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A new family of single-ion-conductor block-copolymer electrolytes (BCEs), comprising poly(ethylene
oxide) (PEO) as conducting block and poly(styrene sulfonyl(trifluoromethanesulfonyl) imide of lithium)
(PSTFSI) as structural block, was developed recently. To evaluate the influence of the structural blockon
the physico-chemical and electrochemical properties, we compare two single-ion-conductor BCE fam-
ilies with structural blocks made of either PSTFSI or poly(3-sulfonyl(trifluoromethanesulfonyl) imide
propyl methacrylate of lithium) (PMATFSI). Small-angle X-ray scattering revealed that at temperatures
lower than the PEO block melting temperature, the morphology of both families is lamellar whereas, at
higher temperatures, the electrolytes are in a disordered state. Both electrolyte families present an ionic
Polymer electrolyte conductivity maximum for some weight fraction of the structural block (wWgrrs), named BTFSI. For wgrgs; >
Lithium battery 0.17, the ionic conductivity of the PMATFSI-based electrolytes is larger than that of the PSTFSI-based
PEO electrolytes by at least a factor of two. Based on a detailed transport analysis, we show that the strong
VTF increase of the glass transition temperature is the main factor limiting the ionic conductivity. We also
interpret the conductivity maximum of the PSTFSI-based electrolytes by a limitation in available free
charges for wpsresy > 0.17 while the polymer dynamics slows down. The optimization of the ionic
transport in this type of single-ion-conductor BCE requires promoting the compatibility of the Li*-
bearing structural block with the conducting block.

Keywords:
Single-ion conductor

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand in reliable renewable energy, such as
photovoltaic and wind power, implies the development of low cost
and safe high energy density secondary batteries [1—3]. Lithium (Li)
ion batteries are not adequate for this purpose because of their high
price and their flammable liquid electrolyte which raises strong
safety issues [4,5]. Replacing conventional liquid electrolytes by an
inherently safe solid polymer electrolyte opened the path of high
energy density Li metal batteries [6]. In this context, poly(ethylene
oxide) (PEO) is the most studied polymer as it dissociates and
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complexes Li salts, such as lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) [7,8]. Ionic transport in PEO depends on the backbone
flexibility and occurs mostly in its amorphous phase [9,10]. Thus, Li
metal polymer batteries have to operate at a temperature (T) above
the PEO melting temperature (Ty,), generally above 70 °C. However,
in this temperature range, PEO polymers are viscoelastic liquids
which do not prevent the growth of Li-metal dendrites upon
cycling [11,12].

One solution to combine good ionic conductivity and mechan-
ical resistance towards Li dendrite growth is to use nanostructured
solid block copolymer electrolytes (BCEs) [13—16]. Block co-
polymers are of interest as they can self-assemble in ordered
structures at nanoscopic scales [17,18]. One block (A) is a PEO-based
polymer doped with a Li salt to ensure ionic conductivity whereas
the other block (B) brings different functionalities, depending on its
structure, such as mechanical strength. For example, the B block
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can be made of a polymer with high glass-transition temperature
(Tg), such as polystyrene (PS) [19,20] or poly(methyl methacrylate)
[21—23]. Despite interesting results achieved so far in terms of ionic
conductivity, mechanical properties, or battery performance, the
use of block copolymer electrolytes is still restricted by their
inability to prevent dendrite growth [24—26] and by their low
lithium transference number [20]. Indeed, only a small fraction of
the electric current, usually 20%, is driven by the Li* ions, which
implies limited battery power performance and enhanced Li
dendrite growth [27,28].

To overcome these limitations, polyanionic block copolymers
have been used to produce single-ion-conductor electrolytes
[13,29]. Based on these studies, we have previously shown that
BCEs comprising a polyanionic B block exhibit enhanced perfor-
mance compared to conventional block copolymer electrolytes
[30]. These single-ion-conductor electrolytes are made of poly(-
styrene  sulfonyl(trifluoromethanesulfonyl)imide of lithium)
(PSTFSI) as outer blocks associated with a central PEO block. They
have both an ionic conductivity of 1.3 x 107> S/cm at 60°C and
good mechanical properties. Their electrochemical window of
stability extends to 4.5V vs. Li*/Li and their application in Li metal
batteries exhibits remarkable capacity retention, notably at 60 °C.
Interestingly, Balsara and coworkers, using PSTFSI-PEO diblock co-
polymers, showed that the crystallinity of the PEO domains de-
termines the morphology of the nanostructured electrolytes below
the melting temperature of PEO (Tmpgo) while, for T> Ty peo, the
material is in a disordered state, which allows reaching high ionic
conductivity [31,32]. These studies launched a new concept of
single-ion-conductor polymer electrolytes in which one or several
polymer segments are functionalized with a Li*-bearing structural
block [33—40].

Here, we report on the physico-chemical and electrochemical
characterizations of single-ion-conductor BAB triblock copolymer
electrolytes with a central PEO block and variable nature of the
structural block to optimize the ionic conductivity. The outer B
blocks have a polyanionic structure, where the TFSI~ anions are
grafted onto the polymer backbone composed of either polystyrene
(PSTFSI) or poly(methyl methacrylate) (PMATFSI). One of the very
interesting features of these polymers is that they are soluble in
water, which opens the way to simple large-scale electrolyte film
formulation. The thermal, structural, and electrochemical proper-
ties, as well as the ionic conductivity and transference number of
the PMATFSI-based electrolytes are reported and discussed here in
comparison with those of the corresponding PSTFSI-based elec-
trolytes. In addition, by modeling the lithium conductivity in the
framework of free-volume theory, different transport limitations
arising from available free charges or glass-transition temperature
effects are shown.

2. Experimental
2.1. Materials

Sodium 4-styrenesulfonate (SSNa, >90%), potassium 3-
sulfopropyl methacrylate (MASPK, 98%), 480 g/mol poly(ethylene
glycol) methyl ether acrylate (APEG), oxalyl chloride (>99%), trie-
thylamine (TEA, >99%), anhydrous acetonitrile and anhydrous N,N-
dimethylformamide were purchased from Aldrich. Tri-
fluoromethanesulfonamide (TFSA) was ordered from TCI Europe.
N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-
N-oxyl (SG1) (85%) and alkoxyamine based on SG1 derived from
methacrylic acid (MAMA-SG1, >99%, trade name BlocBuilder MA)
were kindly supplied by Arkema. All the above commercial chem-
icals were used as received.

2.2. Monomer synthesis

The chemical structures of two monomers used in this work to
synthesize polyanionic triblock copolymers are shown in Fig. 1. The
monomers are 4-sulfonyl potassium (trifluoromethylsulfonyl)
imide styrene (K-STFSI) and 3-sulfonyl potassium (tri-
fluoromethylsulfonyl)imide propyl methacrylate (K-MATFSI). K-
STFSI was prepared according to literature [41]. The synthesis of K-
MATFSI is inspired from previous works [38,42] with some modi-
fication [43].

2.3. Block copolymer synthesis

Hereafter, the single-ion-conductor BAB triblock copolymers are
referred to PSTFSI-b-PEO-b-PSTFSI and PMATFSI-b-PEO-b-PMATFSI
where PSTFSI and PMATFSI are poly(styrene sulfonyl(tri-
fluoromethanesulfonyl)imide  of  lithium), and  poly(3-
sulfonyl(trifluoromethanesulfonyl) imide propyl methacrylate of
lithium), respectively. The chemical structures of the monomers
and block copolymers are shown in Fig. 1. Triblock copolymers were
synthesized in three steps. Firstly, o,w-dihydroxyl-PEO was reacted
with acryloyl chloride to form the corresponding PEO-diacrylate.
Secondly, PEO-based macroalkoxyamine (PEO(MAMA-SG1),;) was
synthesized by reacting PEO-diacrylate and MAMA-SG1. Finally, the
last step was nitroxide-mediated polymerization (NMP), in water at
100 °C, of anionic monomer using PEO-based macroalkoxyamine as
initiator. For the methacrylate monomer MATFSI, the NMP syn-
thesis route requires its copolymerization with a small amount of a
given co-monomer to ensure polymerization control. The different
co-monomers employed with MATFSI were either APEG or STFSI to
produce random copolymer B blocks. Elimination of unreacted
monomer and K exchange by Li™ were performed by successive
dialyses against LiClO4 solution and distilled water to produce pure
Li* single-ion-conductor BAB triblock copolymers.

2.4. Macromolecular characterization

Monomer conversion, copolymer composition, and total
number-average molecular weight (M) were determined from 'H
NMR spectra recorded on a Bruker Avance 400 MHz spectrometer,
using D,0 as solvent (the 'H NMR spectra of chosen BCEs are given
in Supplementary Figs. S1—S4). Size-exclusion chromatography
(SEC) was performed on a Waters 600 chromatography system
equipped with a Waters Refractive Index Detector and two MCX
columns (PSS) mounted in series and thermostated at 50 °C. The
eluent was a 50/50 (vol/vol) mixture of a NapHPO4 (0.15 wt%)
aqueous solution and acetonitrile at a flow rate of 1 mL/min.
Relative calibration was conducted with standard PEO samples. The
characteristics of the single-ion-conductor electrolytes are listed in
Table 1 along with My, and the weight fraction of PEO (wgg), B block
(wg), and co-monomer (wc) within the B block. For clarity, the
electrolytes are labeled “BTFSI_Y” hereafter, according to the nature
of the B block (PSTFSI or PMATFSI) and to the weight fraction (Y) of
TFSI-grafted-B blocks (wgres;) in percent. For example, PSTFSI_9
refers to the PSTFSI-b-PEO-b-PSTFSI electrolyte with a central 35 kg/
mol PEO block and a PSTFSI weight fraction (wpstrs;) of 0.09.

2.5. Electrolyte preparation

Solvent casting was used to produce solid electrolyte thin films.
After synthesis, the single-ion-conductor BCE was dissolved in
water at 10 wt% concentration. After mechanical homogenization,
the solution was cast on a polypropylene substrate and evaporated
slowly at room temperature during 24 h. The resulting film was
further dried by annealing in a vacuum oven during 24 h at 50 °C,



252

287 . 4
o~ rlqk
OZIS:'
CF;

Potassium4-sulfonyl (trifluoromethylsulfonylimide)
styrene (K-STFSI)

. -[»Hzc—cn—l—tuock -I-CHZ—CHZ—O-I—bIock -[-cnz—cn-]- .
m n m

PO PO
o7 tilLI o lilLl

0=?=0 O=?=O
CF; CF;

PSTFSI-b-PEO-b-PSTFSI

D. Devaux et al. / Electrochimica Acta 269 (2018) 250—261

&
7SN
o’ 'I“K
0=s=0

CF3

Potassium 3-sulfonyl (trifluoromethylsulfonylimide)
propyl methacrylate (K-MATFSI)

CH3 CH;

| |
. -[»Hzc—c —I—block -i-CHz—CHz—O-]-block-[-CHz—c—I- *
Iy A

o (o} o o
o] (o]
S// /S//
LNt Ny T
o/ rl‘l Li o/ N Li
°:I$=O 0=S=0
CF; CF;

PMATFSI-b-PEO-b-PMATFSI

Fig. 1. Chemical structure of the anionic monomers K-STFSI and K-MATFSI, and the corresponding BTFSI-PEO-BTFSI triblock copolymers with a central 35 kg/mol PEO block.

Table 1

Characteristics of the single-ion BCEs with the total molecular weight (M), and the weight fraction of PEO (wgo), B block (wg), co-monomer (wc), BTFSI (Wgrgs;). The domain
spacing (d) obtained by SAXS measurements and the transference number (t*) for some of the BCEs are also included.

comonomer M,* (kg/mol) Weo wg Wc (C = comonomer) WBRTEs d (nm) t™ (at 90°C)
PSTFSI_9 39 0.91 0.09 — 0.09 32 0.84+0.03
PSTFSI_17 42 0.83 0.17 — 0.17 29 0.90 +0.03
PSTFSI_18 43 0.82 0.18 - 0.18 - 0.87 +0.03
PSTFSI_21 45 0.79 0.21 — 0.21 - 0.90 +0.02
PSTFSI_23 45 0.77 0.23 - 0.23 29 -
PSTFSI_25 47 0.75 0.25 - 0.25 — -
PSTFSI_28 49 0.72 0.28 — 0.28 33 -
PSTFSI_31 51 0.69 0.31 - 0.31 - -
PSTFSI_43 61 0.57 043 — 043 — —
PMATFSI_6 APEG 39 0.89 0.11 0.05 0.06 27 0.85+0.05
PMATFSI_9 APEG 39 0.89 0.11 0.02 0.09 - -
PMATFSI_13 STFSI 40 0.87 0.13 0.01 0.13 — 0.82 +0.04
PMATFSI_17 APEG 44 0.79 0.21 0.04 0.17 27 0.80 +0.04
PMATFSI_21 APEG 47 0.75 0.25 0.04 0.21 - 0.83 +0.05
PMATFSI_27 APEG 54 0.65 035 0.08 0.27 32 0.81+0.03
PMATFSI_30 STFSI 50 0.70 030 0.04 030 30 0.88 +0.03
PMATFSI_43 APEG 73 0.48 0.52 0.09 043 - 0.89+0.03

4 Determined by proton NMR. Knowing the Mn of commercial PEO, the Mn of the B block was calculated by comparing the integrals of the PSTFSI phenyl protons signals and
those of the PEO protons signals. For PMATFSI based materials, the integrals of —OCH,- protons were considered.

and was finally placed in an argon-filled glove box (<1 ppm H0,
0,, Jacomex) for at least a week before any experiment. The amount
of water in the dried films, measured by Karl-Fisher (TitroLine
7500 KF trace from SI Analytics) method, was around 20 ppm. On
average, the final solid electrolyte film thickness was 50 + 10 pm,
with the symbol + used hereafter to denote the standard deviation.

2.6. Thermodynamic characterization

Differential Scanning Calorimetry (DSC) was performed with a
DSC 2920 from TA Instruments under a constant flow of inert gas
(nitrogen) between —60 and 120 °C at 5 °C/min. To obtain the same
thermal history for all the samples, a first heat/cool cycle was
performed before running a second cycle [44]. From the PEO

endothermic peak of the second cycle, the PEO melting tempera-
ture (T peo) Was determined from the intersection of the base line
with the tangent at the peak maximum (melting onset). The PEO
degree of crystallinity (X¢peo) was deduced from the melting
enthalpy (AHmpeo, determined by peak integration) and wgo
(Table 1), according to:

AHp, peo
Weo - AHY, b

(1)

XcpEO =

where AH?n pEo 1S the melting enthalpy, 195 J/g, of a 100% crystalline
PEO [45]. The glass transition temperature of the PEO block could
not be properly measured because it is mostly crystalline [32].
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2.7. Thermal stability

The electrolyte thermal stability was investigated by thermog-
ravimetric analysis (TGA) on a TGA Q500 from TA instruments be-
tween 30 and 500 °C at 10 °C/min under a constant flow of inert
argon gas after thermal equilibration for an hour at 30°C. The
samples were mounted onto an alumina pan inside the glove box
and transferred to the apparatus via hermetic vials. The onset
temperature of electrolyte degradation (Tq) was determined from
the intersection of the baseline with the tangent of the weight loss
curve.

2.8. Small-angle and wide-angle X-ray scattering

The organization of the single-ion-conductor BCEs was investi-
gated by small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS). The setup equipped with a rotating copper
anode generator (wavelength A =0.154nm) and an Osmic multi-
layered optics has been described previously [46]. The sample was
brought at the desired temperature in a Linkam heating plate
(equipped with Mylar windows whose signal was subtracted) with
a Linkam TMS92 control unit. The temperature ranged from 30 to
90°C, and the heating rate was 1°C/min. The sample-to-detector
distance was 1.17 m for SAXS and 0.05 m for WAXS. The scattered
X-rays were detected by a CCD Princeton camera. Exposure times
typically ranged from 5 to 15 min for SAXS and from 1 to 2 min for
WAXS. Data processing (dark current subtraction, flat-field
correction, and normalization) was performed using homemade
software. The accessible range of scattering vector modulus g
(q=(4wsind)/A, where 26 1is the scattering angle) was
0.08 < g < 1.00 nm™! for SAXS and the range of scattering angle was
5° <260 < 45° for WAXS. 1-dimensional I(q) curves of the scattered
intensity versus g for SAXS or I(260) versus 26 for WAXS were ob-
tained by angular averaging of the scattering patterns. Calibration
of WAXS scattering angle was performed using a quartz sample.

At small angles, the maximum of a 1st order scattering peak, at a
scattering vector modulus q°, provides the domain spacing (d) by
using the simple formula:

d=27/q" (2)

The ratio between q* and the scattering-vector moduli of higher-
order peaks were used to determine the phase symmetry (e.g.
integer multiples g/q" =2, 3, ...indicate a lamellar morphology).

2.9. Cell assemblies and testing

Lithium symmetric cells were assembled in an argon-filled
glove box using a homemade laminating machine set to operate
at 80°C and 3 bars. Each cell consisted of the superposition of the
electrolyte film and a 23 um thick polyethylene spacer defining the
active surface area (S) placed between two 100 um thick Li metal
disks with copper grid (Goodfellow) current collector tabs [47]. At
each step of the lamination process, the electrolyte thickness (I)
was monitored using a micrometer (Mitutoyo) with a +1 pm pre-
cision. After assembly, the cell was sealed in an airtight pouch bag
(Protective Packaging Ltd), removed from the glove box, placed in a
climatic chamber (Voetsch), and connected to a Solartron 1260
frequency analyzer. For ionic conductivity (¢) measurement, AC
impedance spectroscopy was performed using a voltage excitation
signal of 10 mV (40 mV was also used at low temperatures) in a
frequency range between 107 and 1 Hz. The Li symmetric cells were
first heated from 30 to 100°C by steps of 10°C, followed by a
cooling scan from 85 to 45 °C every 10 °C, before returning to 30 °C;
then, a final heating scan by steps of 10 °C was carried out up to

100 °C. A stabilization time of one hour was used at each step and
the reproducibility of the data during heating and cooling was
systematically checked. For all the electrolytes, the experimental
data extracted from the cooling and heating scans were similar,
demonstrating the stability of the polymers. Only data recorded
during the last cooling/heating scans are presented. The Li™
transference number (t*) was determined at 90 °C by AC imped-
ance spectroscopy down to 10~% Hz using a Solartron 1260 (Ame-
tek). A typical impedance spectrum of the PMATFSI_27 electrolyte is
shown in Fig. S5. The impedance spectra were modeled with an
equivalent electrical circuit (inset in Fig. S5) using the Z-View
software (Scribner Inc.) [47]. This model allowed us to extract the
contributions from the electrolyte (R¢;), the Li/electrolyte interface,
and the Li* diffusion resistance (Rq). ¢ and t* were calculated by the
following relationships [48,49].

l

o(T) = SRy (T) (3)
_ Rel
e = Rej + Ry @

Lithium/polymer electrolyte/stainless steel cells were assem-
bled through a single lamination process used to produce the
lithium symmetrical cells; they were sealed in airtight pouch bags.
The cells were placed inside a climatic chamber at 80 °C and cyclic
voltammetry was performed using a VMP3 (Bio-logic) multi-
potentiostat between —0.5V up to 6.5V vs. Lit/Li° at 1 mV/s.

3. Results and discussion

The PMATFSI-based triblock copolymers were prepared from a
PEO(MAMA-SG1); macroalkoxyamine which was obtained via the
intermolecular radical 1,2-addition of the MAMA-SG1 on a PEO a,w-
diacrylate. This synthetic route is a versatile method to prepare
complex macromolecular architectures by NMP. In particular, tri-
block copolymers such as PS-b-PEO-b-PS, PSTFSI-b-PEO-b-PSTFSI,
or PSAN-b-PEO-b-PSAN (PSAN, poly(styrene-co- acrylonitrile)) can
be synthesized with this approach [30,50]. A NMP kinetic study of
the copolymerization of K-MATFSI and 20 mol% of APEG, compared
with K-STFSI, was carried out at 100°C in water (75 wt%) using
PEO(MAMA-SG1); as macroinitiator. Kinetic plots of In([Mp]/[M])
versus %3 are presented in Fig. 2a where [Mg] and [M] are
respectively the initial monomer concentration and the monomer
concentration at a given conversion time t. The linearity of these
plots proves the well-controlled character of the polymerization
[43]. The different PMATFSI-based copolymers were also analysed
by SEC. In Fig. 2b, the SEC traces of the reaction mixture sampled at
increasing reaction times show unimodal peaks shifting towards
lower elution volume (higher M;). The dispersity of block co-
polymers, based on PEO calibration, is quite low: between 1.2 and
1.4. These results confirm the well-defined structure of the block
copolymers. In addition, a peak at elution volume of 18.2ml is
observed in all samples, including the neat PEO and the mobile
phase, and is attributed to the experimental system peak.

Typical DSC curves for the PMATFSI electrolytes are shown in
Fig. S6 with wgrgs; values of 0.06, 0.17, 0.27, and 0.43. They are
qualitatively similar to those of the PSTFSI based electrolytes (data
not shown). In Fig. 3a, the melting temperature of the PEO central
block (Tmpeo) is reported as a function of the weight fraction of
TFSI-grafted B blocks (wgrrsr). For comparison, the melting tem-
perature of a neat 35 kg/mol PEO is also shown [20]. For wggs; < 0.3,
Tm,pEo is almost independent of the nature and proportion of BTFSI
blocks with an average value of 54.5+ 1.5°C. This value is in
agreement with those reported previously for PSTFSI-based
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different reaction times. The eluent used was a 50/50 (vol/vol) mixture of an aqueous
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electrolytes [30,51]. For wgrgs; > 0.3, T pEo decreases sharply down
to 40.5°C for PSTFSI_31 and 45.2°C for PMATFSI_43. We also
observe that, among the PMATFSI-based electrolytes, the nature of
the co-monomer, a minor component within the electrolyte, has
very little influence on the thermodynamic properties. In addition,
no evidence of PEO melting peak is observed on the PSTFSI_43 DSC
curve, as reported previously [30]. This result suggests that a high
proportion of BTFSI block strongly hinders the PEO crystallization.
The PEO degree of crystallinity (Xcpeo) is represented as a function
of wgrgs; in Fig. 3b. Trends can be distinguished by grouping the data
according to the nature of the BTFSI block, i.e. PSTFSI or PMATFSI.
X.pro of the PSTFSI-based BCEs decreases linearly with wgrgs; from
an initial value of 0.83 at wgrrs;=0, corresponding to the neat
35 kg/mol PEO, until wgrrs; = 0.3. A similar linear trend was previ-
ously reported for PS-PEO-PS block copolymer electrolytes [20].
Xcpeo of the PMATFSI electrolytes also decreases linearly with
wpmartes until wpmarrs; = 0.27, but with a weaker slope. This dif-
ference may come from the use of APEG co-monomer in the
PMATFSI block, which may act as a compatibilizer agent in the
block-copolymer electrolyte, limiting the impact of the “dead zone”
at the interface between the blocks [51]. Finally, for all BCEs, X pgo

70 L e
i a) |
651 §
L] ]
60F .

I @ ]
55} AO® QOA“ ]

50( ]

Tmpeo (°C)

45} o

>

a0f

35[

30||||
0 0.1 0.2 0.3 0.4 0.5

WBTFSI

0.9 b)

08

0.7

LT

0.5r

XepEO

0.3
0.2
0.1

0....|....|....|....|‘..
0 0.1 0.2 0.3 0.4 0.5

WBTFsI

T
I

T
|

Fig. 3. a) PEO melting temperature, T, peo, and b) PEO degree of crystallinity, Xcpro, as
a function of the weight fraction of BTFSI blocks, wgrgs;. The symbols correspond to (A)
PSTFSI- and (@) PMATFSI-based electrolytes.

drops sharply beyond a threshold value of wgres;~0.3. The PEO
crystallinity is thus strongly linked to the proportion of BTFSI block
within the single-ion-conductor BCEs. In conclusion, below
wgrrsi = 0.3, the PEO degree of crystallinity follows a linear trend
whereas, beyond wpgres;=0.3, the PEO domains are mostly
amorphous.

The thermal stability of two representative electrolytes,
PSTFSI_17 and PMATFSI_27, was characterized by TGA under inert
atmosphere (Fig. S7). The onset temperature of electrolyte degra-
dation (T4) of PSTFSI_17 is 360 °C, in good agreement with the value
of 350 °C reported for PSTFSI_31 (with a higher content of PSTFSI)
[30]. For the PMATFSI_27 electrolyte, two distinct Tq are observed, a
first one around 275 °C and then around 345 °C. The weight per-
centage loss associated to the first degradation event corresponds
to about 8%, which is similar to the APEG co-monomer content
(wc=0.08, see Table 1) in this electrolyte. It can therefore be
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assumed that the APEG moieties degrade at lower temperature
than the other parts of the block copolymer electrolyte.

The microstructure of some representative single-ion-
conductor BCEs was studied by SAXS, firstly at room temperature.
Fig. 4 represents the SAXS intensity in term of g>-I(q) as a function
of g (Kratky plot) in order to enhance the scattering peaks. For
clarity, the SAXS intensities are shifted by an arbitrary factor. The
SAXS patterns of the PSTFSI-based electrolytes with wpstes; of 0.09,
0.17,0.23, and 0.28 are shown in Fig. 4a, while those of the PMATFSI
with wpparesr of 0.06, 0.17, 0.27, and 0.30 are shown in Fig. 4b. All
the SAXS diffractograms of the PSTFSI-based materials present a
first-order peak at almost the same location, ¢" = 0.21 + 0.02 nm ™.
The associated domain spacing (d) for each electrolyte, listed in
Table 1, is on average 31+3 nm. In addition, some of the dif-
fractograms show a second broad peak located at higher g values,
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such that the ratio g/q* is close to but slightly higher than 2. These
materials therefore display, at room temperature, a poorly defined
lamellar morphology with period almost independent of the
composition, i.e. of wpsrgg;, in the range explored here. Balsara and
coworkers reported on the microstructure of PEO-PSTFSI diblock
electrolytes, with a 5 kg/mol PEO [31,32]. A lamellar morphology
was also observed but the d spacing increased from 20.4 to 27.8 nm
for wpstrs; increasing from 0.29 to 0.44. This difference may be due
to their use of low molecular weight BCEs. The SAXS spectra of the
PMATFSI-based electrolytes (Fig. 4b) show similar features as the
PSTFSI-based electrolytes. The first-order peak positions are inde-
pendent of the electrolyte composition with an average value of
q"=022+0.02nm"". The corresponding d spacing values, on
average 30 + 3 nm (Table 1), are close to those obtained for PSTFSI-
based electrolytes. For the PMATFSI-based electrolytes, the nature
of the co-monomer does not influence the electrolyte microstruc-
ture. Thus, at room temperature, the microstructure of all the
studied materials is independent of the backbone nature of the
functionalized TFSI-grafted block and of the composition, i.e. of the
wprrsy content. To confirm the lamellar morphology, the
PMATFSI_17 electrolyte has been characterized by transmission
electron microscopy (Fig. S8). A lamellar structure, with alternating
bright and dark bands respectively attributed to the PEO and
PMATFSI domains, was clearly observed.

In a second step, the temperature dependence of the SAXS dif-
fractograms was recorded for two electrolytes, PSTFSI_17 and
PMATFSI_17, during a heating scan between 35 and 95 °C (Fig. 5).
For comparison, the SAXS diffractogram of a neutral PS-PEO-PS
triblock copolymer with a central 35 kg/mol PEO block and 0.33
PS weight fraction is also shown. A first- and a second-order peaks
are visible on the scattering curves at 35°C and 50°C for the
PSTFSI_17 (Fig. 5a) and PMATFSI_17 (Fig. 5b) electrolytes; they
indicate a lamellar morphology. At 65°C, the disappearance of
these peaks is most probably due to an order-to-disorder transition
(ODT) occurring between 50 and 65 °C. Based on the study of the
thermal properties (Fig. 3), the ODT is clearly related to the melting
of the PEO blocks: for T < T, pro, the morphology is lamellar and for
T> T pEo the morphology is disordered. This observation about our
BCEs agrees very well with the results reported for a diblock PEO-
PSTFSI as well as those reported for a PMATFSI-PEO-PMATFSI syn-
thesized by RAFT polymerization [31,32,40]. Indeed, for such
single-ion-conductor block copolymers, the coincidence of the ODT
and the PEO melting temperature suggests that the microstructure
results from the PEO crystallization rather than from the in-
compatibility of the blocks (which is usually the case). The stabi-
lization of the lamellar microstructure by the crystallization of one
of the blocks has also been predicted in a theoretical study [52]. In
contrast, a scattering peak was observed up to 95 °C for the neat PS-
PEO-PS copolymer (Fig. 5¢). In this uncharged material, the ODT is
not related to the melting of the PEO chains that occurs at 55 °C
[20].

For both PSTFSI_17 (Fig. 5a) and PMATFSI_17 (Fig. 5b), the po-
sition of the first-order scattering peak regularly shifts towards
lower q values as the temperature increases. This shift may be due
to the gradual melting of PEO crystallites distributed in different
sizes. SAXS and WAXS experiments were then performed in be-
tween 30 and 67 °C with the PSTFSI_28 and PMATFSI_13 electro-
lytes. Note that the electrolyte compositions are different from
those reported in Fig. 5 due to limited available electrolyte
amounts. The evolutions with temperature of the lamellar period
d and the “degree” of crystallinity of PEO, shown in Fig. 6, were
extracted from the position of the first-order reflection in the SAXS
diffractograms and the area (Apgo) of the PEO crystalline peak at 19°
in the WAXS diffractograms, respectively. In Fig. 6, Ty pgo is indi-
cated by a vertical dotted line corresponding to the average value of
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54.5°C (wgrrsi <0.3) based on the DSC analysis (Fig. 3a). For
T < TmpEo, d remains constant at about 33 + 0.1 and 31.3 + 0.3 nm
for the PSTFSI_28 and PMATFSI_13 electrolytes, respectively. When
the PEO crystallites start to melt at around 45 °C (Fig. S2), d starts to
increase smoothly with temperature. The total increase in lamellar
period reaches up to ~10% for both materials. In parallel, Apgo de-
creases with increasing temperature, as the PEO crystallites pro-
gressively melt.

The ionic conductivity (¢) of all the electrolytes (Table 1) has
been measured between 30°C and 100 °C. The temperature de-
pendences of ¢ for the PSTFSI-based electrolytes, with wpsrrs; of
0.09, 0.17, 0.23, 0.31, and 0.43, and for the PMATFSI-based electro-
lytes, with wppargs; of 0.06, 0.17, 0.21, 0.30, and 0.43, are shown in
Fig. 7a and Fig. 7b, respectively. The conductivity behavior of the
PSTFSI-based materials is similar to that previously reported in
Ref. [30], with a drop at Ty, peo, due to the crystallization of the PEO
chains, down to very low values, in the range 10~8 - 1079S/cm
[20,47]. For T > T pro, 0 ranges between 1.3 x 1076 S/cm at 60 °C for
PSTFSI_43 and 3.3 x 107> S/cm at 90°C for PSTFSI_17. In addition,
the conductivity of PSTFSI_43 does not present any drop in the
investigated temperature range, which is consistent with the
absence of PEO crystallization as observed by DSC (Fig. 3). In these
single-ion-conductor BCEs, the coincidence of the ODT (Fig. 5) with
the PEO melting temperature is crucial in ensuring both transfer to
and diffusion along the PEO chains of the Li* cations.

The evolution of the conductivity of the PMATFSI-based elec-
trolytes (Fig. 7b) is similar to that of the PSTFSI materials. For
T> T pE0, 0 Tanges between 2.7 x 10~% S/cm at 60 °C for PMATFSI_6
and 6.1 x 107> S/cm at 90 °C for PMATFSI_21. Therefore, the ionic
conductivities of the electrolytes based on PMATFSI are higher than
those based on PSTFSI by at least a factor of two.

The electrolyte conductivities at 60 °C are plotted as a function
of wgrgsy in Fig. 8. The conductivities of the PSTFSI and PMATFSI
families show the same trend as both curves display a maximum.
For the first family, ¢ reaches a maximum of 1.1 x 107> S/cm for
PSTFSI_17 whereas, for the second family, o reaches 2.2 x 107> S/cm
for PMATFSI_21. The existence of a maximum of the conductivity
dependence on salt concentration is classical for concentrated
electrolyte systems [10]. The decrease in conductivity at large salt
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content generally arises from both the limited solubility of the salt
and a decrease of polymer segmental mobility through Li-ether
oxygen association. In addition, we observe that among the
PMATFSI-based electrolytes, the nature of the co-monomer, a minor
component within the electrolyte structure, has only little influ-
ence on the ionic conductivity. Interestingly, for wgrgs; < 0.17, ¢ is
independent of the precise nature (PSTFSI or PMATFSI) of the BTFSI
block. However, beyond wgres;=0.17, the conductivity of the
PSTFSI-based electrolytes starts to decrease, whereas that of the
PMATFSI electrolytes keeps on increasing till wgrrs; = 0.21. Beyond
this value, the conductivity of the PMATFSI electrolytes remains
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Fig. 8. Isothermal ionic conductivity, o, at 60 °C as a function of the weight fraction of
BTFSI block, wgrgs;. The symbols correspond to (A) PSTFSI- and (@) PMATFSI-based
electrolytes. The dashed lines are guidelines depending on the nature of the BTFSI
block.

higher by a factor 2—8 than that of the PSTFSI electrolytes. Note that
this factor increases with wgrgs;. In terms of electrolyte optimiza-
tion, grafting the TFSI~ anions onto a methacrylic backbone leads to
a better conductivity compared to a polystyrene backbone. Thus,
tuning the backbone nature of the TFSI-grafted block is an impor-
tant step to optimize the ionic conductivity of single-ion conductor
BCEs.

To investigate the cationic transport properties, the Li trans-
ference number (t") was determined by AC impedance spectros-
copy at 90 °C for all the electrolytes listed in Table 1. t* is reported as
a function of wgrgs in Fig. 9. For comparison, a high molecular
weight PEO/LITFSI (EO/Li = 30) data point was also included [53].
The Li transference number of the PEO homopolymer electrolyte is
approximately 0.15 whereas those of all the BTFSI-based electro-
lytes are close to 1, independently of the electrolyte composition.
More precisely, the PSTFSI-based electrolytes have a t* of
0.88 + 0.03, which is similar to that already reported [30], whereas
t* of the PMATFSI-based electrolytes is 0.84 + 0.03, a value close to
that obtained by Mecerreyes and coworkers [40]. In practice,
transference numbers measured in single-ion-conductor polymers
usually lie between 0.85 and 0.95 (see for example Refs [30, 40,
54]). In principle, the transference number of our BCEs is struc-
turally equal to 1 because the anions are grafted on the polymer
backbones and therefore cannot move over long distances. In our
case, we observe a small diffusion loop in the impedance spectra
(see Fig. S5). Of course, we cannot exclude the existence of a very
small amount of unreacted anionic monomers, although 'H NMR
spectra of the final products did not show the presence of any
anionic monomers (see in Supplementary Materials Figs. S1—S4).
Reducing t* from 1 to 0.88 (PSTFSI) or 0.84 (PMATFSI) would require
a high level of ionic impurities, on the order of 10—20 mM, which
seems quite unlikely in our polymers. On the other hand, passive
layers appear at the surface of the Li electrode, due to its high
reactivity. These passive layers are composed mainly of Li oxides
and compounds produced by the reaction of the polymer electro-
lyte with the Li surface. All these passive layers are generally very
thin (from a few nm to tens of nm thick) and are globally described
in literature as “Solid Electrolyte Interphases”, with a t™ =1 [55].
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However, these passive layers may not behave as pure single-ion-
conductors, with a low electronic conductivity for the inorganic
part. Moreover, the grafted anions of the polymeric compounds of
the passive layers can still retain some local mobility and still play a
role in transport over such a small thickness. The low-frequency
diffusion loop observed by impedance spectroscopy (Fig. S1) can
then be due to ionic diffusion through the passive layers present on
the Li surface [30]. We thus confirm, as expected, the single-ion-
conductor behavior for all the BCEs investigated in this work.

In order to probe the ionic transport mechanism of the single-
ion conductor BCEs, the conductivity has been fitted with the
empirical Vogel-Tamman-Fulcher (VTF) equation [56—58]:

=7 () ®

where the three free parameters are the pre-exponential factor, A,
linked to the amount of free charges and to the time constant
related to the ion dynamics, the pseudo activation energy, B, linked
to the critical free volume needed for the ions to move, and the
ideal glass transition temperature, Tgp, where the available free
volume is null, and which is generally estimated by T; — 50K [59].

We assume that the ionic transport mechanism in the single-
ion-conductor BCEs is similar to that in high molecular weight
PEO/LiTFSI where the Li* ions move in the PEO matrix via a hopping
mechanism governed by the redistribution of the free volume
excess [53]. Consequently, we consider that the pseudo activation
energy, B, of the VTF equation is the same for all electrolytes and
equal to that of high molecular weight PEO/LITFSI, i.e. 7.8 k]/mol
[53]. The remaining two free parameters in Eq. (5), A and Ty, were
then adjusted to fit the conductivity data for T> Ty, peo. These two
parameters, taken from the best fits (xz > 0.99) of the PSTFSI and
PMATFSI series are presented in Fig. 10 as a function of wgrgs. The A
parameter (Fig. 10a) of the PMATFSI-based electrolytes increases
linearly with wpymares; between 0.02 and 0.59 S.K®>/cm. For the
PSTFSI-based electrolytes, A first increases with wpsrgs;, taking
values similar to that of the PMATFSI-based electrolytes, then A
levels off at 0.17 + 0.02 S.K%°/cm for wgrrs; > 0.17. The Ty parameter
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(Fig. 10b), for both PSTFSI- and PMATFSI-based electrolytes, in-
creases linearly with wgrrs; from 175 to 226 K. The values for the
PSTFSI series are slightly higher than those of the PMATFSI series.
Interestingly, the intercept at wgrrs;= 0 for both series gives a Ty
value of 168 + 2 K, which corresponds to the T of a high molecular
weight PEO/LIiTFSI electrolyte — 50 K. [10,53], Thus, for the PSTFSI-
based electrolytes, the amount of free charges seems to remain
constant above wpses; of 0.17 while the polymer dynamics
(Tg =To + 50 K) slows down as wpsgrs; increases. The combination of
these two effects explains the dependence of the ionic conductivity
on wpstrsp, With the presence of a maximum at wpstes; = 0.17 (Fig. 8).

To further understand the limiting factor that controls the ionic
transport, the influence of the Li concentration (Cy;), in mol per kg
of electrolyte, on the glass transition temperature, T, =To + 50 K,
was investigated (Fig. S9) for both PSTFSI- and PMATFSI-based
electrolytes and compared with that of the reference PEO/LiTFSI
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electrolyte [10]. In contrast with the behavior of the latter, the T; of
the single-ion conductor BCEs increases linearly with Cj and takes
values higher by about 25 °C. This demonstrates the strong effect of
the polymer dynamics on the ionic transport in PSTFSI- and
PMATEFSI-based electrolytes. Therefore, compared to PEO/LIiTFS], the
lower conductivity, at a given temperature, of the single-ion-
conductor BCEs could be due to their higher glass transition tem-
perature. In addition, it is interesting to note that the values of Ty
obtained here by VTF fits (Ty = Tg + 50 K) are in very good agree-
ment with the values predicted by the Fox law (Tgox) [60], given in
Eq. (6), for the single-ion conductor BCEs reported here (see
Table 1).

1 Wgo | Werrst | Wc
= — (6)
Tg,Fox Tg,PEO Tg,BTFSI Tg,c

with Tg,pE0 (=55°C) [10], Tg BTFSI (152 and 95°C for PSTFSI and
PMATFSI, respectively) [40,41], and T (—70 °C for the APEG poly-
mer and 152 °C for PSTFSI) [41,61] the glass transition temperature
of the PEO, BTFSI, and co-monomers, respectively. The relative
discrepancy between the values of Ty derived from Eq. (6)
(ToFox = Tgrox — 50K) and from the VTF fits of the ionic conduc-
tivity (Eq. (5)) is lower than 3% (Fig. S10), which confirms that the
two BTFSI and PEO blocks are fairly miscible above the melting
temperature of PEO. Furthermore, this means that the ionic motion
in these single-ion-conductor BCEs is essentially determined by the
electrolyte glass transition temperature.

We now discuss the reduced ionic conductivity (), which is the
ionic conductivity at a temperature such that the difference T- Ty is
kept constant [10], to 110 °C in this case. g, only reflects the effect of
the concentration of free Li* ions within the electrolytes on the
ionic transport because the polymer dynamics is the same for each
set of electrolytes. To fully compare the behavior of the single-ion
conductor BCEs with that of PEO/LIiTFSI electrolytes [10], the
product of the transference number (t*) with o, is plotted as a
function of Cy; in Fig. 11 t* is taken as unity for the single-ion-
conductor BCEs, whereas it is t"=0.15 for the PEO/LiTFSI
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Fig. 11. Product of the Li* transference number, t*, with the reduced ionic conduc-
tivity, o, at T — Ty =110°C as a function of the Li concentration, Cy;, in mol per kg of
electrolyte. The symbols correspond to (A) PSTFSI- and (@) PMATFSI-based electrolytes.
For comparison, the data (<) of a PEO/LIiTFSI, considering a t* of 0.15, is also shown
[10,52].

electrolytes [53]. For the PEO/LITFSI electrolytes, t" x o, increases
almost linearly with Cp; up to 1.8 mol/kg and then drops sharply.

For the PMATFSI-based electrolytes, t* x g, also increases line-
arly with C;j with a similar slope as that of PEO/LITFSI, up to the
highest investigated value of Cj; (1.24 mol/kg). On average, t* x o, of
the PMATFSI series is lower than that of the PEO/LITFSI electrolytes
by 2.3 x 107> S/cm. This may come from a too heterogeneous dis-
tribution of the ion-bearing structural blocks in the PEO matrix,
which prevents the BTFSI domains from percolating throughout the
whole sample. The main factor that controls the overall ionic mo-
tion mechanism of the PMATFSI-based electrolytes is the evolution
of the T, rather than a limitation in the amount of available free
charges.

For the PSTFSI-based electrolytes, t* x g also increases linearly
with Cj up to 0.53 mol/kg, taking similar values as the PMATFSI
series, and then it levels off. This confirms that the ion dynamics in
PSTFSI-based electrolytes is actually limited by the amount of
available free charges. The amount of free Li™ ions within the
PMATFSI-based electrolytes is thus higher than that of the PSTFSI-
based electrolytes at high concentration (Cy;> 0.53 mol/kg). This
leads to a conductivity maximum occurring at higher content of
BTFSI block for the former electrolytes (Fig. 8). This effect is prob-
ably due to a better compatibility of the PEO blocks with the
PMATFSI blocks, compared to the PSTFSI blocks, which allows for a
higher solubility of LiTFSI in the conducting PEO domains.

According to our approach, for single-ion conductor PEO-based
electrolytes, the Li* ionic conductivity in molten PEO/LITFSI elec-
trolyte would represent an upper theoretical conductivity limit.
Therefore, optimization of single-ion-conductor BCEs lies mostly in
the improvement of the block compatibility. This can be achieved
by a careful choice of the nature of the backbone of the BTFSI block
and by enhancing the BTFSI block segmental dynamics (Tg), to
improve ionic transport.

For battery applications, the electrochemical stability window is
an essential parameter as it defines the potential interval where the
electrolyte remains stable towards the electrochemical reactions
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Fig. 12. Cyclic voltammograms recorded at 1 mV/s and 80 °C between —0.5 and 6.5V
vs Li*/Li for four consecutive cycles, using PSTFSI_23 (solid blue curve), PMATFSI_21
(dotted red curve), and neutral SEO35S_28 (dashed black curve) triblock copolymer
electrolytes. The inset is a zoom in between 3 and 6.5 V vs Li*/Li’. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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taking place at the battery electrodes. Cyclic voltammetry was
performed on two representative electrolytes: PSTFSI_28 and
PMATFSI_21, at 80 °C. Fig. 12 represents the current density (I) as a
function of the potential (E) versus Li*/Li® for four consecutive cy-
cles recorded at 1mV/s between —0.5 and 6.5V vs. Li*/Li’. For
comparison, a PS-PEO-PS copolymer, with a central 35 kg/mol PEO
block and 0.28 PS weight fraction, doped with LiTFSI at EO:Li = 25,
labeled SEO35S_28, is also reported [20]. In agreement with litera-
ture data, the electrolytes present a low-potential wall ascribed to
the Li*/Li® couple [62]. The electrochemical stability window of the
neutral BCE is equivalent to that of the PEO homopolymer elec-
trolyte, i.e. up to 3.8V vs. Li*/Li® [20,63]. The PSTFSI_28 electrolyte
has a stability window extended up to 4.5V vs. Li*/Li® whereas, in
contrast, the PMATFSI_21 stability window is limited to about 4V
vs. Lit/Li® (see inset of Fig. 12). This result can be explained by the
better compatibility between PEO and PMATFSI blocks, compared
to PSTFSI blocks, leading to a stainless steel/electrolyte interface in
which PEO is the predominant domain. Therefore, the electro-
chemical stability window of the PMATFSI electrolytes is close to
that of the PEO homopolymer electrolyte.

4. Conclusion

Two families of single-ion conductor BCEs with PEO as con-
ducting block and either PSTFSI or PMATFSI as structural block have
been synthesized and characterized. Above a weight fraction of
BTFSI block, wgrgs; = 0.3, the thermodynamic properties of the PEO
block (melting temperature and degree of crystallinity) are strongly
altered. X-ray scattering experiments have revealed that, at tem-
peratures below the PEO melting temperature, the microstructure
of the single-ion conductor electrolytes displays a poorly defined
lamellar morphology, with period almost independent of the
composition. Moreover, the order-to-disorder transition coincides
with the PEO melting temperature, which shows that the
morphology is governed by the crystallinity of the PEO block.
Although the ionic conductivity of the PSTFSI-based electrolytes is
already among the best reported so far for dry single-ion-conductor
solid polymer electrolytes, the conductivity of the PMATFSI-based
electrolytes is even larger, at high salt concentration, by at least a
factor of two. All the block copolymer electrolytes reported here
behave as single-ion conductors, independently of the nature of the
structural block. For the PSTFSI-based electrolytes, we interpret the
existence of a conductivity maximum at wpsrgs; = 0.17 by a limita-
tion in available free charges at high salt concentration while the
polymer dynamics slows down as wpstgs; increases. Finally, because
we use a PEO matrix, we cannot a priori expect, for a single-ion-
conductor, a conductivity better than that of PEO multiplied by
the transference number. Taking t* = 0.15, this would correspond to
7.5 x 107> S/cm at 60°C. For the PMATFSI systems, we have ob-
tained a value of 2.2 x 10~ S/cm. This value lower by a factor of 3.5
can be mostly interpreted, according to our detailed study of the
reduced ionic conductivity, by the increase of glass transition
temperature in these BCEs compared to PEO. Thus, we believe that
to reach a higher conductivity, while keeping a PEO matrix, we
should select an anionic block with T, as low as possible. Moreover,
choosing anions with a better delocalisation of the negative charge
[39] and a higher local dynamics (inserting a spacer between the
polymer backbone and the anion, for example) would help Lithium
ion dissociation and solvation by the PEO matrix.
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