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ARTICLE INFO ABSTRACT

Keywords: Liquid electrolytes (LEs) commonly show severe side reactions at the electrode-electrolyte interface, especially
Solid polymer electrolyte with alkali metal anodes, leading to rapid capacity fade of metal-ion batteries. Solid polymer electrolytes (SPEs),
SPE

however, contribute to the suppression of side reactions due to their inherent inertness and high mechanical
strength, providing long-term stable battery operation. Herein, we investigated physical and electrochemical
Alkali metal battery properties of SPEs based on our previously reported microphase-separated poly(vinyl benzyl methoxy poly
Post-Li battery (ethylene oxide) ether)-block-polystyrene block copolymer (PVBmPEO-b-PS) with different alkali metal ions At
Prussian blue analogue = Li", Na® or K") and their use in the respective metal batteries, showing the potential for the transition from
PBA lithium to post-lithium batteries. Rheological and thermal properties as well as ion transport in the SPEs with
different bis(trifluoromethanesulfonyl)imide (TFSI) salts concentrations revealed similar shear storage moduli
(G’) for the investigated SPEs, while the lowest glass transition temperatures (Ty) were found for KTFSI-based
films. By contrast, the highest total ionic conductivity was found for the LiTFSI-based SPEs. To quantify the
A" transference numbers (T%), the Bruce-Vincent method and pulsed-field gradient (PFG) NMR were conducted,
revealing significant challenges for T4 determination of post-Li systems. Further, the examination of the inter-
facial stability of SPE/A interfaces by conducting plating/stripping experiments revealed significantly higher
resistances for sodium- and potassium-based systems in comparison to their lithium-based counterpart. None-
theless, A-metal/SPE/cathode cells with PVBmPEO-b-PS-based Na- and K-SPEs with the Prussian Blue analogues
(PBAs, Nay,Fe[Fe(CN)g] and Ko ,Fe[Fe(CN)e]) positive electrodes and the respective alkali metal negative
electrodes enabled cycling at elevated temperature of 55 °C. Herein, both sodium and potassium metal batteries
exhibited stable cycling with capacity retentions of 73% over 100 cycles for the Na-cell, and 94% over the same
cycle number for the K-cell, (and a high coulombic efficiency (CE) of 98% at the 100th cycle).

Block copolymer
Microphase separation

1. Introduction technologies. Batteries based on alternative alkali metals (A), particu-
larly sodium and potassium, are advantageous over lithium in terms of

In recent years, the growing demand for rechargeable batteries with their natural abundance and higher availability, which is expected to
high energy density has promoted the evolution of conventional lithium- make a positive impact on materials and battery cost, especially with
based batteries as well as the search for complementary post-Li regard to large-scale stationary energy storage applications [1-4]. On
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the other hand, both Na and K possess higher atomic masses than Li,
which generally results in inferior volumetric and gravimetric capacities
of corresponding batteries [5]. Common cathodes for both Na- and
K-based batteries are Prussian Blue analogues, i.e., PBAs, with the
general formula A;M[Fe(CN)g] (where M represents a transition metal,
e.g. Fe or Mn) [6,7], or polyanionic compounds (e.g., A3V2(PO4)3) [8,9]1,
which exhibit high average potentials of 3.5-4.3 V vs. AT/A [10]. In
combination with a metallic anode, the cell voltage can be maximized.
This, however, is associated with a high reactivity of electrolyte com-
ponents towards the respective alkali metals, resulting in low coulombic
efficiencies (CE) and rapid cell failure due to dendrite growth toward
electrolyte components [11-13]. Compared to liquid electrolytes (LEs),
solid polymer electrolytes (SPEs) typically exhibit a broader (electro-
chemical) stability window [14-16] and may suppress metallic dendrite
penetration because of their better mechanical properties, e.g. higher
mechanical integrity [17-19].

However, as a result of their generally low room temperature ionic
conductivity [20], SPEs, especially those based on poly(ethylene oxide)
(PEO), are typically operated above the melting point of the PEO phase,
leading to a significant loss of their mechanical strength. Furthermore,
in our previous study, the rheological data demonstrated that compo-
sitions comprising PEO and potassium bis(trifluoromethanesulfonyl)
imide (KTFSI) in the range of EO:K molar ratios from 16:1 to 12:1 dis-
played a liquid-like behavior (i.e., shear loss modulus dominating over
shear storage modulus) in the temperature range from 35 to 65 °C [21].
Their fluid-like character rendered them better ionic conductors below
the melting point, but unsuitable as separators between the cathode and
anode in the cell stack.

In an attempt to merge high mechanical stability with improved
ionic conductivity, in this study we use our previously introduced poly
(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-polystyrene
block copolymer [22] (PVBmPEO-b-PS, further shortened to BP as block
copolymer) as a host polymer material for SPEs. In the
microphase-separated BP, the polar PEO-based block enables ion
transport, while the non-polar rigid PS block maintains the mechanical
stiffness of the SPE-film over a wide temperature range, above the
melting point of the PEO phase and below the Ty of PS. Using a com-
bination of rheological and electrochemical characterization tech-
niques, we will demonstrate that the block copolymer approach is a
viable path to contain ionically well-conducting polymer-salt composi-
tions in a rigid matrix, while benefiting from considerably improved
mechanical properties.

In addition, it is our aim in this study to draw a comprehensive
picture of the change in SPEs properties when moving from Li- to post-Li
systems, i.e., when Li" cation is replaced by either Na* or K*, while
maintaining the TFSI™ anion. For PEO-ATFSI (A = Li, Na, K) Oteo et al.
[23] recently reported similar ionic conductivities but a higher Na*
transference number (Ty,), than for the Li-system (T was not deter-
mined). Earlier studies on the cation coordination of PEO-AXE com-
plexes (A = Li, Na, K, Rb; X = SCN, ClO4, CF3SO3) suggested that the
coordination number and PEO chain conformation change for cation
radii larger than that of Na* [24,25]. As a result, weaker coordination
strength of larger A" with both the polymer chain and the anion can be
suspected, which in turn may allow for higher cation transport in the
polymer matrix [26]. We have approached this question, using polari-
zation techniques in symmetrical alkali metal cells as well as
pulsed-field gradient nuclear magnetic resonance spectroscopy (PFG
NMR). As we have encountered individual limitations with each of these
techniques, selected BP-based electrolytes (BPEs) with NaTFSI and
KTFSI were studied in alkali metal/SPE/Prussian white cell configura-
tions to highlight potentials and practical limitations with block
copolymer-based polymer electrolytes for post-Li battery applications.
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2. Experimental section
2.1. Materials

Sodium hydride (60 wt.% dispersion in mineral oil, Sigma-Aldrich),
poly(ethylene oxide) monomethyl ether (mPEO2000 equals to M, =
2000 g mol !, TCI), 4-vinylbenzyl chloride (90 wt.%, Sigma-Aldrich), 2-
(dodecylthiocarbonothioylthio)—2-methylpropionic acid (98 wt.%,
Sigma-Aldrich) were used as received. Styrene (99 wt.%, Acros) was
passed through basic alumina oxide prior to use. Alkali metal (A) bis
(trifluoromethanesulfonyl)imide salts (ATFSI) with A = Li, (99+ wt.%,
Solvionic), A = Na (99.5 wt.%, Solvionic), A = K (99.5 wt.%, Solvionic)
were dried at 110 °C for 12 h under vacuum (103 mbar) and were
subsequently stored in an Ar-filled glovebox under inert atmosphere
(H20 < 0.1 ppm, O3 < 0.1 ppm). All other solvents and reagents were of
analytical grade or higher and were used without further purification.

2.2. Block copolymer synthesis (PVBmPEO-b-PS)

Poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-poly-
styrene block copolymer (PVBmPEO-b-PS, further shortened to BP) was
synthesized by reversible addition-fragmentation chain-transfer (RAFT)
polymerization, as described previously[22].

2.3. Synthesis and characterization of KoFe[Fe(CN)¢]

Potassium iron hexacyanoferrate K; goFe[Fe(CN)e] x zH20 (KFF)
was synthesized as previously described in ref. [21]. The material
composition and water content was determined by inductive coupled
plasma optical emission spectroscopy (ICP-OES) and thermogravimetric
analysis (TGA), respectively, as stated below.

2.3.1. ICP-OES

Elemental analysis of KFF was performed on iCAP 7600DUO (Ther-
moFisher Scientific). For the analysis, 4-8 mg of the samples (weighing
accuracy + 0.04 mg) were dissolved in 25 ml hydrochloric acid for 4 h in
a graphite oven (EasyDigest, Analab). The analysis of the elements was
accomplished with four different calibration solutions and an internal
standard (Sc). The range of the calibration solutions did not exceed a
decade. The two (for K and Na) or three (for Fe) major wavelengths of
the elements have been used for calculation.

2.3.2. Thermogravimetric analysis (TGA)

TGA of KFF was conducted on a NETZSCH STA 449 C system in an
argon atmosphere with a flow rate of 300 ml min~'. For the measure-
ment, 11 mg of the sample was placed into an aluminum pan and sub-
sequently heated from 35 to 510 °C with a heating rate of 5 K min™".

2.4. Solid polymer electrolyte (SPE) preparation and characterization

Prior to the SPE film preparation, the PVBmPEO-b-PS block copol-
ymer was dried at 80 °C under vacuum (10’3 mbar) overnight and
transferred to the Ar-filled glovebox, where all following procedures
were carried out under an inert atmosphere (H2O < 0.1 ppm, Oz < 0.1
ppm). The predefined amounts of the polymer and ATFSI salts, corre-
sponding to the molar ratios of ethylene oxide (EO):A = 20:1, 15:1, 10:1,
were dissolved in acetonitrile (99.8 wt.%, Sigma-Aldrich). Subse-
quently, the solutions were poured into Teflon molds, followed by
acetonitrile evaporation at 60 °C. The obtained films were dried and
simultaneously annealed at 110 °C for 36 h under vacuum (102 mbar).
The derived films with a thickness of ~100 um were further used for all
measurements.

2.4.1. Differential scanning calorimetry (DSC)
A DSC Q200 (TA Instruments) system was used to conduct the
measurements in the temperature range from —70 to 150 °C with a scan
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rate of 10 K min~'. Subsequently, the heat flow was normalized by
sample mass.

2.4.2. Oscillatory rheology

Rheological measurements were performed on a strain-controlled
ARES G2 (TA Instruments) rheometer via small amplitude oscillatory
shear (SAOS) experiments from 0.1 to 100 rad s — T at 25°C and 55 °C
under nitrogen using an 8 mm parallel plate geometry and shear strains
from 0.1 to 1%. The samples with a diameter of 8 mm and a thickness of
0.5 mm were prepared from the films obtained by the SPE preparation.

2.4.3. Determination of ionic conductivity

SPE films with a diameter of 10 mm and a thickness of ~100 um were
sandwiched between two stainless steel electrodes in CR2032-type coin
cells. The electrolyte conductivity was determined from electrochemical
impedance spectroscopy (EIS) measurements using a VSP multichannel
potentiostat (BioLogic Science Instruments) over a frequency range from
1 MHz to 500 mHz (and reverse) and a voltage amplitude of 10 mV. The
heating-cooling cycle with intermittent EIS measurements was carried
out as follows: In the preconditioning the cells were heated to a constant
temperature of 60 °C for 12 h before the cells were allowed to cool back
to room temperature. After another 12 h, the temperature was decreased
to 5 °C and the cells were briefly equilibrated for 50 min at this tem-
perature. After equilibration three EIS measurement were carried out
(each measurement includes forward and backward scan). The tem-
perature was then increased in 10 °C steps to 85 °C with a heating rate of
1 °C min™! over 10 min and a subsequent 50 min temperature hold in
each step, before EIS spectra were recorded. At a temperature of 85 °C,
the heating profile was reversed and gradually cooled down to 5 °C in
the same manner. The bulk electrolyte resistance (Rp) was extracted
from the Nyquist plot, and ionic conductivity () was calculated ac-
cording to Eq. (1):

1
. 1
R A (@]

where [ represents the thickness, and A represents the area of a SPE film.
2.4.4. Transference number ( T4) measurements

2.4.4.1. Bruce-vincent method. The measurements of the transference
number T{ were performed on a VMP-300 potentiostat (BioLogic Sci-
ence Instruments) at 55 °C. For the measurements, symmetrical A/SPE/
A coin cells were assembled. BP-based electrolytes (BPE);5-ATFSI; with
a molar ratio of EO:A = 15:1 were prepared as described in Section 2.4.
The electrolyte discs with a thickness of ~100 ym and a diameter of 8
mm (for BPE;5-LiTFSI; and BPE;5-NaTFSI;) and 16 mm (for BPE;s-
KTFSI;) were placed between the alkali metal electrodes. Prior to the
measurements, the cells were pre-conditioned at a temperature of 55 °C
for 1 h The impedance data were collected in a frequency range from 1
MHz to 100 mHz with an amplitude of 10 mV. Afterwards, direct current
polarization was applied with a polarization voltage of AV = 50 mV,
while the impedance spectra were recorded before and after the polar-
ization, respectively. The transference number T4 was calculated using
Eq. (2):
I (AV — Iy Ry)

Ti= " —1 2
47 Iy (AV — I Ry) 2

where Iy and I represent the initial and steady-state current, respec-
tively, AV is the polarization voltage, and Ry and R; are the initial and
steady-state electrode resistance (Rcy and Rggy), respectively. The initial
current Iy can be calculated using Eq. (3):

AV

fy= ————
Ry, + Ry

3)
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where Ry, is the resistance of the polymer electrolyte estimated from the
Nyquist plot (EIS before polarization). The initial current Iy, which can
be calculated according to Eq. (3), is equal to the experimental value,
which can be derived from the polarization plot.

2.4.4.2. Pulsed field gradient NMR (PFG NMR). The temperature-
dependent Li and !°F solid-state pulsed-field gradient NMR experi-
ments were performed on a Bruker Avance spectrometer at a magnetic
field of 7.05 T and a maximum gradient strength of 30 T/m. The data
was acquired in a temperature range from 29 to 73 °C using a
stimulated-echo pulse sequence. For the 1°F PFG experiments, a gradient
duration of 1 ms and a diffusion time of 200 ms were used. The gradient
duration and diffusion time for the ’Li PFG experiments were set to 4
and 200 ms, respectively. The recycle delay was set to 3.5 — 8 s for the
19F experiments and to 1.6 — 2 s for ’Li experiments and was always well
above 5 times T;.

2.5. Electrode preparation and cell assembly

2.5.1. Electrode preparation

The Prussian blue analogues (PBA) AjFe[Fe(CN)g] of sodium and
potassium (A=Na, K) were used as active materials in the preparation
positive electrodes. NasFe[Fe(CN)g] (NaFF) and KyFe[Fe(CN)g] (KFF)
are also commonly known as Prussian whites (PW). NaFF positive
electrodes were prepared by mixing 0.180 g of Na; ggFe[Fe(CN)g] x
0-7H20 (NaFF, Altris AB, Sweden), 0.090 g of carbon black (SuperC,
Imerys Graphite & Carbon, Switzerland), PVdF (HSV900, Arkema),
0.030 g of PEO (average M, = 100,000 g mol~?, Sigma-Aldrich), and
0.013 g of NaTFSI (52.4: 26.2: 8.8: 8.8: 3.8 ratio by mass, wt.%) in 2 mL
of N-methyl-2-pyrrolidone (99.5 wt.%, Sigma-Aldrich). The container
was then transferred to a planetary mixer (Thinky, ARV 310-P) and the
slurry further mixed at 2000 rpm for 1 h The resulting homogeneous
slurry was cast onto a conductive carbon-coated aluminum foil (MTI
Corporation, USA) using a doctor blade with a gap of 150 pm. Then, the
electrode coating was dried in a climate chamber at 60 °C overnight, and
the electrode sheet was densified to a thickness of ~40 pm and cut into
discs with a diameter of 16 mm. The electrode discs with a mass loading
of ~1 mg cm 2 were then dried at 110 and 170 °C, respectively, for 12 h
under vacuum (10_3 mbar) and transferred in an Ar-filled glovebox
without further exposure to air or moisture. KFF positive electrodes were
prepared according to the same procedure described above, i.e. a slurry
comprising 0.180 g of KFF, 0.090 g of carbon black, PVdF, 0.030 g of
PEO, and 0.014 g of KTFSI (52.3: 26.2: 8.7: 8.7: 4.1 ratio by mass, wt.%)
was prepared and coated on C-coated Al foil. The thus prepared elec-
trodes were dried at 110 °C for 12 h under vacuum (10> mbar) prior to
use and subsequently stored in an Ar-filled glovebox.

2.5.2. Symmetrical cell assembly

Symmetrical A/SPE/A (A = Li, Na, K) coin-type cells (CR2032-type)
were assembled for plating and stripping experiments. SPEs BPE;s-
ATFSI; with a molar ratio of EO:A = 15:1 were prepared as described in
Section 2.4. The electrolyte discs with a thickness of ~100 um and a
diameter of 8 mm (for BPE;5-LiTFSI; and BPE;5—NaTFSI;) and 16 mm
(for BPE;5-KTFSI;) were placed between the alkali metal electrodes.
Prior to the measurements, the cells were pre-conditioned at a temper-
ature of 55 °C for 2 h

2.5.3. Full cell assembly

Coin cells were assembled using a Na-metal negative electrode (99.8
wt.%, Alfa Aesar), and a NaFF-based positive electrode and respective
electrolyte. For the Na-cell with organic liquid electrolyte, glass fiber
separators (Whatman GF/B) were dried at 110 °C for 12 h under vacuum
(102 mbar), and one layer of the separator was soaked with 150 pL of
an electrolyte comprising a 0.5 M NaPFg (98 wt.%, Sigma-Aldrich) so-
lution in a mixture of ethylene carbonate (EC) (99 wt.%, Sigma-Aldrich)



A.D. Khudyshkina et al.

and diethyl carbonate (DEC) (>99 wt.%, Sigma-Aldrich) (1:1 ratio by
volume). For the cells with SPEs, (BPE);5—NaTFSI; with a molar ratio of
EO:Na = 15:1 was prepared as described in Section 2.4. The electrolyte
discs with a thickness of ~100 pm and a diameter of 16 mm were placed
between the positive electrodes dried at 110 and 170 °C, respectively,
and negative sodium metal electrodes. In the case of the K-battery, K/
SPE/K; goFe[Fe(CN)g] cell comprising a K-metal negative electrode (98
wt.% stored in mineral oil, Sigma-Aldrich), a KFF-based positive elec-
trode, a BPE;5-KTFSI; SPE with molar ratio of EO:K = 15:1 was
assembled according to the same sequence of procedures described
above. Prior to galvanostatic cycling, the LE-cell and SPE-cells were pre-
conditioned at temperatures of 25 and 55 °C for 2 and 20 h, respectively.

2.6. Electrochemical tests

2.6.1. Alkali metals plating and stripping experiments in symmetrical cells

Alkali metal plating and stripping experiments were performed on a
VMP-300 potentiostat (BioLogic Science Instruments) at a temperature
of 55 °C. For the experiments, the current density (j, where j = I/A) was
increased stepwise every 10 cycles. Each cycle comprised plating and
stripping (for 1 h each, for 20 h in total) at current densities j of 0.01,
0.02, 0.05 and 0.01 mA cm 2,

2.6.2. Galvanostatic cycling

Galvanostatic cycling tests of Na/BPE;5—NaTFSI;/NaFF and K/
BPE;5-KTFSI; /KFF cells were conducted on a VMP-300 potentiostat
(BioLogic Science Instruments) at a temperature of 55 °C. The Na-cell
was cycled at the cycling rate G/15 (1C = 150 mAh g ~ ! with respect
to the theoretical capacity of Na; ggFe[Fe(CN)¢] x 0-7H20), and the
voltage cut-offs were 2.0 and 4.0 V vs Na™/Na. For galvanostatic cycling
of K/BPE15-KTFSI; /KFF cell, the cycling rate was C/15 (1C =141 mAh g
~ 1 with respect to the theoretical capacity of Kj goFe[Fe(CN)g] x
1.0H0), and the voltage cut-offs were 2.5 and 4.3 V vs K'/K. In both
cases, a constant potential (CP) step for 1 h was added after each charge/
discharge sequence. The data was exported to .txt-files using the EC-Lab
software (V11.27) and further processed using the in-house developed
«bat2dat» R package available on github [27].

3. Results and discussion
3.1. Solid polymer electrolytes

Prior to the preparation of the SPEs, the poly(vinyl benzyl methoxy
poly(ethylene oxide) ether)-block-polystyrene block copolymer, i.e.,
PVBmPEOQO-b-PS or BP, was prepared as previously reported (Scheme 1)
[22]. The average length of the mPEO side chain with a molar mass of
2.000 g mol! was determined using 'H-NMR spectroscopy and calcu-
lated to an average number of ~48 EO units per side chain. In addition,
the blocks of BP were matched to a weight ratio of around 50:50 to
target self-standing films. Overall, the block copolymer with a molar
mass (Mp) of 38.300 g mol™ (as determined by size exclusion chroma-
tography, SEC, and 'H-NMR) was obtained [22].

The synthesized block copolymer BP was further used to prepare the
corresponding block copolymer electrolyte (BPE) compositions using
TFSI™ -based ion-conducting salts with different cations of alkali metals,
namely Li, Na, and K, with varying the molar ratio of EO:A (20:1, 15:1,
10:1). Herein, the impact of the cation size of the ion-conducting salt and
its concentration on thermal, rheological, and electrochemical charac-
teristics of the BPE,-ATFSI, (where the ratio of x:y corresponds to EO:
ATFSI molar ratio) was evaluated for their suitability as SPEs in battery
applications.

3.2. Thermal and rheological characterization

In general, a lower glass transition temperature (Tg) can be seen as an
indicator of higher ionic conductivity in PEO-based electrolytes since it
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expresses more mobile segmental chain motion, which significantly
assists ion transport. Furthermore, to achieve improved ionic conduc-
tivity, crystalline phases should be absent because ion transport prin-
cipally occurs in the amorphous phase[28-30]. Therefore, the
investigation of thermal properties of potential polymer electrolytes
(PEs) is highly relevant for the further study of their ionic conductivity.
Herein, thermal properties of BPE-ATFSI (A = Li, Na or K) with different
molar ratio of EO:A (20:1, 15:1, 10:1) were investigated by DSC (Fig. 1).
Notably, all investigated SPEs featured two distinct Ty's, one in the
temperature range from —56.5 to —41.3 °C and one around 100 °C
(summary given in Table 1), corresponding to the PEO phase and the PS
phase, respectively. As shown previously, with a BPE-LiTFSI electrolyte,
a lamellar microphase-separated morphology is obtained, allowing both
ion transport properties and mechanical strength (enabled by PEO and
PS blocks, respectively) [22]. Hence, BPE-ATFSI SPEs can benefit from
structural integrity that would potentially prevent a short circuit,
inhibiting metallic dendrite growth [17,18,31]. Structural integrity,
therefore, is a highly desirable property to have in any separating layer
that contacts a metallic anode.

The Tg values of the PS phase in all investigated compositions were
detected in the temperature range of ~99-103 °C (Table 1), showing no
significant shift and thus, indicating the absence of neither cation size
nor salt concentration influence on the PS phase formation. However,
the BPE-ATFSI SPEs showed a notable shift of the PEO phase Tgs,
depending on A™ type as well as EO:A molar ratio.

The T, increased with an increase of ion-conducting salt concentra-
tion among the same cation type (Fig. 1d, given in Table 1). This ten-
dency can be explained by the phenomena of quasi-ionic cross-linking
[20,22,33-35], manifested by physical interactions between A" and
PEO side chains that originates from the coordination of cations. As the
number of cationic species in BPEs increased, a larger degree of physical
cross-links restricting segmental motion of PEO chains was present,
therefore, increasing the Tgs. Furthermore, the cation size seemed to
impact the BPE-ATFSI thermal properties, shifting the T; values towards
lower temperatures with larger A" size (Fig. 1d, Table 1). Assuming a
coordination number of 6 for all three cations, the Shannon’s effective
ionic radius increases in the row Li" < Na™ < K* (0.76, 1.02, 1.38 A,
[36]). Since crystallographic studies on Li-, Na- and K-PEO complexes
have suggested weaker coordination (larger A-EO bond lengths) to
bigger cations, and higher coordination number, when replacing Li* and
Na' by larger cations like Kt or Rb" [24,25,37], the given values of
effective ionic radii for Li*, Na*, K™ can be merely considered as the first
approximation. Nevertheless, larger cations exhibit lower charge den-
sity and tend to form less interchain links, i.e., quasi-ionic cross-linking,
and therefore could feature faster chain dynamics. This could potentially
benefit faster cation transport in Na- and K-ion conductors, compared to
Li-SPEs [23-26].

It is noteworthy that addition of ATFSI not only influences the T, of
resulting BPEs, but also significantly impacts their crystallinity. For
comparison, T, of the pristine BP was determined to be 47.3 °C and had
a melting enthalpy (AHp) of 52.9 J g ~ ! (Figure S1). However, BPEgq-
ATFSI; already demonstrated a decrease of the melting temperatures
(Tps) and AHps (Fig. 1a), which indicates the crystallinity has been
suppressed due to the presence of bulky TFSI™ anions hindering chain
alignment [38]. With increasing salt concentration (BPE;5-ATFSI;,
BPE;(-ATFSI;) fully amorphous materials were obtained, indicated by
the absence of any endothermic peaks (Fig. 1b,c) and two Tgs for both
the PEO and PS phases. Interestingly, in PEO-LiTFSI systems (no block
copolymer), the absence of crystalline domains is well-known as the
‘crystallinity gap’ in a compositional range between 6:1 < EO:Li < 12:1
[41]. In contrast, PEO-based samples containing Na- or KTFSI were
found to remain semi-crystalline over a wide range of molar ratios (1:1 <
EO:Na < 64:1[40] and 1.5:1 < EO:K < 60:1[21,39], respectively). As
highlighted above, the presence of crystalline phases may result in
inhibited segmental motion of polymeric chains, thus potentially slow-
ing down ion transport. Therefore, at temperatures below Ty, BPE;5- and
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Fig. 1. DSC thermograms of BPE-ATFSI (A = Li, Na or K) with different molar ratios of EO:A (a) 20:1 (b) 15:1 (c) 10:1 recorded at a heating rate of 10 K min~ L. (d)

Dependency of Ty (PEO phase) on the EO:A molar ratio in BPE-ATFSI SPEs.

Table 1
Thermal characterization (Tg, Trm, AHy, and crystallinity) of the BPE-ATFSI (A =
Li, Na or K) with different molar ratio of EO:A.

EO:A, Cation, T, (PEO T (PS Tm AHp, Crystallinity
molar At phase), phase), (PEO (PEO * (PEO
ratio °C °C phase), phase), phase),%
°C J g—l

20:1 Li -53.1 100.1 27.3 0.2 0.2

Na —53.8 100.5 30.9 5.4 5.5

K —56.5 100.6 29.6 11.9 12.1
15:1 Li —44.6 102.7 - - -

Na —45.4 102.4

K —49.9 102.2
10:1 Li —41.3 101.0 - - -

Na —45.6 98.9

K —46.5 100.1

* Calculated relative to theoretical AH, of PEO, 196.4 J g’1 [32], divided by
two, 98.2 J g~* (since BPE blocks were matched to ~ 50:50 wt ratio).

BPE;)ATFSI; (A = Na, K) might be advantageous in terms of ionic
conductivity over the corresponding polymer electrolytes based solely
on PEO.

For BPE,(-ATFSI; SPEs, a slight increase of Ty, was observed for
larger cations. Moreover, their influence was reflected in an increasing
melting enthalpy, i.e., higher degree of crystallinity of the PEO phase. As
shown in Table 1, BPEyo-LiTFSI; possessed a negligible crystallinity of
0.2%, while Na- and KTFSI-based SPEs showed larger values of 5.5 and
12.1%, respectively. The reason for this behavior is not entirely clear,

since NaTFSI and KTFSI exhibit lower dissociation energies [23] and
weaker cation-anion interactions are generally expected in comparison
to LiTFSI. As mentioned above, both the confined environment of the
microphase-separated morphology of the polymer film and the chain
coordination, which depends on the cation size [37], likely play an
important role in the specific coordination environments.

Based on the BPE,-ATFSI, thermal properties, the largest ionic con-
ductivity is expected for blends employing 15:1 molar ratio of EO:A, as
these not only exhibit a completely amorphous state [28], but also have
the lowest Tys among the investigated non-crystalline compositions.

To examine the rheological properties and therefore evaluate the
mechanical integrity of the SPEs, small amplitude oscillatory shear
(SAOS) measurements were conducted. As shown in Fig. 2, the fre-
quency dependence of the shear storage (G’) and loss (G’*) moduli of the
BPE compositions with the molar ratio of EO:A = 15:1 were measured at
ambient and elevated temperatures (25 and 55 °C, respectively). Herein,
the shear storage modulus G’ quantifies the elastic portion of visco-
elastic behavior, while G’ represents its viscous portion [42]. Thus,
when sheared, G’ > G’ indicates viscoelastic solid-like behavior,
whereas G* < G’ expresses viscoelastic liquid-like behavior. Therefore,
G’ and G”’ quantifies the mechanical strength required of SPEs, since
they serve a) as separators between cathode and anode in the cell
configuration and b) should hinder metallic dendrite growth. Often,
mechanical stiffness in PEO-based electrolytes is induced by the poly-
mer’s inherent crystallinity [14,43] that restrains chain movement. At
the same time, restricted segmental motion results in inhibited ion
transport in polymer-based blends [20]. At temperatures above Ty, of the
PEO phase, the crystalline regions disappear, which results in enhanced
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Fig. 2. Dependency of shear storage (G’) and loss (G’’) moduli on angular frequency of BPE;5-ATFSI; (A = Li, Na or K) at (a) 25 °C and (b) 55 °C.

ion mobility at expense of mechanical integrity [21]. To overcome this
issue, BPE was designed to feature a decoupling of the segmental motion
from charge transport by microphase-separation. Here, the PS block
possesses a high mechanical stiffness (G’, G’* of ~1 GPa)[44], which is
relevant for the suppression of metallic dendrite growth [17,18,45].

At ambient temperature (Fig. 2a), G’ > G’’ was observed for all
examined compositions, indicating their dominating solid-like behavior
[42] in the investigated frequency range (from 0.1 to 100 rad sD. The
storage moduli of the BPE compositions were found in the range of
2.0-5.3 x 10° Pa, showing a weak dependence on the frequency. In
addition, the moduli for the SPEs containing LiTFSI and NaTFSI were
similar, while BPE-KTFSI exhibited slightly higher values. This obser-
vation was somewhat unexpected, since the SPE with KTFSI possessed
the lowest T of the PEO phase (Table 1). Since the batteries employing
SPEs typically operate in a higher temperature range, it is relevant to
examine the mechanical stability of the samples at an elevated tem-
perature (here 55 °C). As presented in Fig. 2b, the block
copolymer-based compositions maintained G’ > G’’, and only slightly
lower moduli, indicating a negligible loss of mechanical stability at 55
°C due to the presence of the rigid PS block [22,46]. For comparison, a
pure PEO-based PE with a close ratio of EO:A (PEO;4-KTFSI;) reported
in our previous study [21], displayed G’ of almost one order of magni-
tude lower than BPE;5-KTFSI; at 25 °C. Further, at 55 °C the
PEO;6-KTFSI; showed a drastic decrease of both storage and loss moduli
that is typically observed for semi-crystalline compositions above their
T due to the melting of the rigid crystalline phase [47]. Moreover, at
low frequencies PEO-based samples manifested liquid-like behavior (G’
< G”’) [48], contrary to BPE-ATFSI, maintaining the mechanical integ-
rity at given conditions due to the stiffness of the PS phase with a high T,
of around 100 °C.

Overall, the thermal and rheological characterization of BPE-ATFSI
demonstrated the advantage of PS block copolymerization over the
pure PEO polymer chain: the enhancement of mechanical strength due
to the formation of a microphase separated PS phase that does not
disturb ion transport enabled by PEO [22].

3.3. Ion transport

To evaluate the ionic conductivities (¢) in BPE-ATFSI (molar ratio of
EO:A = 20:1, 15:1 or 10:1) employing various conducting ions (Li*, Na™*
or K1), EIS was carried out in a temperature range of 5-85 °C with 10 °C
steps (Figure S2). As already highlighted in the discussion of thermal
properties (see Section 3.2), the largest ¢ values were expected for the
amorphous BPE;5-ATFSI; due to their lower Ty (PEO phase) values. As
seen in Fig. 3, this expectation was confirmed, as the highest ionic
conductivities were observed for these compositions regardless of the
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Fig. 3. Dependency of ionic conductivity (derived from EIS in the frequency
range from 1 MHz to 500 mHz) in BPE;5-ATFSI; (A = Li, Na or K) on the EO:A
molar ratio at 25, 55 and 85 °C.

employed cation. The BPE;5-LiTFSI; sample showed the highest ionic
conductivity of 7.20 x 107® S cm™! at a temperature of 25 °C. For
comparison, a slightly lower value (~3 x 10°® S cm™!) was reported for
semi-crystalline PEO;5-LiTFSI; at the same temperature [49]. The
higher ionic conductivity at ambient temperature in BP-based electro-
lytes can be associated with its amorphous state enabled by the so-
phisticated architecture, in contrast to the semi-crystalline nature of
pure PEO-based samples. In general, a fully amorphous nature above T,
facilitates enhanced dynamic segmental motion of the polymer chain
and assists ion hopping motion [50,51]. Higher values of ionic con-
ductivity however were reported for PEO;5-LiTFSI; at temperatures
above its Tp,, where the adverse impact of crystalline regions on ionic
transport disappears, but at the cost of a loss of mechanical integrity. In
comparison to PEs based solely on PEO, block copolymers feature lower
PEO domain fractions due to the additional PS phase. Therefore, at
higher temperatures they possess relatively modest ionic conductivities,
while the mechanical stability is significantly improved [22].

A peak ionic conductivity was found at EO:A molar ratio of 15:1 (e.g.
7.2 x 1078 vs. 2.4 x 10™®and 3.1 x 107 S em ™!, for EO:Li = 15:1, 20:1
and 10:1, respectively, at 25 °C), which supports thermal characteriza-
tion. For the compositions with EO:A = 20:1, suppressed ion transport
was probably caused by two effects: I) their semi-crystalline nature and
II) a lower concentration of charge carriers, i.e., conducting ions. Sur-
passing Ty, of these blends (~30 °C, given in Table 1), a significant



A.D. Khudyshkina et al.

increase of 6 was observed (Figure S2b) as a result of the dissolution of
any remaining crystalline regions [20,28]. However, even above Tps of
the BPEy(-ATFSIy, the ionic conductivity of the SPEs with EO:A = 15:1
could not be reached (4.4-7.1 x 107% vs. 1.0-1.8 x 10° 8 cm’l,
respectively, at 35 °C, Figure S2b,c), probably due to the lower ATFSI
concentration (i.e. charge carriers) in 20:1 electrolyte formulations.
Conversely, the SPEs with EO:A = 10:1 possessed the largest content of
charge carriers, but still restrained ion transport was observed (Fig. 3)
compared to the 15:1 SPEs. This can be explained by the higher T (PEO
phase) of BPE;(-ATFSI; and probably more quasi-ionic cross-linking as a
result of the higher cation concentration [20,35,52]. Consequently, the
BPE;5-ATFS]; samples were chosen for further electrochemical tests as
these compositions not only featured the highest ionic conductivity but
also provided sufficient mechanical stiffness.

As discussed for the thermal characterization (Section 3.2), the size
of A* in BPE-ATFSI SPEs affected their Ty (PEO phase) values, mani-
festing a decrease towards potassium-based electrolytes (Fig. 1d,
Table 1). Based on this, we assume that cations with a smaller ionic
radius (Li") are more tightly bound to the PEO segments as larger cat-
ions (Na™ and K™) [24,25], which could lead to a faster cation transport
for Na* and K" resulting in higher cation transference numbers [23].
Therefore, the highest (cat)ion transport was expected for KTFSI-based
compositions. Contrary to this assumption, a slight decline of the ionic
conductivity was observed with increasing the size of A™ (Fig. 3).
However, the ionic conductivity in dual-conducting SPEs is generally a
complex contribution of both anion and cation mobilities, as well as
associated, charged ion pairs such as [A;X] " or [AX5] ™. To evaluate the
contribution of Li", Na™ or K" to the total ionic conductivity,
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measurements of the actual A™ transference number are required.

3.4. Transference number measurements

3.4.1. Bruce-Vincent method

We attempted to measure transference numbers T4 of BPE;5-ATFSI;
SPEs using the commonly employed Bruce-Vincent method [53], i.e.,
combination of potentiostatic polarization and EIS in symmetrical
A/SPE/A cells (summary given in Table S1, Fig. 4). As we used the SPE
films with different area for this experiment (see Experimental sec-
tion), dependency of the current density (j, where j = I/A) on time and
area specific resistance (ASR, Ohm cmz) derived from EIS spectra were
plotted in Fig. 4 for better comparability.

First, Tt; of BPE15-LiTFSI; was measured at elevated temperature of
55 °C and AV = 50 mV (Fig. 4a). A constant dc bias potential in this
study was set to 50 mV, as it should be low enough to obtain linear
response of the system, yet high enough to receive reasonable current
values considering the larger initial resistances R of Na- and K-cells. As
can be seen in the chronoamperometry, the Li/BPE;5-LiTFSI;/Li cell
reached approximately a steady state after ~0.5 h with a current change
from an initial value Iy of 0.074 mA (j = 0.147 mA cm™2) to a steady-
state value I of 0.027 mA (j = 0.054 mA cm™?), resulting in Iy/Ij ratio
of 0.36 (Table S1). Moreover, to guarantee accuracy of the measure-
ment, the theoretical Iy was calculated to 0.08 mA (through Ohms5 law,
Eq. (3)), being in line with the experimental value. After polarization,
the cell exhibited a slightly larger overall resistance than initial value
(Table S1, AR = 15 Ohm). According to Eq. (2), Tt; of BPE15-LiTFSI; was
calculated to be 0.13, which is in agreement with our previously
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Fig. 4. Chronoamperometry and area specific resistance (ASR) derived from EIS spectra (before and after potentiostatic polarization, recorded in the frequency range
from 1 MHz to 100 mHz) of A/BPE;5-ATFSI;/A cells where A = (a) Li, (b) Na, (c) K, at AV of 50 mV and temperature of 55 °C.
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reported result [22]. However, we encountered difficulties in deter-
mining Ty, and T{ using the Bruce-Vincent technique. As compared to
the Li-cell, both Na/SPE/Na and K/SPE/K showed one order of magni-
tude larger initial ASR (Fig. 4b,c) as well as larger R change after po-
larization (AR = 129 and 61 Ohm for Na and K-cells, respectively,
Table S1). Subsequently, for Na/K-cells smaller I and j values were
observed. However, for both cells I values were in line with the theo-
retically calculated Iy (Table S1). Furthermore, the ratio of steady-state
to initial current increased from Li- to Na- and K-cell (I;/I, = 0.36, 0.43
and 0.60, respectively), indicating a smaller current decay in the post-Li
systems. In a setup with non-blocking, yet inert, electrodes, an increase
in the Iy/Ij ratio could be interpreted as a sign of higher ionic mobility.
However, sodium and potassium electrodes are well known for their
high reactivity towards electrolyte components [1,54] and thus may also
exhibit a leaking current from recurrent degradation reactions. On the
other hand, the impedance measurements before and after polarization
suggest that, although the interfacial resistance is considerably larger in
Na and K cells, the cell impedance did not change significantly.
Considering the high SEI resistance, however, the calculated trans-
ference numbers Ty, and T§ were —0.03 and 0.02, respectively.
Although, the Bruce-Vincent method is the most commonly used method
to determine the transference numbers, its shortcomings are well
described in literature [55].

In addition, there appeared to be more problems with the potentio-
static polarization in symmetrical Na/SPE/Na and K/SPE/K cells,
compared to setups comprising Li-metal electrodes. As stated above, the
interfacial resistance at the Na- or K-electrolyte interface is substantially
larger, by one order of magnitude. With the transport across the
electrode-electrolyte interface being a determining factor, no meaning-
ful parameters could be obtained. Furthermore, the variance in the
impedance and polarization experiments increases tremendously, mak-
ing it even more challenging to extract reliable parameters from this
approach. It is worth noting that similar observations have been re-
ported in literature [56,57], indicating that the Bruce-Vincent method is
difficult to adapt to post-Li systems.

3.4.2. Pulsed-field gradient nuclear magnetic spectroscopy (PFG NMR)

Given the shortcomings of the Bruce-Vincent method discussed
above, we attempted to evaluate Ty,x ' using a non-electrochemical
method. As the alkali metal cations herein possess NMR-active nuclei
(7Li, 23Na, 39K), their self-diffusion coefficients (D) can be determined
by pulsed-field gradient (PFG) NMR. Likewise, the anion diffusion co-
efficient (DTpgr) can be obtained from the PFG NMR of '°F active nuclei
in the TFSI™ anion. Furthermore, the cation transference number T} can
be calculated from cation and anion diffusion coefficients according to
Eq. (4):

D+
Tar = Dp+ + Dresr @

Notably, Eq. (4) can be used assuming that A™ and TFSI™ are the only
mobile species that move in polymer matrix independently. The PFG
NMR study was performed on BPE;s-LiTFSI;, BPE;5—NaTFSI;, and
BPE;5-KTFSI; samples. Firstly, the dependence of echo intensity on the
gradient field strength g in the temperature range from 29 to 73 °C in
steps of 11 °C was measured for 'Li and °F species (Figure S3a,b,
respectively) in BPE;5-LiTFSI;.

The dependence of the echo intensity on the gradient field strength g
can be described by a Gaussian function [58], and it decays proportional
to exp(— (87g)* x (A — ) x D), where & is the gradient pulse
duration, y the magnetogyric ratio of the observed nuclei, A the diffu-
sion time, and D the temperature-dependent diffusion coefficient. In
general, a faster diffusion results in a faster decay of the response signal
to zero. As expected, the diffusion of both Li* and TFSI™ ions is enhanced
with increasing temperature (Figure S3a,b), which is related to more
mobile segmental motion of polymer chains at elevated temperatures.
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The temperature dependence of D well above T, can be described by an
Arrhenius behavior according to Eq. (5):

_Ea
D =Dy x exp(k > T) 5)
B

where Dy is the prefactor, E, the activation energy, kg the Boltzmann
constant, and T the absolute temperature. It is known that the ionic
conductivity in amorphous polymers is coupled to segmental motions,
thus relating ion transport to free volume theory. The temperature
dependence of the ionic conductivity in amorphous polymers typically
displays Vogel-Fulcher-Tammann (VFT) (Eq. (6)) rather than the con-
ventional Arrhenius behavior.

—E,
e 6
kg X (T—TO)> 6)

D =D, x eXp(
where Ty is «Vogel temperature», typically ca. 50 K below Ty [20].

However, the behavior can be different in polymer host media with a
rigid framework and tortuosity [20], and it has not yet been investigated
in detail for BPE-based electrolytes. Herein, the temperature-dependent
self-diffusion coefficients were extracted for Li and '°F, and are shown
in Figure S3c,d, respectively. Noteworthy, dependence of the extracted
Df; and Dips; on temperature seemed to display Arrhenius behavior
(Figure S3c,d), while the temperature-dependent ionic conductivity
(derived from EIS) in BPE;5-LiTFSI; (Figure S2c) rather followed VFT
behavior. However, for PFG NMR measurements, only a limited tem-
perature range was investigated (from 29 to 73 °C) that might be not
enough to reveal VFT behavior. From Figure S3c, the ’Li activation
energy E, was calculated to 0.52+0.02 eV (summary given in Table 2). A
similar value of E, was found for 9F (0.51+0.01 eV, Figure S3d).
However, faster diffusion of approximately one magnitude was observed
for '°F. With known parameters of Dy and E, one can calculate the
diffusion coefficients at any temperature within the measurement range
between two phase transitions, using the Arrhenius temperature
dependence. Therefore, D of both Li* and TFSI™ species in BPE;5-LiTFSI;
were calculated at ambient (25 °C) and elevated (55 °C) temperatures
(Table 2). In the next step, for the BPE,5-LiTFSI; system the transference
numbers, i.e., T1;, at 25 and 55 °C were calculated to 0.183 and 0.185,
respectively. The obtained data correlates well with the value of Tf;
found for BPE;s5-LiTFSI; through Bruce-Vincent method (0.13, see
Table S1), thus indicating consistency across the methods for Ti;
determination.

Furthermore, we conducted PFG NMR measurements to determine
the dependence of echo intensity on the gradient field strength g for 2*Na
in BPE;5-NaTFSI;. Unfortunately, our attempts to evaluate the Na™*
diffusion were not successful due to very short spin-spin and spin-lattice
relaxation times of 2°Na nuclei as a result of strong nuclear quadrupole
coupling. For 3°K, the measurement was not possible because of the
small resonance frequency of this nucleus. Nonetheless, PFG NMR was
conducted on the °F nucleus (that have no quadrupolar coupling) in the
BPE;5-NaTFSI; and BPE;5-KTFSI; samples (Figure S4a,b). Compared
to the Li-sample, an increased activation energy E, of 0.55+0.02 eV and

Table 2
Diffusion coefficients (D) and transference numbers (TX) at 25 and 55 °C,
calculated from PFG NMR measurements for BPE;5-ATFSI; (A = Li, Na, K).

BPE;5- Nuclei  E,, eV D at 25 T at D at 55 Tf at
ATFSI, °G,m?’s ! 25°C °c,m?s™!  55°C
BPE;5- 7Li 0.52 + 1.13 x 0.183 7.83 x 0.185
LiTFSI; 0.02 10718 10718
198 051+  5.03 x 3.18 x
0.01 10713 10712
BPE;5- 19 055+  3.66 x - 2.61 x -
NaTFSI; 0.02 10718 10712
BPE;5- 198 0.55+  3.27 x - 2.34 x -

KTFSI; 0.02 10712 10712
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reduced diffusion coefficients were obtained for '°F in BPE;5—NaTFSI,
revealing its lower anion diffusivity (Figure S4c, Table 2). The same E,
value, yet even slightly lower values for D, were found for *°F nucleus in
BPE;5-KTFSI;, indicating even lower TFSI™ mobility (Figure S4d,
Table 2). Taking into account that the ionic conductivity of BPE;s-
LiTFSI; and BPE;5NaTFSI; at 25 °C is nearly the same (7.2 x 10%and
6.8 x 10°s cm'l, respectively), and the anion diffusion of the TFSI™ in
NaTFSI is only 73% of the anion diffusion in LiTFSI, it could be
concluded that the self-diffusion of Na" is in fact higher for Na* than for
Li*. Additionally, for BPE;s5-LiTFSI; cationic (c1;,) and anionic (6rpst.)
partial conductivities were derived from diffusion coefficients at 25 and
55 °C according to the Nernst-Einstein equation [58] (Eq. (7)):
D x n x ¢

= X T )

where n is the concentration of charge carriers and g is the elementary
charge. At a temperature of 25 °C, oy, and o7ps. were calculated to be
4.22 x 10™%and 1.90 x 10™° S em ™}, giving a total ionic conductivity of
2.32 x 107> S cm™ . At higher temperature of 55 °C, one order of
magnitude higher conductivities for Li* (2.46 x 107> S cm™!) and TFSI~
(1.09 x 107* S cm™!) were derived, resulting in Gota Of 1.34 X 107*s
cm ™. The conductivities determined by PFG NMR are higher by a factor
of 3 than the ones measured using EIS (Section 3.3, 7.20 x 1075 and
6.04 x 107> S cm™ at 25 and 55 °C, respectively). This deviation is most
likely related to the limited diffusion length (from 0.4 to 1.5 um for ’Li
and from 0.9 to 3 pm for '°F) of the PFG NMR experiment in the
investigated temperature range (from 29 to 73 °C).

In summary, as presented in Fig. 5, a reduction of the anion mobility
along with increasing cation radii in dual-conducting BPE;5-ATFSI; SPEs
was clearly observed. Because of technical limitations, PFG NMR was
unable to provide a detailed complementary picture of the ion transport
in the polymer electrolytes comprising Na- or K-salts. However, the es-
timations on the anion and cation diffusion coefficients and the resulting
ion conductivity point into the direction of increased cation mobility, as
the cation size increases. Furthermore, our findings clearly highlight
that suitable approaches to reliably and accurately determine T{ values
in post-Li systems have yet to be established [55].

3.5. Alkali-Metals plating/stripping in polymer electrolytes

To judge on the interfacial stability of the different BPE;5-ATFSI; (A
= Li, Na or K) SPEs against the corresponding alkali metal,
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Fig. 5. Dependence of extracted diffusion coefficients (D) on temperature for
19F PFG NMR in BPE;s-ATFSI; where A = Li, Na, K.
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overpotentials originating from plating/stripping in symmetrical A/
BPE;5-ATFSI /A cells were determined at current densities (j) of 0.01,
0.02, 0.05 and again 0.01 mA cm2 at 55 °C (each applied for 10 cycles;
see details in Experimental section).

As can be seen in Fig. 6, all investigated BPE;5-ATFSI; SPEs enabled a
reversible alkali metal deposition at given conditions. However, we
observed several differences in the plating/stripping behavior of
different A/BPE;5-ATFSI;/A systems.

The lithium-based cell developed the lowest overpotentials at given
current densities in comparison to both sodium and potassium systems.
At an initial j of 0.01 mA cm™~2, a maximum overpotential of 10 mV was
detected for Li/BPE;s-LiTFSIy/Li (Fig. 6a), while sodium- and
potassium-cells displayed overpotentials of ~90 and ~80 mV, respec-
tively (Fig. 6b,c). At higher current densities of 0.02 and 0.05 mA cm_z,
the overpotentials of Na- and K-cells were almost 10 times larger in
comparison to the Li-based one. In general, a higher potential can be
attributed to a larger cell resistance, which origins from the resistance of
the electrolyte, the SEI as well as the charge-transfer [59]. As seen in the
impedance spectra in Fig. 4c, the SEI resistance seemed to play a major
role for the overall cell resistance in the Na- and K-cells, while the
electrolyte resistance was comparably low. Since a final determination
of the transference numbers for the Na- and K-based films however was
not possible, it is hard to estimate the actual influence of the ion
transport through the polymer electrolytes.

Moreover, at the highest current density j of 0.05 mA cm ™2 the Li/
BPE;5-LiTFSI;/Li cell showed an overpotential of 47.5 mV (Fig. 6a),
which remained constant (AV = 0.02 mV), thus indicating a stable SEI as
well as stable deposition behavior. Contrary to this result, Na/BPE;s-
NaTFSI;/Na displayed a higher initial overpotential of 447 mV, which
decreased within following cycles by about 50 mV (Fig. 6b). This
behavior was already observed in previous studies and probably corre-
sponds to a refreshed (and thus more ion-conducting) SEI under higher
plating/stripping potentials (>100 mV) [1,13]. Slightly lower values of
overpotential (~330 mV + 10 mV) were observed for the
K/BPE;5-KTFSI; /K system at 0.05 mA cm 2 (Fig. 6¢). When decreasing
the current density to 0.01 mA cm 2 again (the last sequence), the cells
showed potential values similar to that observed at the initial 10 cycles
with 0.01 mA cm™2 During the last sequence, a slight increase of
overpotential (up to 10 mV) was observed for Na- and K-cells, while for
the lithium-cell the value was constant (see zoomed-in Figure S5).

To summarize, these findings showed significantly lower over-
potentials for lithium symmetrical cells compared to the corresponding
sodium and potassium cells. This generally reflects the high interfacial
impedances seen for the post-Li systems in the above data (Fig. 4), which
could be ascribed to thicker and/or poorer ion-conducting interface
layers. However, we did not observe any short circuit upon metal
dendrite growth under the chosen conditions in any of the three systems,
indicating the potential of their application in solid-state metal batteries.

3.6. Galvanostatic cycling

Lastly, we investigated the electrochemical properties in long-term
galvanostatic cycling experiments in A/BPE;5-ATFSI;/cathode cell
configuration. As reported in our previous study [22], Li-based full cell
employing NMC622 as a cathode, Li-metal as an anode and BPE;s--
LiTFSI; as a PE, showed a capacity retention of 63.7% over 100 cycles at
a cycling rate of C/10 and a temperature of 60 °C. Remarkably, the cell
did not exhibit a rapid capacity fade or voltage noise that are commonly
observed for Li-cells employing PEO-based SPEs in combination with
NMC622 and associated with metallic dendrite growth [14-16]. Most
likely, this can be attributed to the enhanced mechanical stability of the
polymer electrolyte, BPE;5-LiTFSI;, which inhibits lithium dendrite
penetration during charge/discharge processes. Similarly, remarkable
stability at high voltages, i.e., a high capacity retention, was reported for
the cell comprising a NMC622 cathode, a Li-metal anode and solid-state
polycarbonate-based composite electrolyte [60], proving the



A.D. Khudyshkina et al.

0.10
L

0044 Q@ L 0.08
L 0.06
§
0.024 L 0.04 <
> Lo02 E
v =
S F-0.02 ©
-0.024 L 0.04 &
5
L .0.06 3

-0.04- L .0.08

——————r————— -0.10

0 10 20 30 40 50 60 70 80
Time/h
0.10
K

04{C L 0.08
Lo.06 o
g
0.2 L 0.04 <
> F0.02 =
S 0.0 Looo £
- <
S L0025
0.2 L.004 &
5
[.0.06 3

0.4 [ 0.08

N —— -0.10

0 10 20 30 40 50 60 70 80
Time /h

Electrochimica Acta 454 (2023) 142421

0.10
b Na

0.4 [ 0.08
[0.06 &
§
0.2 Lo.0a S
> Lo02 E

Q

S 0.0- L000 2
= <
K F002 8
c
0.2 L 004 §
5
L 0.06 3

0.4 [ 0.08

—————— -0.10

0 10 20 30 40 50 60 70 80
Time/h

Fig. 6. Plating/stripping experiments in symmetrical A/BPE;5-ATFSI;/A cells at 55 °C with current densities of 0.01, 0.02, 0.05 and 0.01 mA cm ™2 for 10 cycles at

each current density and 1 h per semi cycle: (a) A = Li, (b) A =Na, (c) A =K.

advantages of SPE applications in alkali metal batteries. Since the focus
of this study is on the transition from Li- to Na/K-based batteries, no
further full cell tests were performed on lithium-based systems. Instead,
the focus was placed on the electrochemical tests for the respective so-
dium- and potassium-based setups.

As cathode materials, the sodium and potassium-based Prussian
whites with the general formula AsFe[Fe(CN)g] were chosen for their
widespread use in post-Li applications and their high cycling stability
reported for both liquid and solid-state polymer electrolytes [61-63].
For the Na-cell, a PBA with the chemical composition Naj ggFe[Fe
(CN)g] x 0-7H,0 (NaFF; theoretical capacity of 150 mAh g~ 1) was used.
For consistency, the corresponding potassium analogue with the general
formula K., Fe[Fe(CN)gl1., x zH20 (KFF), was synthesized, as described
in our previous work[21]. The chemical composition was further
determined using a combination of TGA (Figure S6) and inductively
coupled plasma optical emission spectroscopy (ICP-OES) (Table S2) in
order to determine the water content and the K:Fe ratio of the compound
Ko xFe[Fe(CN)gl1., x zH20, respectively. The resulting stoichiometry of
the compound was calculated to Kj goFe[Fe(CN)glo.0g (see Supporting
Information), from which the water content can be determined to z =
1.0, yielding the total stoichiometry K;j goFe[Fe(CN)elp.0s x 1-0H20 that
would correspond to a theoretical capacity of ~141 mAh g ~ L.

Galvanostatic cycling of BPE;5-Na/KTFSI; cells was conducted at a
cycling rate of C/15 and at an elevated temperature of 55 °C to promote
the ionic conductivity in those SPEs (Fig. 3). A voltage window of
2.2-4.0 V vs. Na*/Na was used for Na-cell, while K-cell was cycled with
a voltage window of 2.5-4.3 V vs. K'/K (Figure S7a,b, respectively).
The upper cut-off voltage of 4.3 V vs. Li*/Li was used for the Li/BPE;s-
LiTFSI; /NMC622 cell previously reported [22]. With respect to a com-
mon Li-reference in propylene carbonate [64], the upper cut-off voltage
would correspond to 4.23 V vs. Li/Li for the sodium cell and 4.21 V vs.
Li*/Li for the potassium cell, respectively. It is useful to bear in mind
that PEO degradation was already observed in this potential region
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[14-16], although the onset of the degradation potential appears to be
strongly dependent on the experimental technique as well as the
working electrode material [65].

Capacity retention and corresponding coulombic efficiencies over
100 cycles of the sodium full cell comprising NaFF-based positive elec-
trode, Na-metal negative electrode and BPE;s—NaTFSI; polymer elec-
trolyte are shown in Fig. 7a.

In the first cycle of the Na-based cell (Fig. 7a), a discharge capacity of
132.6 mAh g ~ ! was delivered, corresponding to 88% of NaFF theo-
retical capacity (based on the stochiometry, 150 mAh g ~ !). The
maximum discharge capacity was reached after five cycles with a
maximum capacity of 140 mAh g*. The initial capacity increase is
typical for solid-state cells with PEs and can be explained by a condi-
tioning phase in which the electrode-electrolyte contact is gradually
improved over time at elevated temperatures [66]. In Fig. 7a, a slight
increase of discharge capacity can be seen in the 22nd cycle due to the
instrument interruption, which is reflected in a notable drop of CE in the
respective cycle. In this study, the Na/BPE;5-NaTFSI; /NaFF cell retained
73% of its maximum specfic capacity over 100 cycles. Generally, elec-
trochemical performance (in particular, capacity retention) of sodium
metal batteries employing NaFF strongly depends on the structural
properties of the latter [67-69]. For example, thorough drying at high
temperature under vacuum converts the structure from monoclinic to
rhombohedral [69] and has a significant impact during cycling on the
voltage profiles, the overpotential, as well as the degree of side reactions
with water at high potentials (compare Figure S8a,b, where NaFF was
dried only at 110 °C instead of 170 °C for 12 h under vacuum (1073
mbar) and further cycled at the same conditions). As presented in
Fig. 7a, CE notably dropped from the first to the second cycle (from 99 to
97%), which is mainly attributed to the conditioning phase during the
initial cycles, as mentioned above. In the following cycles the CE in-
creases again to 98% (up to the 20th cycle) after which it remained
stable. Most likely, the largest degree of side reactions occurred after the
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conditioning cycle, eventually leading to the formation of a stable SEI,
which is reflected in consistent CE values in the following cycles. As a
reference system, NaFF was cycled in a sodium half-cell with
carbonate-based liquid electrolyte (see Experimental section) at a
temperature of 25 °C and a cycling rate of C/10 (Figure S8c,d). At these
cycling conditions, the cell exhibited a slightly higher capacity retention
of 77% over 100 cycles compared to the BPE;5-NaTFSI;-cell (73%)
operated at 55 °C and a C-rate of C/15. Furthermore, compared to the
cell with the SPE, the LE-cell showed a significantly lower polarization
over the same number of cycles (0.3 V vs. <0.1 V, Figure S7a and
Figure S8c, respectively). As shown in Figure S8d, a larger coulombic
efficiency decay (from 96 to 86%) in the first five cycles was observed
for the cell with organic LE, followed by further CE increase, reaching a
stable value of ~98% in the 50th cycle. These findings could possibly
indicate unsuitable cycling conditions, i.e., the temperature and C-rate,
for the Na/BPE;5-NaTFSI; /NaFF cell, leading to its larger polarization
and unexpectedly lower capacity retention. To put these results into
context, Sdngeland et al. reported on the same cell configuration, using
poly(trimethylene carbonate) (PTMC)-based PE ((PTMC);—NaFSI;; ¢ =
5 x 10° S em™! at 25 °C) [70], which achieved a 78% capacity
retention over the first 30 cycles at C/5 and at operation temperature of
40 °C. With a slightly altered electrolyte composition (PTMC)s—NaFSI; a
discharge capacity of ~90 mAh g ~ ! over >80 cycles with a 90% ca-
pacity retention could be achieved at 60 °C. In a follow-up study by the
same authors, polycaprolactone(PCL)-PTMC copolymer was tested in a
battery comprising a hard carbon anode and a NaFF cathode [71]. Ata
temperature of 22 °C and a current density of 10 yA cm™2, the battery
showed an initial discharge capacity of 80 mAh g ~ !, however, with a
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continuous fading that resulted in a poor capacity retention of ~50%
over 100 cycles. To the best of our knowledge, no other examples of
polymer-based sodium cells with NaFF cathodes have been so far
reported.

As presented in Fig. 7b, the K-metal/BPE;5-KTFSI; /KFF cell enabled
stable cycling over 100 cycles. A discharge capacity of 105 mAh g ~ ! was
obtained in the first cycle followed by a slight increase in the second
cycle (105.2 mAh g ~ 1), which is ~75% of theoretical capacity of KFF
(141 mAh g ~ 1) and about 90% of the achievable capacity in the same
cell configuration with a liquid electrolyte [21]. The most notable ca-
pacity decay herein was observed from the 2nd to the 17th cycle, cor-
responding to a capacity loss of ~5%. This is also reflected in the
evolution of the CE, which increased over the same cycle interval from
91.2 to ~97%, indicating a higher degree of irreversible reactions in the
first cycles that attenuated in subsequent cycles (Fig. 7b). Notably, after
the interfaces were formed, both discharge capacity and CE remained
stable over following cycles, resulting in a total capacity retention of
94% and CE of ~98% over 100 cycles. The improved cycling stability is
likely an effect of the good mechanical properties of the SPE. For com-
parison, a potassium cell employing the same cathode material, KFF, but
SPE based on pure PEO, i.e., PEO9-KTFSI; [21] exhibited capacity
retention of 90% over the first 50 cycles at a temperature of 55 °C and
C-rate of C/25. For the BPE;5-KTFSI; SPE described herein, the capacity
retention was 95% over the same number of cycles and only slightly
decreased (94%) at twice the number of cycles. As reported previously, a
control experiment in a KFF half cell and a carbonate-based liquid
electrolyte retained only 66% of its initial capacity over 50 cycles at a
temperature of 20 °C and C-rate of C/25 [21]. Therefore, BPE;5-KTFSIy
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is not only advantageous over conventional carbonate-based LEs but
also over solely PEO-based electrolytes. Both SPEs (based on either PEO
or BP) approach coulombic efficiencies of around 98% at 55 °C oper-
ating temperature, indicating that there is still a significant degree of
side reactions. The inefficiencies are probably masked by the vast po-
tassium excess at the counter electrode. It will thus be paramount for the
future to target lower operating temperatures.

Recently, Komaba et al. reported a solid-state polymer potassium
battery enabled by ether-based cross-linked polymer electrolyte mixed
with potassium bis(fluorosulfonyl)amide (KFSA) [72]. At ambient tem-
perature of 25 °C, the PE showed one order of magnitude higher 6ota)
than BPE;5-KTFSI; presented herein (~3.0 x 107° vs. 3.9 x 10°® S
cm’l, respectively). Galvanostatic cycling in K/SPE/KyFe[Fe(CN)gly
cells (composition of cathode not further specified) yielded 98%
discharge capacity retention over the first 10 cycles, whereas cycling in a
full cell configuration, i.e. graphite/SPE/ KyFe[Fe(CN)gly, only resulted
in ~30% of discharge capacity retention over the initial 10 cycles at 25
°C. Castillo-Martinez et al. presented a PE comprising PEO and potas-
sium tetraphenylborate (KBPh4) [73]. The PEO3(-(KBPh4); composition
exhibited total ionic conductivity of 1.1 x 10~*S cm ™! at 55 °C, which is
one order of magnitude higher than that of BPE;5-KTFSI; (3.6 x 107°8S
cm~! at 55 °C). In symmetrical ‘prussian blue’ cells, PEO3o-(KBPhy);
showed large overpotentials associated with low capacities of only ~20
mAh g ~ ! at 80 °C and 45 mAh g ~ ! at 60 °C, respectively.

In summary, BPE;5—Na/KTFSI; presented in this study were suc-
cessfully employed as SPEs and cycled in sodium/potassium-metal
batteries against their respective PBA-based cathode. The high cycling
stability of the K-cell can be highlighted, with a capacity retention of
94% over 100 cycles and a maximum capacity of 105.2 mAh g ~ 1,
indicating a good interfacial compatibility with the electrodes at the
chosen cycling conditions. Meanwhile, the Na-based cell featured a
maximum capacity of 140 mAh g and retained 73% of its maximum
capacity over the same number of cycles. Possibly, the chosen cycling
conditions were not ideal for the Na-system, in particular with respect to
the operation temperature below 60 °C. This resulted in a larger polar-
ization and overall faster capacity fade compared to the corresponding
K-system. We further found that examples of cell tests against estab-
lished cathode materials are still comparatively rare.

4. Conclusion

In this study, we presented a comprehensive view onto the properties
and use of SPEs based on the block copolymer PVBmPEQ-b-PS (denoted
to as block copolymer-based electrolytes, BPE), and the TFSI-salts of Li,
Na, and K. As reported previously[22], the microphase-separation of the
block copolymer enabled efficient ion transport through the PEO phase,
while maintaining high mechanical integrity imparted by the PS phase.
Our study revealed dependencies on the choice of cation, i.e., cation
size, for the thermal and ion transport properties of the respective SPEs.
Specifically, KTFSI-based SPEs showed the lowest Tgs in the entire range
of salt concentration investigated (EO:A = 20:1, 15:1, 10:1), indicating
the potential of more mobile segmental motion. Amongst the three ion
conductors, BPE-KTFSI SPEs displayed the lowest total ionic conduc-
tivity (3.95 x 10°S cm™! at 25 °C), and BPE-LiTFSI demonstrated the
highest one (7.20 x 107% S ecm™! at 25 °C for BPE15-LiTFSI;). To study
how the ion transport is affected by the type and size of cation in more
detail, transference number measurements were carried out according
to the Bruce-Vincent method. In addition, self-diffusion measurements
using PFG NMR were conducted. At 55 °C the BPE-LiTFSI SPE showed a
Ti; of 0.13 (Bruce-Vincent) and 0.18 (PFG NMR). When attempting to
determine values for T, or Tg no reliable results were obtained, pre-
sumably due to the high interfacial resistance in the symmetrical alkali
metal-SPE cells. Because of technical constraints, determination of the
self-diffusion coefficients by PFG NMR was possible only for the
TFSl-anion using the '°F nuclei. This stresses the need to develop novel
techniques and methods for the characterization of transport parameters
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in post-Li-based PEs.

Notably, all investigated BPE-ATFSI displayed high mechanical
strength (G” ~ 2 x 10% kPa at 55 °C) and viscoelastic solid-like behavior
that is highly desirable for PEs in alkali metal batteries, particularly
when operated at elevated temperatures.

Plating and stripping experiments in Na-Na and K-K symmetrical
cells displayed almost 10 times larger overpotentials than corresponding
Li-Li-cells under same experimental conditions. For full cell tests, either
BPE;5—NaTFSI; or BPE;5-KTFSI; SPEs were implemented in alkali metal
batteries with the respective metal negative electrode and a PBA (A2 ,Fe
[Fe(CN)g]) positive electrode that were cycled at 55 °C and at a cycling
rate of C/15. The Na/SPE/Na; ggFe[Fe(CN)g] cell showed a capacity
retention of ~73% over 100 cycles with an initial discharge capacity of
140 mAh g_l. Under similar conditions, the K/SPE/K; goFe[Fe(CN)g]
full cell showed better capacity retention of 94% over 100 cycles at an
initial capacity of 105 mAh g~!. The coulombic efficiencies in both cell
setups were about 98% at the 100th cycle, which clearly shows that at
elevated temperatures and in contact with reactive alkali metals as
negative electrode, side reactions occur to a considerable extent. When
compared to a liquid electrolyte system and our previously published
PEO-KTFSI SPEs, BPE-KTFSI compositions showed higher mechanical
rigidity, especially at the relevant operation temperatures, and consid-
erably improved capacity retention over the first 100 cycles in the same
cell configuration. Our results highlight that promising results can be
achieved when combining material properties in a block copolymer
approach for polymer electrolytes in post-Li battery applications.
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