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ABSTRACT: In this work, blends of polyethylene oxide (PEO) _L_’ " _1 "7 -c:;\\

and poly(sodium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(tri- i e {_C_CHE)_\\
fluoromethanesulfonyl) imide) (PNaMTFSI) in different compo- polymer )/ L™ N\ @
sitions were investigated for their application as solid electrolytes kel ! /<°"z\cﬂ/°>\ l_ ¥

for sodium batteries. PNaMTFSI and PEO are miscible, exhibiting ‘ .

only one T, in the whole range of compositions. PNaMTFSI was

shown to reduce the crystal growth rate of PEO crystals but o= e=©° ) /
increase PEO nucleation, making the overall crystallization rate [ >

higher in blends with 15 and 30 wt % PNaMTESIL The ionic =7=°W.’
conductivity is also affected by the blend composition. The highest CFs -

values of ionic conductivity were observed with 15 and 30 wt %
PNaMTFSI at high temperatures equal to 5.84 X 107> and 7.74 X
107 S em™ at 85 °C, respectively, with values of sodium-ion transference numbers of higher than 0.83 and electrochemical stability
between 3.5 and 4.5 V versus Na*/Na® depending on the composition, which opens the possibility of its use in sodium batteries.
Finally, a comparison was made between the effect of sodium and lithium on these types of electrolytes, showing that sodium
electrolytes have a lower ionic conductivity due to the larger size of the Na cation. The differences in the spherulitic growth rate and
overall crystallization rate between Li and Na-containing electrolytes were compared and rationalized in terms of the blends’
intermolecular interactions and the relative contribution of primary nucleation and growth.

1. INTRODUCTION electrolytes (SPEs) are the main type of solid electrolyte
where only polymers are included without the need of an
additional low molecular weight plasticizer as in the case of gel
polymer electrolytes (GPEs) or inorganic particles as in hybrid
solid electrolytes. Despite their lower ionic conductivity, SPEs
are preferred for their higher mechanical modulus compared to
GPEs, which show a beneficial effect in avoiding metal
dendrite growth.

Ion transport in SPEs depends on the ability of ions to move
between ion coordination sites. The most studied host matrix
in SPEs is polyethylene oxide (PEO) for its capacity to dissolve
different salts.” The ionic conduction in PEO involves the
arrangement of polymer chain segments, creating dynamic
coordination sites where both cations and anions can move,
allowing their movement.” Recently, single-ion conducting
systems have been investigated for application in lithium metal
batteries where the movement of the cation is the only one

Rechargeable batteries are in high demand as one of the most
widely used energy storage devices in electronic appliances and
electric cars.” Currently, these batteries are based on lithium;®
however, its limited availability and its price are becoming
limiting factors. For these reasons, there is currently an interest
in switching to sodium batteries since sodium is a more
abundant element and has a lower price than lithium."* Sodium
presents similarities with lithium for batteries, showing a high
specific capacity (1166 mAh g™') and a low redox potential
(—2.71 V vs standard hydrogen electrode).” However, sodium
batteries present still some limitations, including low perform-
ance and safety issues.

One of the key components for optimal battery performance
is the electrolyte, which must be an electrical insulator and a
good ionic conductor to transport the ions from one electrode
to another. Typically, liquid electrolytes are used for lithium or
sodium batteries since they present high ionic conductivity.
Still, they have certain problems, for example, dendrite growth, Received: December 23, 2022 energyxfuels
leakage, and the use of organic solvents that are usually toxic Revised:  March 12, 2023
and flammable (e.g., ethylene carbonate and dimethyl Published: March 27, 2023
carbonate) among others.’ Solid electrolytes based on
polymers are safer since there is no risk of leakage, and they
are more resistant to dendrite growth.” Solid polymer
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Scheme 1. (a) Ion Exchange for Obtaining the Sodium Monomer and (b) Obtaining the PNaMTFSI Polymer by RAFT
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that participates in the conduction process. This, in the case of
polymeric electrolytes, is achieved by attaching the anion to
the polymeric chain through an anionic polymer backbone.
The advantage of using single-ion polymer electrolytes is that
the lithium-ion transference number is close to 1, indicating
that the ionic conductivity is only due to the movement of
cations.'”"! Under these conditions, ion concentration polar-
ization is avoided and high-power performance is achieved,
which reduces dendritic growth.'”"?

Single-ion-conducting polymer electrolytes have been
studied extensively for lithium batteries, but only a few
works have been published using sodium single-ion polymer
electrolytes for sodium batteries, delivering ionic conductivity
values in the range of 107°~107° S cm™."*"'® For example,
Liu et al. reported an electrolyte based on sodium bis-
(fluoroallyl)malonate borate salt (NaBFMB), which was
photo-cross-linked with tri-thiol trimethylolpropane tris(3-
mercapto propionate) (TMPT);'” this electrolyte was shown
to have a sodium transport number of 0.91 in addition to good
electrochemical stability and ionic conductivity in the order of
107 S cm™" at 30 °C. Armand et al. synthesized a single-ion
polymer electrolyte by grafting silica (SiO,) nanoparticles with
sodium 2-[(trifluoromethane-sulfonylimido)-N-4-
sulfonylphenyl]ethyl and/or poly(ethylene glycol monomethyl
ether) (PEG) strands and obtained ionic conductivities of 2 X
1075 S em™! at 25 °C.'"® However, in these cases, complex
synthesis techniques or the incorporation of inorganic
nanoparticles was used.

In this work, polymer blending as an inexpensive and
practical technique for the development of materials'® was
employed to develop sodium single-ion conducting polymer
electrolytes. The successful strategy of high-conducting single-
ion conducting polymer blends for lithium metal batteries has
been previously reported.”’~>* Here, we applied a similar
method to the design of sodium single-ion polymer electrolytes
with high conductivity. Thus, single-ion polymer electrolytes
were prepared by blending polyethylene oxide (PEO) and
poly(sodium 1-[3-(methacryloyloxy) propylsulfonyl]-1-(tri-
fluoromethanesulfonyl) imide) (PNaMTFSI). An important
property of this polymer (PNaMTFSI) is that the negative
charge on the fluorinated alkyl sulfonyl imide anion is highly
dispersed by the conjugated delocalization of the sulfonyl
imide group and the strong electron-pulling of the fluorinated
group, and such anions usually exhibit strong delocalization,
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which allows the cation (sodium in this case) to be easily
solvated by the oxygens present in the PEO. Solid polymer
electrolyte films were prepared by varying the concentration of
PNaMTFSI, and the effect of this polymer on PEO
crystallization as well as on the ionic conductivity was
investigated. Finally, the stability of these solid electrolytes
with respect to sodium metal electrodes was evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were used: polyethylene
oxide (PEO with an M, value of 100 kg mol™'; Sigma-Aldrich), 3-
sulfopropyl methacrylate potassium salt (98%; Sigma-Aldrich), 4-
cyano-4-(phenylcarbonothioylthio) pentanioc acid (CPADB >97%;
Sigma-Aldrich), dichloromethane (DCM; Across), sodium hydrate
(NaH, 90%; Sigma-Aldrich), tetrahydrofuran (THF; Across), 2,2'-
azobis(2-methylpropionitrile) (AIBN >98%, initiator; Sigma-Aldrich),
N,N-dimethylformamide (DMF; Across), Milli-Q water, and sodium
metal (sticks; PANREAC, 99.8%).

2.2. Synthesis of Poly(sodium 1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethanesulfonyl) imide)
(PNaMTFSI). The NaMTFSI monomer was synthesized by the
procedure reported by Shaplov et al.>*** Obtaining the monomer
consisted of three steps. In the first stage, potassium 3-
(methacryloyloxy)propane-1-sulfonate was converted into the sulfon-
yl chloride derivative by a reaction with thionyl chloride in the
presence of DMF as a catalyst. The second stage consisted the
reaction of the product obtained in the first stage with
trifluoromethanesulfonamide in the presence of an excess of
triethylamine. In the third step, the reaction proceeds with NaH to
eliminate free thriethylamine and to substitute the thriethylammo-
nium cation with the sodium one (see Scheme 1a).

PNaMTESI was prepared by reversible addition-fragmentation
chain-transfer (RAFT) polymerization to obtain a polymer with a
molecular weight (M,) of ~50 kg mol™ (Scheme 1b). A degassed
solution of NaMTFSI (1.5 g), CPADB (8.5 mg), and AIBN (1 mg) in
5 g of DMF with a magnetic stir bar was placed in a Schlenk tube. The
polymerization reaction was carried out at 70 °C for 24 h under an
argon atmosphere, and the reaction yield was 80%. The polymer
solution was put in a roto-evaporator to remove DMF and then
dissolved in 5 g of methanol and finally precipitated in DCM; this
procedure was repeated twice. After purifying the polymer, its color
went from pink to red (due to the intense red color of the CTA agent
used). Figure S1 presents the '"H NMR data of PNaMTFESL When
PNaMTFSI was completely dry, it was rigid.

2.3. PEO/PNaMTFSI Blend Preparation. The polymer electro-
lyte blends were prepared by a solvent-casting method. The polymers

were dissolved in water, and four different compositions were
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Figure 1. Preparation process of the polymer electrolyte blends.
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prepared for PNaMTFSI in PEO (15, 30, 50, and 70 wt %). After
evaporating the water at room temperature, the electrolytes were
completely dried under vacuum at 70 °C for 12 h. Finally, the
electrolyte films were compression-molded in a press at 70 °C and 1
ton of pressure; the process is shown in Figure 1. The films obtained
are transparent with a slightly pink color, as shown in the final step of
Figure 1.

2.4. Characterization Methods. The electrolytes were studied
by differential scanning calorimetry (DSC). A PerkinElmer 8000 DSC
fitted with an Intracooler II with a nitrogen atmosphere was used for
the experiments. The equipment was calibrated with indium and tin
standards. The samples for non-isothermal and isothermal experi-
ments were placed in aluminum pans, and the mass employed in all
cases was approximately 5 mg. For the non-isothermal experiments, a
range between —60 and 100 °C was used. The first heating scan was
used to erase the thermal history of the material; then, it was cooled
down to —60 °C and then heated again to 100 °C. The cooling and
second heating scans were employed for the analysis of the non-
isothermal results. The heating and cooling rates were 20 °C min™".

The crystallization temperatures (T.) employed for the isothermal
crystallization experiments were obtained using the methodology
proposed by Lorenzo et al. and Pérez-Camargo et al.”**’

The procedure for the isothermal crystallization experiments was as
follows: (1) heat the sample from 25 to 100 °C at 20 °C min™", (2)
hold for 3 min at 100 °C, (3) cool to T, at 60 °C min™", (4) hold at
T, for 40 min to allow PEO crystallization, and then (5) heat from T,
to 100 °C at 20 °C min~" to measure the melting temperature change
as a function of T

The PEO crystallinity degree was calculated using the equation

AH

= — x 100
fAH,

m

‘ )
AH?, is the equilibrium

where AH,, is the measured melting enthalgg,
and f is the PEO weight

melting enthalpy (for PEO, it is 214 J g™'),
fraction in the sample.

The glass transition temperature (Tg) in a temperature sweep in
the DSC is observed as a stepwise endothermic change in the heat
flow. This value is taken at the midpoint of this change. The Gordon-
Taylor equation was employed to fit the change in T, with respect to
the composition™

w Ty + szng

T 3
blend
o wy + kw,

)

where w, and w, are the polymer component weight fractions, T,, and
Ty, are the glass transition temperatures of PEO and PNaMTES],
respectively, and k is the p,Aa,/p,Aa, ratio. p and Aa correspond to
the density and the expansion coefficient change at T, respectively.*’

The ionic conductivity was determined by electrochemical
impedance spectroscopy (EIS) using an Autolab 302N potentiostat
galvanostat. The experiments were carried out at different temper-

atures (95—25 °C). The electrolyte was placed between two stainless
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steel electrodes (surface area = 0.5 cm”). The Nyquist plots were
obtained in the 100 kHz to 1 Hz range with a 10 mV amplitude.

The Vogel-Tammann—Fulcher (VTF) equation was used to
adjust the ionic conductivity values of the electrolytes in order to
calculate the activation energies’’

o = Ae [_—Ea]
B W) 3)

where A is the prefactor of the equation, which has the same unit as
the ionic conductivity (S cm™), R is the universal gas constant (8.314
J mol™ K™'), T is the temperature in Kelvin, and Ty, is the Vogel
temperature (T, — 50 °C).

The sodium-ion transference number (ty,") was determined by a
combined measurement of AC impedance and DC polarization until a
steady state current was obtained after 12 h using a Multi Potentiostat
VMP3 (Biologic, France) at 70 °C. For this purpose, a CR2032-type
coin cell was used using two Na° disk electrodes (Na°IPEINa®)
assembled under an argon atmosphere in a glovebox. The impedance
spectra were recorded in the frequency range of 1 MHz to 0.1 Hz
using an amplitude of 10 mV before and after DC polarization.

The sodium-ion transference number was determined using the
Bruce and Vincent method using the following equation®

_ If(AV - IORi,O)

Nat =
I(AV - IfRi,f)

(4)

where AV is the applied DC voltage, I, and I; are the initial and
steady-state currents, and R; ; and R, are the steady-state and initial
resistance at the Na’IPE interface, respectively.

The spherulitic growth rate and morphology were obtained using
an OLYMPUS BXS1 polarized light optical microscope (PLOM)
fitted with an OLYMPUS SCS0 camera and a Mettler FP82HT hot
stage with a liquid-nitrogen cooling capability. The electrolyte samples
were placed between two glass slides and heated until 100 °C to form
a thin film and kept at this temperature for 3 min to erase thermal
history. Afterward, the sample was cooled at S0 °C min™' to a
temperature at which the spherulites began to appear. Ten
photographs were taken as a function of time for 10 T, values. By
plotting the radius of the spherulite as a function of time, a straight
line was always obtained, and the slope gave the spherulitic growth
rate.

Linear sweep voltammetry (LSV) experiments were performed
using a CR2032-type coin cell. These cells were assembled comprising
a stainless steel working electrode and Na° disk as both the reference
and counter electrode inside the argon-filled glovebox. Measurements
were performed between the open-circuit potential (OCV) and 6.0 V
versus Na*/Na’ at a scan rate of 1 mV s7! using a Multichannel
Potentiostat VMP3 (BioLogic, France).

Na” symmetrical coin cells (Na’IPEINa°) were assembled inside an
argon-filled glovebox and used to study the evolution of the total
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resistance over the temperature from 25 to 70 °C using a Multi a) T T b) 30 [ T
Potentiostat VMP3 (Biologic, France). f/ Gordon-Taylor eq.
Cyclic voltammetry (CV) experiments were performed using 30770 360 | k=022 4
CR2032-type coin cells. These cells were assembled comprising a f/ ® Experimental value
copper working electrode and Na’ disk as both the reference and o u 340 |
counter electrode inside the argon-filled glovebox. Measurements 2
were performed between the open-circuit potential (OCV) and —1.0 S [0 _ sor
V versus Na*/Na’ at a scan rate of 1 mV s ! using a Multichannel uCJ X 300 |
Potentiostat VMP3 (BioLogic, France). The Coulombic efficiency of 2 =~
the plating/stripping process was determined using the following E 85/15 280 |-
equation =
[} 260 [
CE(%) _ Cplat.max. - CplatO T 210 |
strip.max. ~ “strip0 (5) K
_ o . %1 220
where Cypyt. max . a0d Cpjyeo are the maximum and initial plating currents PEO
and Cyyip, max . a0d Cygyip0 are the maximum and initial striping currents Lt bt 1) L)

given in percentage, respectively.

3. RESULTS AND DISCUSSION

Polymer blends were prepared in different compositions.
PNaMTESI of ~50,000 g mol™" was synthesized by RAFT
polymerization as described in the Experimental Section, and
PEO of 100,000 g mol™" was used. These polymer molecular
weights were chosen because they showed the highest values in
terms of ionic conductivity for lithium single-ion polymer
blends.”* First, both homopolymers were dissolved together in
water. After evaporating the solvent and drying the polymer
blend extensively, the polymer films were prepared in a hot
press as shown in Figure 1 (the storage modulus as a function
of the temperature for the blends is presented in Figure S2).

3.1. Non-isothermal DSC. First, we investigated the
blends by DSC. Ion transport in a polymeric host is influenced
by the crystallinity and segmental movement of the polymeric
chains. Ionic conductivity takes place preferentially in the
amorphous phase of the polymer matrix, and thus, crystallinity
will restrict the ion mobility. Moreover, polymers with lower
glass transition temperatures (T,) are characterized by higher
long-range segmental movements (above Tg), increasing the
ionic conductivit}r.3?”34 For this reason, the results obtained
from DSC and ionic conductivity measurements are usually
correlated. PNaMTESI is an amorphous polymer with a T, of
97 °C,”* while PEO is a semi-crystalline one with a T, of 68
°C and a T, of =55 °C, and these values coincide with those
reported in the literature.”®

Figure 2a shows the DSC curves for neat PEO and the
electrolytes. It is observed that the melting temperature of
PEO decreases from 68 to 65 °C with the addition of 30 wt %
PNaMTFSI (blend 70/30). Upon the addition of 50 and 70 wt
% PNaMTFSI (50/50 and 30/70), the PEO phase is rendered
amorphous. Additionally, the crystallinity of PEO (X.)
decreases from 60 to 45% with 30 wt % PNaMTFSI (70/
30). On the other hand, the T, increases as the amount of
PNaMTESI in the electrolyte increases. This effect is clearly
seen in electrolytes with a high concentration of PNaMTEFSI
as, with 50 wt %, the T, is —18.9 °C and, with 70 wt %, it is 0.4
°C.

Figure 2b represents the experimental T, as a function of the
PEO fraction, and the Gordon-Taylor equation allows the
prediction of the T, of the blend from the T}’s of the individual
polymers, assuming that both polymers are miscible. For the
samples that are completely amorphous (50/50 and 30/70), a
very clear T, is observed, and these values fit the Gordon-
Taylor equation very well, indicating that the polymers are
miscible; for the electrolytes with a lower concentration of
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Figure 2. (a) Second heating DSC curves for neat PEO and the
prepared PEO/PNaMTEFSI blends, (b) T, as a function of the PEO
fraction; the blue dots are the experimental T, obtained by DSC, and
the solid black line is the fit of the Gordon-Taylor equation.

PNaMTFSI (85/15 and 70/30), the PEO maintains
crystallinity and the change in T, is not very clear. However,
the T, value for these blends can be predicted with the
Gordon-Taylor equation. These results indicate that PEO and
PNaMTESI are miscible. A similar result was also obtained for
the PEO/PLIMTEFSI blend reported before.?

3.2. Isothermal Crystallization and Morphology. The
morphology and spherulitic growth rate were evaluated with a
polarized light optical microscope (PLOM). Figure 3 shows
the morphology of the PEO semi-crystalline superstructures at
an isothermal crystallization temperature of 50 °C for neat
PEO (Figure 3a) and for the blends 85/15 and 70/30 (Figure
3b,c, respectively). For neat PEO, large negative spherulites
were observed with very clear Maltese cross extension patterns.
On the other hand, the PEO spherulites in the blends with
15% PNaMTFSI exhibit much smaller spherulites (see Figure
3b and notice the different scale bar with respect to Figure 3a).
This indicates that the PNaMTESI diluent increased the
nucleation density of PEO and also the morphology of the
spherulites changed as the Maltese cross pattern is difficult to
observe. Increasing the concentration of PNaMTESI to 30%
distorts the PEO spherulites, and the nucleation increases even
further. Changes in the spherulite morphology and increased
nucleation are further evidence of miscibility between the
polymers. The increase in the nuclei density may be due to the
transfer of impurities from PNaMTEFSI to PEO, which may act
as nucleating agents for PEO.*

The spherulitic growth rate depends on the energy required
to transport the polymer chains to the surface of the growing
crystal and also on the energy barrier for the creation of
secondary nuclei of critical sizes. These energies depend on the
molecular characteristics of the polymers and on the quantities
T,y Ty and T,.*>* As observed by DSC, PEO and PNaMTFSI
are miscible and the incorporation of an amorphous miscible
polymer causes a reduction in the equilibrium melting
temperature (T&).38

Figure 4a shows the growth rate of PEO spherulites as a
function of the crystallization temperature measured using
PLOM, and these values correspond to secondary nucleation
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Figure 3. (a) Spherulite of neat PEO and (b) PEO spherulites in the 85/15 PEO/PNaMTFSI blend and (c) in the 70/30 PEO/PNaMTFSI blend.
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Figure 4. (a) Growth rate measured by PLOM and (b) overall
crystallization rate measured by isothermal crystallization experiments
in DSC. The solid lines are fits to the Lauritzen and Hoffman
equation (see the Supporting Information), which are shown to guide
the eye.

or growth rate kinetics only (i.e., they are independent of
primary nucleation).

In the case of the 70/30 blend, it was impossible to
determine the growth rates as the spherulites were too small
because of the high nucleation density, and determining the
variation in size as a function of time was not possible.

In polymers crystallized from the melt, the spherulitic
growth rate versus crystallization temperature is a bell-shaped
curve with a maximum between T, and T},,. The left side of the
graph is dominated by chain diffusion with a minor
contribution from secondary nucleation; the right side of the
curve is dominated by secondary nucleation with a minor
contribution from diffusion. Figure 4a shows a decrease in the
spherulitic growth rate of PEO when 15 wt % PNaMTFSI is
incorporated in the blend (blend 85/15), indicating that the
stiffer PNaMTEFSI chains are interfering with the growth
process of PEO spherulites, slowing it down. This change in
the PEO spherulitic growth rate by the addition of the
amorphous PNaMTFSI in a relatively small proportion (15 wt
%) can be considered evidence of miscibility. If the blends
were immiscible, the growth rate would have been most
probably unaffected.

A different behavior occurs if primary nucleation is taken
into account. The overall crystallization rate measured by DSC
takes into account primary nucleation and secondary
nucleation (growth). Figure 4b shows the inverse of the half-
crystallization time (1/75y) as a function of the crystallization

temperature (T.). The inverse of the half-crystallization time
(1/749y) is directly proportional to the overall crystallization
rate.”®®” In this case, the PEO overall crystallization rate
increases with 15 wt % PNaMTFSI addition (blend 85/15)
and then decreases when 30 wt % PNaMTEFSI is added to the
blend (70/30). Although, in both cases, the overall
crystallization rate is higher than neat PEO, there is
competition between nucleation and growth. As shown in
Figure 3, the nucleation density increases with PNaMTFSI
addition; this usually implies that the nucleation rate also
increases. However, as seen in Figure 4a, the growth rate
decreased with 15% PNaMTFSI addition, and it is expected
that it will decrease even more with 30% addition as the T, of
the blend also increases (the concentration of PEO decreases).
The results of Figure 4b can be explained by the competition
between primary nucleation and growth. For 15% PNaMTFESI
addition, the increase in nucleation dominates the overall
crystallization kinetics, but with 30 wt % addition, the growth
is the dominant factor.

3.3. lonic Conductivity and Sodium-lon Transference
Number (ty,*). The ionic conductivity is one of the most
critical parameters to be considered for a solid electrolyte that
shows potential to be used in a battery. Figure S presents the
ionic conductivity of the blends as a function of the
temperature. It is observed that the highest conductivity values
are obtained at high temperatures for the electrolytes 85/15
and 70/30 (4.9 X 107° and 3.8 X 107> S cm™! at 70 °C,
respectively). When decreasing the temperature to S0 °C,
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Figure 5. Ionic conductivity as a function of the temperature for the
different electrolytes; the black lines are fits to the VTF equation.
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these same electrolytes present a drop in the ionic conductivity
due to the crystallization of PEO. The electrolytes 50/50 and
30/70 do not present this drop in conductivity because they
are completely amorphous, but the conductivity values are
lower than those of the electrolytes with a lower PNaMTFSI
concentration (1.2 X 10™° and 1.5 X 107° S ecm™at 70 °C,
respectively). At higher contents of PNaMTEFSI, the T, of the
blend increases, which brings forward that the mobility of the
cations is restricted.

The VTF equation describes the behavior of the bent
conductivity. It explains that diffusion can only occur when the
diffusing particle (in this case, the sodium cation) moves from
one free volume to another. The quantity T — T, gives the
availability of the free volume.”*”

Table 1 presents the fitting parameters of the VIF equation
(eq 3); the value of A is the prefactor of the equation, which

Table 1. Parameters Obtained by Fitting the Data with the
VTF Equation for the Different Electrolytes

sample A E, ()] mol™) T, (K) R?
85/15 melted 349 x 1073 6.174 178.5 0.959
85/15 crystallized 28.93 20.61 178.5 0.999
70/30 melted 824 x 1073 6.758 185.7 0.997
70/30 crystallized 94.42 20.46 185.7 0.999
50/50 5.85 x 1072 9.831 204.23 0.998
30/70 495 x 1072 10.364 223.55 0.999

represents the theoretical ionic conductivity at very high
temperatures. In this case, due to the mathematical adjustment,
it is observed that, for the 85/15 and 70/30 materials at low
temperatures (where PEO is crystallized), the slope is larger in
the adjustment line, which makes the value of A very high. The
most important parameter that can be calculated by this
equation is the activation energy. It is observed in Table 1 that
the lowest activation energies are for the 85/15 and 70/30
electrolytes at high temperatures (where PEO is molten), and
their values are very similar. This makes sense since the ionic
conductivity values between 50 and 100 °C are also very
similar. When the PEO crystallizes, the activation energy
becomes higher, increasing from 6 to 20 kJ mol ™" in the case of
the 50/50 and 30/70 electrolytes. The values for these samples
could be adjusted in all the temperature ranges since they are
completely amorphous, and for these electrolytes, the
activation energies are 9.831 and 10.364 kJ mol™". T, values
were calculated as T, — 50 °C for all electrolytes. In the case of
the 50/50 and 30/70 compositions, they were taken directly
from the values obtained by the non-isothermal DSC runs, but
in the case of the 85/15 and 70/30 electrolytes, the T, values
were obtained by means of the Gordon-Taylor equation
(Figure 2b).

One of the objectives of anchoring the anion to the polymer
backbone is to allow solely cation transport (sodium in this
case) so that a high sodium transference number value (ty,"),
close to unity, is obtained. It has already been observed that
not only the ionic conductivity but also a high sodium
transference number is critical for a good electrochemical
performance.*’ Different methods can be used to determine
tyat such as the electrochemical polarization method or
diffusivity measurements. In this work, the ty,* was measured
using the Bruce and Vincent method.”> These experiments
were done at 70 °C to provide enough ionic conductivity.
Table S1 shows ty, values measured for the different
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electrolytes 85/15, 70/30, and 50/50. The use of the
PNaMTESI leads to obtaining PEs displaying high t,* in all
the cases of above 0.83. This reflects the unique single-ion
nature of these electrolytes where the only mobile species is
the cation. These sodium-ion transference number values and
the total ionic conductivity (6,,,) were used to calculate the
sodium ion conductivity (oy,") (Figure 6). Remarkably, the
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©
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15 wt%

30 wt% 50 wt%

PNaMTFSI content (wt%) electrolyte
Figure 6. Sodium transference number, total ionic conductivity, and

sodium ion conductivity of blends 85/15, 70/30, and 50/50 (15, 30,
and 50 wt % PNaMTEFSI) at 70 °C.

On,* is very similar to the total due to the high sodium
transference number, meaning that the main contribution to
the ionic conductivity comes from the Na ion, avoiding the
undesired effects derived from the mobility of the anion that
could lead to cell polarization, dendrite growth, and ultimately,
cell failure.”"**

3.4. Electrochemical Stability with the Sodium Metal.
The temperature dependence of the sodium interfacial
resistance was evaluated using electrochemical impedance
spectroscopy (EIS) in Na°IPEl Na® symmetrical cells (Figure
7a—c). Figure 7a shows the Nyquist plot of the four electrolyte
compositions with different PNaMTEFSI contents at 70 °C
where a higher content of the single-ion conducting polymer in
the electrolyte is translated into an increase of the total
interfacial resistance (R, = 7477 Q cm?® (15 wt %), R, = 1747
Q cm? (30 wt %), Ry, = 17,459 © cm? (50 wt %), and R, =
547,312 Q cm® (70 wt %)). This could be ascribed to the
lower ionic conductivity of such electrolytes. In addition, the
temperature dependence of the sodium interfacial resistance
was evaluated using EIS in Na’lPEINa’ symmetrical cells for
the 15 and 30 wt % PNaMTFSI-containing electrolytes (Figure
7b,c). In both cases, the bulk resistance and interfacial
resistance increase when decreasing the temperature from 70
to 40 °C. This is due to the drop in the ionic conductivity
when decreasing the temperature and, in addition, the poorer
contact between the sodium metal and the electrolyte, leading
to a higher resistive interface. In Figures S3—S5, the Nyquist
diagrams are presented to show the results at low resistances.

The anodic stability of developed electrolytes was assessed
by LSV. Figure 7d shows the LSV traces measured at 70 °C for
all the different compositions. The increasing concentration of
the PNaMTESI improves the stability of the electrolyte from
3.5 (15 wt % PNaMTEFSI) to 4.5 V versus Na*/Na’ (70 wt %
PNaMTEFSI). This could be explained by the lower oxidation
stability of the ethylene oxide units of PEO compared with
PNaMTES], so the electrolyte containing 70 wt % PNaMTFSI
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Figure 7. (a) Interfacial resistance of the 15, 30, 50, and 70 wt % PNaMTFSI-containing electrolytes at 70 °C. (b) Nyquist plot of the 15 wt %
PNaMTFSI-containing electrolytes at different temperatures. (c) Nyquist plot of the 30 wt % PNaMTFSI-containing electrolytes at different

temperatures. (d) LSV of the 4 different-composition electrolytes at 70 °C.

is the electrolyte with the highest oxidation stability. These
results prove the potential application of these electrolytes to
be used with <4.0 V class cathode materials, such as sodium
iron phosphate (NaFePO,)."**

Figure 8 shows the overall stability window for the
electrolyte 70/30 (30 wt % PNaMTFSI), being the
composition with the highest ionic conductivity at 70 °C
(3.8 X 107° S cm™"). During the cathodic scan, reversible
peaks at —1 and 0.5 V versus Na*/Na° can be observed
corresponding to the sodium plating and striping; moreover,
the Coulombic efficiency of the plating/striping process was
calculated, showing excellent values close to 100%. In addition,
the anodic limit of the electrolyte was found to be
approximately 4 V versus Na*/Na’. All this data confirm the
good performance of these materials to support the sodium
chemistry.

3.5. Comparison of Sodium and Lithium Solid
Polymer Electrolytes. In this section, a comparison is
made between the sodium electrolytes reported in this work
with the lithium electrolytes reported by our group
previously.”> This comparison is made to evaluate the effect
of the cation on the overall properties of the blends since, in
both cases for lithium and sodium, the same polymers with
equal molecular weights were employed.
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Figure 9a presents the change in the T, of the blends as a
function of the fraction of PEO in the blend. It is observed that
the data for the two systems are adjusted to the Gordon-Taylor
equation where the parameter k is taken into account, which is
related to the changes in the expansion coefficient. In both
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cases, there is a negative deviation from a simple mixing rule of
T, with the composition; however, the stronger intermolecular
interactions between PEO and PLIMTFSI increase the T, of
the blend more than in blends with PNaMTESL*™*" In
addition, as the cation size increases, the separation between
the polymer chains increases, so the T, of the sodium mixtures
is lower."®

The ionic conductivity in solid polymer electrolytes is
directly related to the number of free carriers as well as their
mobility, according to the equation

o=z, ©)

where z, n, and y; are the ion charge, number of charge
carriers, and ion mobility, respectively.

Figure 9b shows that the ionic conductivity in Li electrolytes
is higher than in the case of Na electrolytes. This can be
explained by the fact that the local viscous force (of cations

moving in the media) increases with increasing the cation size,
which reduces the cation conduction,*® and hence, a larger
cation such as Na will conduct less than a smaller one such as
lithium. A similar effect where, in the same polymer matrices,
there is a higher ionic conductivity with lithium than with
sodium salts has been previously reported.”” The values of ion
transference numbers for both systems are also presented, and
it is observed that the values of the transference number are
higher in the sodium system perhaps because this system has a
lower T,.

The spherulitic growth rate of the blends can be normalized
by dividing the value of G by Gpgo, giving values of 1 for PEO.
Figure 10a shows the relationship between the spherulitic
growth rate of the sample with respect to PEO, and in this
case, it is clearly observed that, in both cases, the spherulitic
growth rate decreases with both cations, that is, 90% with Li
and 40% with Na, for the blend with 15 wt % single-ion
polymer electrolyte. This indicates that the growth rate of PEO
crystals is more affected when the single-ion polymer has
lithium cations. This is a consequence of the stronger
intermolecular interactions in the PEO/PLiIMTESI blends in
comparison with the PEO/PNaMTEFSI blends. When the PEO
chains in the miscible mixed melt with PLIMTESI chains
crystallize by attaching to a growing PEO spherulite, they have
to diffuse away from the PLiMTESI chains. This process is
more difficult when the intermolecular interactions are
stronger as in the case of PEO/PLiMTESI blends in
comparison to PEO/PNaMTESI blends, hence the stronger
suppression of the spherulitic growth rate.

On the other hand, if we plot the overall crystallization rate
(1/759) of each electrolyte divided by the overall crystal-
lization rate of PEO (1/7spqpro) as a function of the
crystallization temperature (Figure 10b), it is observed that,
for the case of lithium blends, the overall crystallization rate
decreases to less than 50% with 15 and 30 wt % PLiMTESI,
but for the case of sodium electrolytes, the crystallization rate
increases up to 3 times more with 15 wt % PNaMTFSI and 1.5
times more with 30 wt % PNaMTEFSI A clear difference is
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Figure 10. (a) Growth rates and (b) overall crystallization rates normalized by the neat PEO data for the lithium and sodium electrolytes as a

function of the crystallization temperature.
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observed in how the crystallization of PEO is affected with
different cations.

It should be remembered that the overall crystallization rate
determined by DSC takes into account both primary
nucleation and growth. As discussed in Section 3.2, in
electrolytes with sodium, there is a higher nucleation density
in comparison to those with lithium. Therefore, in the case of
PEO/PLiMTEFSI blends, the growth rate is the dominant term
of the overall crystallization kinetics, causing its depression.
Instead, for PEO/PNaMTPEFS], it is the primary nucleation that
dominates the kinetics, and it provokes an increase in the
overall crystallization kinetics, leading to very different trends
between electrolytes with Li or Na as shown in Figure 10b.

4. CONCLUSIONS

In this article, high-conducting single-ion solid polymer
electrolytes were presented based on polyethylene oxide/
sodium sulfonamide polymethacrylate blends. Four different
blends of single-sodium-ion polymers based on PEO and
PNaMTFSI were prepared (15, 30, SO, and 70 wt %
PNaMTEFSI). Non-isothermal DSC showed that the crystal-
linity of PEO decreases as a function of the concentration of
PNaMTEFSI, being completely amorphous with 50 wt %
PNaMTFSIL Moreover, a single intermediate T, is presented
between PEO and PNaMTEFS]I, proving the miscibility of these
two polymers. In addition, the ionic conductivity was
determined for the electrolytes and correlated to the DSC
results with the electrolytes with 15 and 30 wt % PNaMTZESI
being the ones that showed the highest ionic conductivity (in
the order of 107> S cm™ at 70 °C). Sodium-ion transference
number values of greater than 0.83 were obtained, confirming
the single-ion conduction property. As expected for miscible
blends, both the spherulitic growth rate and the overall
crystallization rate were a function of the blend composition.
All the electrolytes showed stability of higher than 4 V, which
opens the possibility of their use in sodium metal batteries. A
comparison was made between the effect of lithium or sodium
in the same polymeric system, and it was shown that the ionic
conductivity in sodium electrolytes is a little less because the
local viscous force increases with increasing the cation size.
Finally, the effect of the cation on the crystallization of PEO
was studied where lithium decreases the crystallization rate of
PEO more, while the presence of sodium has a greater
nucleating effect on PEO, which increases the overall
crystallization rate with respect to neat PEO.
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