstruction on preferential (c) and neutral (d) rougher steel substrates has a less well-
defined response of impedance analysis than the smooth silicon surfaces in (a,b). The brush in (d) is
omitted for clarity.

Atomic force (AFM) phase images of ca. 140 nm thick SEO layers on pristine and
brush-functionalized silicon wafer, Figure S2, demonstrate the effect of the PS-r-P2VP
brush on the orientation of the SEO BCP morphology, transforming a layered microphase
morphology on the pristine surface into one, where the lamellae stand edge-on on the
substrate [52]. Water contact angles on substrates are often used as a qualitative measure for
the surface polarities of various materials. Table S1 lists the contact angles of the substrates
and the electrolyte used in this study. The evolution of surface polarities towards more
hydrophobic surfaces while the substrates are coated with the brush is observed. This
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result enables comparing the ionic conductivity of SEO layers with differently aligned
microphase morphologies.

The surface properties of stainless steel affect the orientation of interfacial SPE BCP
domains and, consequently, the diffusion of lithium ions through the BCP domains. In ad-
dition, the metallic nature of stainless steel plays an important role in EIS measurements,
as charges accumulate at the electrode–SPE interface, inducing polarization (Figure S1).
The polarization increases the permittivity of the interfacial layer, thus shielding the input
voltage and impeding the observation of relaxation processes away from the interfaces
in the bulk of the SPE [53]. To overcome this limitation, a non-metallic substrate was
employed, a monocrystalline silicon wafer covered with a thin native SiO2 layer. This
change in the electrode material provided clearer insight into the response of impedance
analysis in both the interfacial and bulk SPE regions (Figure 4).
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Figure 4. Nyquist plots of a PS-b-PEO SPE layer sandwiched between two pristine silicon wafer
electrodes (a) and between two silicon wafers coated with statistical P(S-r-2VP) copolymer brushes (b).
The two semi-circles (dashed lines) result from two Randles circuits shown in the inset. This equiva-
lent circuit was used for data fitting to obtain the ionic conductivity values vs. temperature, which
are shown together with the temperature-dependent ionic conductivities from Figure 2 (green and
orange symbols for pristine and brush-covered surfaces). The blue symbols denote the two time
constants and the corresponding conductivities of the pristine silicon wafers, while the black symbols
represent the brush-covered silicon wafers (c).

Figure 4a,b shows Nyquist plots of the SPE sandwiched between pristine and random
copolymer brush-covered silicon wafers, respectively. The equivalent circuit used to fit
the Nyquist plot is expanded to account for its two-semicircle nature (inset in Figure 4a).
To achieve this, a second Randles element is incorporated into the previously used fitting
circuit, with the additional element representing the second time constant observed in this
dataset. Moreover, the additional circuit element is incorporated into the existing Randles
element, expressing the interfacial impedance of the polymer electrolyte. Figure 4c shows
the derived ionic conductivity values and the temperature-dependent conductivities of
one of the two time constants of the pristine and brush-covered silicon wafers match very
closely with those of the stainless steel substrates, respectively. The conductivity values
derived from the second Randles element lie between those of the two steel substrates.
These two curves are comparable in magnitude. The contribution of the silicon wafer to
the measurements of Figure 4 is negligible, as can be seen from impedance, which is three
orders of magnitude smaller (Figure S4).

In the Bode representation, the impedance gain and phase of the impedance are
separately plotted, providing more detailed information on the frequency dependence of
the impedance.

Figure 5 shows Bode plots of SPE layers sandwiched between stainless steel (a,b) and
silicon (c,d) substrates, pristine (a,c) and copolymer brush-covered (b,d). The orange, green,
and red vertical lines mark the peaks in the phase signal of the four measurements.
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Figure 5. Bode plot of PS-b-PEO solid polymer electrolyte sandwiched between pristine (a) and
statistical P(S-r-2VP) copolymer brush-coated (b) stainless steel electrodes. (c,d) show measurements
for SPE layers sandwiched between pristine and brush-coated silicon wafers, respectively. The vertical
orange, green, and red lines highlight the peaks in the phase signals in (a–d). The fitting profiles are
plotted in red.

Each stainless steel experiment exhibits a single plateau in the impedance magnitude
and a phase peak, indicating a single time constant in the equivalent circuit of Figure 2.
Covering the electrodes with copolymer brushes results in a frequency shift of the phase
peak from the Hz (orange) to the kHz (red) regime. When switching to a silicon substrate,
the Bode plots show two distinct phase peaks with independent time scales, conforming
with the two semi-circles identified in the Nyquist plots. The homogeneity in the phase
and impedance gain responses of the polymer electrolyte in the function of the substrate in-
terface design is demonstrated by superimposing the steel and silicon electrode Bode plots.
The overlapping of the low- and high-frequency responses of the brushed and pristine
electrodes, highlighted by the orange and red lines, respectively, express the uniformity in
the SPE response with respect to the substrate design. Additionally, the secondary phase
peak that persists in the hectohertz region of the silicon electrode (green line) is unrespon-
sive to changes in frequency based on surface engineering. In conclusion, the combination
of electrode material and substrate surface engineering produces heterogeneity, yet with
consistency, in the SPE response.

The complex impedance is often separated into its real and imaginary components,

Z∗ = Re(Z) + i Im(Z) = ZR + i XC, (3)

where ZR is the resistance and XC is the reactance. Ohmic resistors exposed to an exter-
nal AC voltage have an exclusively resistive behavior independent of the frequency, i.e.,
Z∗ = ZR. On the contrary, a sinusoidal voltage applied to a capacitor with capacitance C
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yields a reactance of XC = (2πωC)−1 and ZR = 0 [54]. Compared to the pristine substrates,
the frequency shift observed in the brush-covered substrates can be attributed to the change
in the imaginary part of SPE’s complex impedance in response to the applied sinusoidal
voltage in EIS. An increase in frequency directly affects the reactance XC, reducing the
capacitive behavior while enhancing charge mobility.

Further impedance data were scrutinized by investigating both stability and inter-
action behavior between the input sinusoidal voltage and the ion-conducting material,
consisting of the coordination between ether oxygen atoms from the PEO backbone and
lithium ions. The electric modulus, M, quantifies the dielectric relaxation and stability with
respect to the externally applied sinusoidal frequency [53,55–57]. The maximum in the
imaginary part of the electric modulus signifies the stability threshold of the PEO–lithium
ion complex with respect to changes in the oscillating electric field frequency. The resonance
peak marks the frequency threshold between regimes where charge carriers are mobile over
long distances and where molecular interactions confine the ions, which can only move
within a limited distance [58]. M is defined as the reciprocal of the dielectric permittivity,

M∗(ω) = ℜ(M) + iℑ(M) =
1
ε∗

= i(ωC0)Z∗, (4)

where M∗ is the complex electric modulus, ε∗ is the complex permittivity, ω is the frequency,
C0 is the geometrical capacitance, and Z∗ is the complex impedance. The imaginary part of
the electric modulus is given by [59,60]

ℑ(M(ω)) = M′′ = ωC0ℜ(Z). (5)

The electric moduli for stainless steel and silicon wafer substrates with and without
brushes were studied in terms of the electrical relaxation process, shown in Figure 6a. The
stainless steel substrate shows a single resonance peak, shifted to a higher frequency by
about two orders of magnitude when covered by a brush, indicated by the black arrow.
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Figure 6. Normalized imaginary component of the electric modulus (a) and tan(δ) (b) of PS-b-
PEO BCP electrolyte sandwiched between pristine (blue dotted line), brush (blue line) stainless steel
electrodes, and between pristine (black dotted line), brush-coated silicon wafers (black line). The black
arrow highlights the high-frequency shift upon brush functionalization of the substrate, and the green
arrow indicates the presence of a new process occurring for the brush-covered silicon substrates.

The increase in the frequency of the relaxation mechanism is accompanied by a stability
gain of the dielectric relaxation frequency between lithium ions and PEO chains in relation
to the externally applied potential. A low peak frequency of the electric modulus corre-
sponds to a high capacitance caused by charge carrier generation at the electrode/electrolyte
interface, resulting in electrode polarization. As frequency increases, the charge carriers dif-
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fuse quicker inside the polymeric material, resulting in a decrease in the relaxation time [61].
Because of selective interactions between one of the two copolymer blocks and the pristine
substrate, a continuous glassy PS phase forms close to the surface (layer colored in red in
Figure 3), interfering with the diffusion of lithium ions through percolation pathways from
the interface into the bulk. Covering the surface with a neutral brush reduces the difference
in the energetic affinity of the two copolymer blocks, thereby preventing the formation of
PS blocking layers against Li-ion diffusion near the substrate. Consequently, long-range ion
movement is hampered on the SEO electrolyte when in contact with both pristine substrate
types, whereas brush-covered substrate exposes ion conduction channels to the substrate,
permitting long-range ion motion from surface to bulk.

The comparison of steel and silicon substrates in Figure 6a reveals the overlap of low-
and high-frequency resonances for the pristine and brush-covered substrates, respectively,
with higher peak values for the silicon substrates. Moreover, the green arrow indicates a
second resonance peak in the mid-frequency range for the brush-covered silicon substrates.
Likewise, the pristine silicon substrate expresses the secondary mid-frequency resonance
peak, although it is convoluted with the low-frequency peak.

Consistent with the Bode graphs in Figure 5, this additional resonance at mid-range
frequencies is seen only for the brush-covered silicon wafer. The silicon substrate mid-
frequency peak can be assigned to Li-ion motion in the bulk. Its lower frequency compared
to the high-frequency peaks of the brush-covered surfaces probably stems from the lamellar
BCP morphology being organized in micrometer-sized domains (“grains”), limiting the
long-range motion of ions across grain boundaries.

Moreover, to ensure that the double-peak nature observed for the silicon substrate
does not arise from the semicrystalline nature of PEO, Figure S3 shows the electric moduli
at 95 °C, a temperature considerably above the melting temperature of PEO, confirming the
persistence of the two-peak behavior. Therefore, the nature of the mid-frequency peak arises
from a second relaxation mechanism of the polymer-salt dielectric that is only observable
when using silicon electrodes. Moreover, the increase in this resonance maximum with
temperature suggests that the relaxation is thermally initiated and, therefore, dominated
by charge carrier hopping [62].

Finally, similarly to mechanical oscillating systems, the relative energy dissipation
of EIS can be considered, quantified by the ratio of the imaginary to the real part of the
electric modulus,

tan(δ) =
Im(M)

Re(M)
=

M′′

M′ =
Re(Z)
Im(Z)

=
Z′

Z′′ (6)

tan(δ) quantifies the material’s ability to dissipate energy, governed by intrinsic phys-
ical processes such as dielectric relaxation, resonance, and losses. In particular, tan(δ)
reflects the interaction of the complex formed between the lithium ions and the PEO phase
of the BCP with the input sinusoidal potential wave. In terms of the equivalent circuits in
Figures 2 and 4, the ratio between loss and storage moduli is associated with the resistive
versus capacitive behaviors of the polymeric material, respectively.

The interpolation of the SPE’s decreased capacitative and resistive properties caused
by substrate engineering allows for decreased storage and loss moduli. As a result, the shift
of tan(δ) to higher frequencies is supported by a reduction in energy dissipation from the
SEO BCP, where the system is predominantly resistive over a broader frequency range.
The charges in the SPE are also less likely to be stored, enhancing ion mobility.

Because the formation of BCP surface morphologies that differ from the bulk (surface
reconstruction) often evolves during thermal annealing, the dependence of the BCP ionic
conductivity following a heat treatment was investigated.

Figure 7a shows variations in ionic conductivity with measurement temperature for
the BCP SPE sandwiched between silicon wafer substrates. The open and closed symbols
correspond to the two Nyquist time constants, and the color coding refers to different
annealing temperatures of the sandwiched BCP before the measurements. The range of
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annealing temperatures is limited by the thermal stability of the bond that links the brush
with the substrate (Table S2).
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Figure 7. (a) Evolution of the PS-b-PEO solid polymer electrolyte conductivity sandwiched between
two brush-covered silicon wafers before and after thermal annealing. The two different time con-
stants are marked with empty and full symbols. The black, red, blue, and green lines correspond,
respectively, to as-cast and annealed at 130 °C, 160 °C, and 190 °C. (b) Two ionic conductivity time
constant processes (open black symbols) for the BPC SPE sandwiched between two brush-covered
Si wafers, measured at 80 °C, normalized by the PEO volume fraction in the BCP and the values
measured for a PEO homopolymer with comparable molecular weight, 100 kg/mol, doped with
LiTFSI salt (Figure S7) [63], plotted as a function of thermal annealing temperature. Solid and dashed
blue lines correspond to the single time constants of the same SEO copolymer sandwiched between
pristine and brush-coated stainless steel electrodes, respectively.

As discussed above, we attribute the higher conductivity values to the BCP behavior
close to the electrode surfaces, while the lower conductivities are assigned to the BCP bulk,
which, after annealing, differ from each other. Only the conductivity of the SPE very close
to the electrode is affected by modifying its surface, i.e., by brush coverage, while the bulk
SPE is insensitive to surface chemistries. The conductivity of the former increases upon
annealing, indicative of the removal of BCP blocking layers, which hinder ion motion near
the surface (Figure 3). The bulk conductivity reduction upon annealing probably arises
from the formation and increase in BCP grain boundaries. This behavior is obscured when
using stainless steel electrodes, where the single relaxation process of the brush-covered
electrode interpolates between the two described processes, and the trend of annealing
temperature is dominated by BCP effects (Figure 7b).

The decrease in bulk ionic conductivity attributed to the antagonistic correlation
between grain boundaries and ionic conductivity is well established in the literature [39,64].
The enhanced chain mobility above the glass and melting temperatures of the two polymer
components enable the release of stresses stemming from the BCP casting procedure,
which can cause the formation of additional grain boundaries in the BCP. This alters the
percolation pathway for ions to diffuse across inter-grain regions, where the anisotropically
oriented grain boundaries may form interfacial layers that hinder ion transport

4. Conclusions

This article uses electrochemical impedance spectroscopy to investigate the ionic
conductivity of a LiTFSI-doped PS-b-PEO solid electrolyte sandwiched between different
electrodes. The ionic conductivities of the BCP SPE sandwiched between stainless steel
electrodes reveal a conductivity increase of one order of magnitude when covering the
pristine surface with a random P(S-r-2VP) copolymer brush. The effect of electrode surface
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chemistry on the EIS signal was elucidated by switching from steel substrate to silicon
wafer electrodes. A second distinct relaxation process was discerned on silicon electrodes,
manifesting as an additional semicircle in the Nyquist plots. Only one of the associated
relaxation times was susceptible to the coverage of the silicon electrode with a polymer
brush, allowing the surface effects to be disentangled from the ion conductivities in the bulk.

The inability to discern the two time constants using the ubiquitous steel electrodes
is probably due to their roughness. Since the described blocking layers likely have length
scales of 10s of nanometers, substantial surface roughness would obscure clean measure-
ments of blocking layer effects on the impedance behavior (Figure 3c,d). Silicon wafers,
in contrast, feature sub-nanometer roughnesses and are, hence, ideal for the presented
analysis. Note, however, that the conclusions obtained also apply to rough surfaces.

The well-established surface reconstruction of BCP in contact with surfaces explains
the strong effect of surface ion conductivities. The strong affinity of one of the BCP blocks
for the electrode surface causes stratification of the BCP morphology and, hence, blocking
layers for ion diffusion. “Neutral” electrode surfaces generated by the surface coverage
with a specific random copolymer brush prevent BCP surface reconstruction and open
diffusion pathways of the ions to the surfaces.

Examining the electric modulus and the dissipation factor, tan(δ), reveals tuning of
the frequency response; this correlates with a reduction in energy dissipation and decrease
in the capacitative behavior of the SPEs, when using brush-covered electrodes, both of
which are also indicative of faster ionic motion.

The annealing of the SPE sandwiched between the different electrodes showed in-
teresting trends. Although the ionic conductivities of BCP SPEs typically decrease after
annealing with increasing temperatures, the surface conductivity of the brush-covered
Si electrodes increased, eventually reaching the theoretical maximum conductivity of the
corresponding homopolymer. The former is well established, stemming from BCP grain
formation upon preparation-induced stress release. The latter indicates the formation of
channels for efficient ion diffusion toward the electrode surfaces as preparation-induced
BCP surface blocking layers are annealed away.

For the optimization of BCP SPEs, simultaneous optimization of surface and bulk
ionic transport is essential. This study shows how modification of the electrode surfaces
enhances ion access to the electrodes, which is critical for device performance. Note that the
variation in bulk BCP SPE conductivities upon annealing is a function of annealing time,
which was not investigated in this study. The described initial decrease in bulk conductivity
is followed by an increase upon coarsening of the BCP grain as grain boundaries annihilate
upon sufficient annealing.

While the proposed BCP surface reconstruction at the electrode surfaces is challenging
to elucidate by X-ray scattering experiments, future cross-sectional scanning electron
microscopy images can provide direct proof for the hypothesis employed in the impedance
analyses of this study.

In conclusion, to apply these findings to batteries and supercapacitors that rely on Li-
ion migration through the polymer brush, further investigation into the barrier behavior of
the P(S-r-2VP) copolymer for Li-ion diffusion is required. Although the barrier effects of the
1–2 nm thick layer are likely small, replacing the random copolymer with one containing
ethylene-oxide moieties would be preferable to ensure lithium ion diffusion across this layer.
Additionally, despite the brush chemical composition, reorienting the BCP domains to
enhance conductivity, and consequently, diffusion and transference number at the interface,
could help prevent uneven lithium deposition and gradient formation. These two factors
contribute to dendritic growth during cell cycling, so addressing them is essential for
improving the performance of SPE-based batteries and supercapacitors [65–68].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries10110401/s1, Figure S1: complex impedance vs. frequency for
the SEO BCP cast onto stainless steel and a silicon wafer; Figure S2: AFM phase images of drop cast
BCP with 8% LiTFSI; Figure S3: imaginary component of the electric modulus vs. frequency of the
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BCP, measured at 95 °C; Figure S4: Nyquist plot of a pristine silicon wafer measured between two steel
electrodes; Figure S5: AFM image of the surface of a polished stainless steel disk; Figure S6: Nyquist
plot of the reference PEO homopolymer and the respective Bode plot; Figure S7: ionic conductivity vs.
temperature plot of the reference PEO homopolymer; Table S1: water contact angles of stainless steel
and silicon substrates; Table S2: thermal stability of the chemical bonding of the random copolymer
to the substrate exposed to three organic solvents; Table S3: Nyquist fit parameters of the BCP
sandwiched between pristine and brush-covered stainless steel electrodes; Table S4: Nyquist fit
parameters of the BCP sandwiched bewtween pristine and brush-covered silicon wafer electrodes.
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