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ABSTRACT: We have studied ion transport in electrolytes created by blending two different polymers and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The polymers covered in this study are poly(ethylene oxide) (PEO), poly(1,3,6-
trioxocane) (P(2EO-MO)), and poly(1,3-dioxolane) (P(EO-MO)). Ion transport is quantified by the product κρ+ which is defined
as the efficacy of the electrolytes, where κ is conductivity and ρ+ is the current fraction determined by the Bruce−Vincent method.
Polymer blends can be either one-phase or macrophase-separated. We used small-angle neutron scattering (SANS) to distinguish
between these two possibilities. The random phase approximation (RPA) was used to interpret SANS data from one-phase blends.
The effect of added salt on polymer blend thermodynamics is quantified by an effective Flory−Huggins interaction parameter. All
polymer blends were one-phase in the absence of salt. Adding salt in small concentrations results in macrophase separation in all
cases. One-phase systems were observed in the PEO/P(EO-MO)/LiTFSI blends at high salt concentrations. In most of the polymer
blend electrolytes, the measured κρ+ was either lower than or comparable to that of the homopolymer electrolytes. An exception to
this was one-phase PEO/P(EO-MO)/LiTFSI blends electrolytes at high salt concentrations.

■ INTRODUCTION
Polymer electrolytes are our current interest as they can replace
the flammable organic solvents used in current rechargeable
lithium batteries.1−4 While large varieties of mixtures of diverse
polymers and different lithium salts have been studied,5−11

poly(ethylene oxide) (PEO) mixed with lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) continues to serve
as a standard in the field.12−16 Ionic conductivity, κ, is an
important parameter but it reflects the motion of both cations
and anions. While the conductivity of PEO/LiTFSI mixtures is
reasonably high at elevated temperatures such as 90 °C, it is
dominated by the motion of anions.16 The performance of
electrolytes in lithium batteries depends on the mobility of
lithium cations, and an approach for evaluating this was
developed by Bruce, Vincent, and Watanabe et al.17,18 In this
method, a potential is applied across a lithium symmetric cell
and one measures the current fraction, ρ+, defined as a ratio of

the final (steady-state) to the initial current, which relates the
amount of current carried by the cation.19−24 In the limit of small
applied currents, the efficacy of electrolytes is related to the
product κρ+. Unfortunately, the value of ρ+ of PEO/LiTFSI
mixtures is relatively low; at the salt concentration where κ is
maximized, ρ+ is only about 0.08. While there are a few recent
reports of promising electrolytes with high values of κ and ρ+,25

the challenge of designing electrolytes with κρ+ values higher
than that of PEO/LiTFSI is significant.26 In most polymers,
efforts to increase ρ+ led to a disproportionate decrease in κ.27−29
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The purpose of this study is to examine the possibility of
obtaining polymer electrolytes with high κρ+ values by blending
two polymers. Conventional liquid electrolytes for lithium
batteries are blends of two organic solvents and a salt. One of the
organic solvents is a high dielectric constant liquid such as
ethylene carbonate (EC), while the other is a low dielectric
constant liquid such as dimethyl carbonate (DMC).30,31 Ion
dissociation is enabled by a high dielectric constant liquid, but
these solutions would be extremely viscous if the low dielectric
solvent were absent. In fact, EC is a solid at room temperature.
Given that PEO is a polymer with a low dielectric constant, we
investigated blending it with a more polar polymer, poly(1,3-
dioxolane) P(EO-MO).32 In a previous publication, we studied
polymer blend electrolytes comprising PEO, poly(1,3,6-
trioxocane) P(2EO-MO), and LiTFSI.33 In this study, we
examined both PEO/P(EO-MO)/LiTFSI and P(EO-MO)/
P(2EO-MO)/LiTFSI blends. The blend components of interest
are given in Scheme 1. Small-angle neutron scattering (SANS) is

used to study the phase behavior of these blends. We also
present electrochemical data showing that the κρ+ values of
several of our blends are somewhat higher than those of PEO/
LiTFSI. The subject of polymer blend electrolytes has been
studied by other groups.34−37 We review these studies in the
Results and Discussion section, after we present data from the
systems listed above.

■ MATERIALS AND METHODS
Polymer Blend Electrolyte Preparation and Composition.

The molar masses, Mn, and dispersities, Đ, of PEO (Polymer Source),
deuterated PEO (dPEO) (Polymer Source), P(EO-MO) (synthesized
as described in ref 32), P(2EO-MO), and deuterated P(EO-MO)
(dP(EO-MO)) (synthesized as described in the Supporting Informa-
tion) used in this study are summarized in Table 1.

Electrolytes used for SANS experiments were dPEO/P(EO-MO)/
LiTFSI and dP(EO-MO)/P(2EO-MO)/LiTFSI blends. Electro-
chemical measurements were also performed on PEO/P(EO-MO)/
LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI blends (no deuterated
polymers). All polymers were dried in a glovebox antechamber under
vacuum at 90 °C for at least 24 h prior to use. LiTFSI was dried under
vacuum at 120 °C for at least 72 h. The polymer composition of the
blends was 50/50 by weight. Blends were created by mixing the
required amounts of polymers and salt in acetonitrile. The electrolytes
were prepared by evaporating the acetonitrile on a hot plate in a
glovebox at 80 °C overnight. This was followed by a final drying step in
the glovebox antechamber under vacuum at 90 °C for 24 h. The salt
concentration of the blends was quantified by the molar ratio of Li

atoms in the salt to O atoms in the polymers (r Li
O

= [ ]
[ ] ), calculated as in

ref 33. Electrolyte r values ranged from 0 to 0.14.
SANS Sample Preparation and Experiment. Sample prepara-

tion for SANS experiments was conducted following procedures
outlined previously.38

SANS experiments on dPEO/P(EO-MO)/LiTFSI blends were
conducted on the NG7SANS beamline at the National Institute of
Standards and Technology Center for Neutron Research.39 Measure-
ments were performed with a neutron wavelength of 6 Å and up to three
sample-to-detector distances (SDDs) of 13, 4, and 1 m. The shortest
distance, 1 m, was used with a detector offset of 25 cm to extend the
scattering angle (2θ) attainable. Overall, the three configurations
allowed for access to a scattering wave-vector magnitude, q sin( )4= ,
ranging from 0.03 to 5.5 nm−1. The neutron beam size was defined by a
9.5 × 10−3 cm aperture. Data were collected at 20 °C increments
between 70 and 110 °C. All measurements were reversible and
repeatable upon either heating or cooling. Samples were equilibrated
for at least 30 min at each temperature. A 9-position Peltier cooling/
heating sample changer block was used to drive and maintain constant
sample temperature. Samples of thickness of 1 mm were used. Data
were reduced using the data reduction software package for IGOR
provided by the NIST Center for Neutron Research.40 The total
scattering intensity was corrected for detector sensitivity, background,
and empty cell contributions as well as sample transmission and
thickness.40,41

SANS experiments on dP(EO-MO)/P(2EO-MO)/LiTFSI blends
were conducted on the HFIR GP-SANS CG-2 beamline at Oak Ridge
National Laboratory.42 Measurements were performed with a neutron
wavelength of 6 Å and three SDDs of 19, 6, and 1 m. Overall, the three
configurations allowed for access to q ranging from 0.03 to 5.5 nm−1.
The neutron beam size was defined by a 12 mm diameter sample
aperture. Data were collected at 20 °C increments between 70 and 110
°C. All measurements were reversible and repeatable upon either
heating or cooling. Samples were equilibrated for at least 30 min at each
temperature. A 12-position Peltier cooling/heating sample changer
block was used to drive and maintain constant sample temperature. The
samples thickness was 1 mm. Data were reduced using a software
package in Jupyter provided by the Oak Ridge National Laboratory.43

The total scattering intensity was corrected for detector sensitivity,
background, and empty cell contributions as well as sample trans-
mission and thickness. The intensity was placed on an absolute scale
using a previously calibrated porous silica secondary standard.42

Electrochemical Sample Preparation and Experiments.
Polymer blend electrolytes were made by the procedure described
above. All blends contained equal mass of the two polymers. Because we
used hydrogenated polymers for these experiments, the volume
fractions of polymers in these samples were slightly different from
those used in SANS experiments. The compositions of all electrolytes
are given in Table S1. Electrochemical experiments were conducted on
the blends using two types of cells as described in ref 44. κ was measured
using blocking stainless steel electrodes. ρ+ was measured using
nonblocking lithium electrodes. Sample thickness was controlled using
380 and 500 μm thick silicone spacers for measuring κ and ρ+,
respectively. All experiments were conducted at 90 °C.

Scheme 1. Chemical structure of poly(ethylene oxide)
(PEO), poly(1,3-dioxolane) (P(EO-MO)), poly(1,3,6-
trioxocane) (P(2EO-MO)), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)

Table 1. Molar Masses and Dispersities of Homopolymers,
and Type of Experiments Used in This Study

Polymer
Mn

(kg mol−1) Đ Experiments

dPEO 35 1.09 SANS
P(EO-MO) 25 1.69 Electrochemical Measurements/

SANS
PEO 35 1.08 Electrochemical Measurements
dP(EO-MO) 22 1.79 SANS
P(2EO-MO) 21 1.58 Electrochemical Measurements/

SANS
P(EO-MO) 18 1.86 Electrochemical Measurements
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Figure 1. Electrochemical characterization of the PEO/P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI blend electrolytes as a function of
LiTFSI concentration (r) compared with each homopolymer/LiTFSI (PEO: 35.0 kg mol−1; P(EO-MO): 23.4 kg mol−1; P(2EO-MO): 55.2 kg mol−1)
polymer electrolyte system from refs 32 and 33. (a), (c) Ionic conductivity (κ). (b), (d) Current fraction (ρ+). Error bars represent the standard
deviation of at least three measurements.

Figure 2. Measured absolute SANS intensity (I(q)) versus the magnitude of scattering vector (q) at 90 °C for (a) dPEO/P(EO-MO)/LiTFSI and (b)
dP(EO-MO)/P(2EO-MO)/LiTFSI polymer blend electrolytes at different salt concentrations (r). Filled symbols correspond to one-phase
electrolytes. Open symbols correspond to macrophase-separated electrolytes. Error bars represent one standard deviation of the scattering data and in
most cases are smaller than the data points.
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■ RESULTS AND DISCUSSION
Electrochemical characterization of all our polymer blend
electrolytes as a function of salt concentration (r) is shown in
Figure 1. The ionic conductivity (κ) of PEO/LiTFSI is about a
factor of 3.8 or 5.1 higher than that of P(EO-MO)/LiTFSI at the
same value of r. However, the ionic conductivity of the polymer
blend electrolyte PEO/P(EO-MO)/LiTFSI is, however, similar
to that of PEO at all values of r (Figure 1a). The current fraction
(ρ+) of PEO/LiTFSI is about a factor of 2.4 or 6.4 lower than
that of P(EO-MO)/LiTFSI at the same value of r. However, the
current fraction of the polymer blend electrolyte PEO/P(EO-
MO)/LiTFSI is similar to that of PEO when r < 0.08. At higher r
values, ρ+ of the blend electrolyte is higher than that of PEO/
LiTFSI; at r = 0.14, ρ+ of the blend electrolyte is a factor of 3.0
higher. As described by the data in Figures 1a and 1b, the
transport properties of the polymer blend electrolytes are not
averages of values observed in the homopolymer electrolytes.

The ionic conductivity of P(2EO-MO)/LiTFSI is about a
factor of 4.2 higher than that of P(EO-MO)/LiTFSI at r = 0.01
(Figure 1c). This factor decreases with increasing r; at r = 0.13, κ
of P(2EO-MO)/LiTFSI is only 38% higher than that of P(EO-
MO)/LiTFSI. At most r values, κ of the P(EO-MO)/P(2EO-
MO)/LiTFSI polymer blend electrolytes lie between those of
the homopolymer electrolytes, P(2EO-MO)/LiTFSI and
P(EO-MO)/LiTFSI. The current fraction (ρ+) of P(2EO-
MO)/LiTFSI is about a factor of 2 lower than that of P(EO-
MO)/LiTFSI at most the r values (Figure 1d). At most r values,
ρ+ of the P(EO-MO)/P(2EO-MO)/LiTFSI polymer blend
electrolytes lie between those of the homopolymer electrolytes,
P(2EO-MO)/LiTFSI and P(EO-MO)/LiTFSI.

The ion transport properties of polymer blend electrolytes will
depend on whether the blends are one-phase or macrophase-
separated. We note in passing that most pairs of high molecular
weight polymers are immiscible with each other.45,46 We
conducted SANS experiments to determine the miscibility
windows in our polymer blend electrolytes.

The measured absolute SANS intensity (I(q)) as a function of
the magnitude of scattering vector (q) for the dPEO/P(EO-
MO)/LiTFSI and dP(EO-MO)/P(2EO-MO)/LiTFSI poly-
mer blends electrolytes is shown in Figure 2. We used the
measured I(q) in the q range 0.4 nm−1 < q < 1.0 nm−1 to
determine if the electrolytes are one-phase or macrophase-
separated. In principle, this could be determined by examining
I(q) in the limit q → 0. However, the pure deuterated polymers
exhibit strong scattering in this limit which may be due to
impurities or voids, as noted in previous publications.38,47−50

The scattering profiles of the pure deuterated polymers are given
in Figure S5. The macrophase-separated dPEO/P(EO-MO)/
LiTFSI blends show a sharp upturn of I(q) below q = 0.4 nm−1,
when the salt concentration r is 0.02−0.06, as shown in Figure
2a. The macrophase-separated dP(EO-MO)/P(2EO-MO)/
LiTFSI blends show a similar signature, but the sharp upturn
of I(q) is seen at q values ranging from 0.4 to 1.0 nm−1 when the
salt concentration r is ≥0.01, as shown in Figure 2b. The lack of a
sharp upturn of I(q) in the q range noted above it is taken as a
signature of a one-phase blend. In the absence of salt, both
dPEO/P(EO-MO) and dP(EO-MO)/P(2EO-MO) blends are
one-phase. Adding LiTFSI in dilute concentrations results in
macrophase separation in both cases. At higher salt concen-
trations above r = 0.08, the dPEO/P(EO-MO)/LiTFSI blends
become one-phase again. In contrast, the dP(EO-MO)/P(2EO-

MO)/LiTFSI blends remain macrophase-separated in all salt
concentrations studied.

We analyze the SANS data from homogeneous blends using
the Flory−Huggins theory. In this theory, which applies to
blends of two homopolymers

v
G

k T N N

ln lnm

B

1 1

1

2 2

2
1 2= + +

(1)

where ΔGm is the free energy of mixing per unit volume, kB is the
Boltzmann constant, T is the absolute temperature, labels 1 and
2 refer to the two polymers, ϕi is the volume fraction of
component i, Ni is the number of repeat units in chain i, and χ is
the Flory−Huggins interaction parameter between monomers
of type 1 and 2.51,52N1, N2, and χ are based on a reference
volume, v = 0.1 nm3. The critical Flory−Huggins interaction
parameter value, χcritical, is given by the following:

N N
1
2

1 1
critical

1 2

2

= +
i
k
jjjjj

y
{
zzzzz

(2)

Blends with χ < χcritical imply miscible phase, regardless of
composition.

To account for added salt, we use a simple extension of eq 1.

v
G

k T N N
ln lnm

B
polymer

1 1

1

2 2

2
eff 1 2= + +

i
k
jjjjj

y
{
zzzzz (3)

where ϕpolymer is the total polymer volume fraction and ϕi (i = 1
or 2) are the salt-free polymer volume fractions. The effect of
added salt on thermodynamics is captured mainly by an effective
Flory−Huggins parameter, χeff, which depends on salt
concentration.53−56 When r → 0, ϕpolymer → 1, eq 3 reduces to
eq 1, and χeff reduces to the conventional χ parameter for
polymer blends. After checking the qualitative phase behavior of
the two blend systems as a function of r, we analyzed the I(q)
data to determine χeff as a function of blend composition. Before
calculating χeff, the absolute SANS intensity was corrected for
the contributions from coherent scattering of the deuterated
chains and additional background scattering that includes the
incoherent scattering from hydrogen atoms to obtain the
absolute coherent SANS intensity from each blend, Icoh(q)57

I q I q fI q I( ) ( ) ( )coh deuterated polymer/LiTFSI inc= (4)

where f is the volume fraction of deuterated polymer which is
calculated using eq 5.

Label 1 refers to the deuterated component, and label 2 refers to
the nondeuterated polymer; wi is the mass of component i, ρi is
the mass density (ρPEO = 1.23 g cm−3; ρdPEO = 1.34 g cm−3;
ρP(EO−MO) = 1.32 g cm−3; ρdP(EO−MO) = 1.44 g cm−3; ρP(2EO−MO)
= 1.32 g cm−3; ρLiTFSI = 2.023 g cm−3), M′i is the monomer molar
mass (M′EO = 44.05 g mol−1; M′EO−MO = 68.05 g mol−1;
M′2EO−MO = 118.05 g mol−1; M′dPEO = 48.05 g mol−1;
M′dP(EO−MO) = 74.03; M′salt is 287.1 g mol−1), and ni is the
number of oxygen atoms in each monomer (see Scheme 1). The
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densities reported above measured the value at 90 °C. All
polymers are amorphous at this temperature. We assumed that
the densities of P(2EO-MO) and P(EO-MO) are equal and that
the volumes occupied by monomers of deuterated and
nondeuterated polymers are identical. SANS profiles reflect
scattering length density inhomogeneities which we assume are
dominated by fluctuations in polymer concentration; we neglect
the partitioning of salt across these fluctuations.
Ideuterated polymer/LiTFSI is the scattering from deuterated polymer/
LiTFSI mixtures: IdPEO/LiTFSI was taken from ref 38, and
IdP(EO−MO)/LiTFSI was measured (see the Supporting Informa-
tion). Iinc is the incoherent scattering from hydrogen atoms
which we estimate by fitting the measured SANS profile in the
high q range 0.2 nm−1 < q < 5.0 nm−1

I q aP q I( ) ( ) inc= + (6)

where

P q
q R q R

q R
( ) 2

exp( ) 12
d

2 2
d

2

4
d

4=
+

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (7)

a, Iinc, and Rd are fitting constants.57 When the scattering from
deuterated sample arises from heterogeneity in deuteration
levels, the fitted parameter Rd is consistent with the radius of
gyration of the polymer chains.58 After subtracting
Ideuterated polymer/LiTFSI(q) and Iinc from I(q), we obtain Icoh(q) for
miscible blends using eq 4. The results we obtained are shown in
Figure 3.

Following ref 33, we use the following expression for analyzing
Icoh(q) from one-phase polymer blends based on the random
phase approximation (RPA) method59−63

I q B B v
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where Bi is the coherent neutron scattering length density of
component i, calculated as in ref 33 (BdPEO = 128.0 × 10−15 mol
cm−2; BP(EO−MO) = 17.7 × 10−15 mol cm−2; BdP(EO−MO) = 139.0 ×
10−15 mol cm−2; BP(2EO−MO) = 14.8 × 10−15 mol cm−2), v is
reference volume (0.1 nm3), and Sii(q) is the ideal structure
factor of polymer i given by

S q NP q( ) ( )i i iii = (9)

Ni is the number of repeat units in each polymer, given by

N
M
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i
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(10)

where Nav is Avogadro’s number, Mi is the polymer molar mass
(g mol−1), ρi is the polymer density (g cm−3), and Pi(q) is the
Debye function of the polymer i
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where Rgi is the radius of gyration of polymer i and li is the
statistical segment length of polymer i. We assumed that the li
value of PEO is 0.58 nm.38 The nominal values for li of P(EO-
MO) and P(2EO-MO) were taken to be 0.58 nm. Equations
8−11 apply to one-phase blends of monodisperse polymers
wherein the ions are distributed homogeneously. The scattering
data in Figure 3 were fitted to eq 8 with two adjustable
parameters: χeff and α where the values of li of P(EO-MO) and
P(2EO-MO) were also assumed to be 0.58α nm (α is constant).
The parameter α accounts for differences in the statistical
segment lengths of the polymers (PEO, P(EO-MO), and
P(2EO-MO)) in the blends. It reflects the average distortion of
chains in the blends. α is generally greater than 1 for all blends.
We attribute to the increased stiffness of P(EO-MO) or P(2EO-
MO) chains relative to that of the PEO chains. α was found to be
a weak function of temperature. To minimize errors in fitting, we
used a temperature-average value of α for each miscible blend
(70, 90, and 110 °C; see the Supporting Information). The final
fits were obtained with χeff as the only adjustable parameter. The
blend compositions and α parameters obtained using RPA
fitting are listed in Table 2. The curves in Figure 3 show those fits
from which we estimate χeff for all one-phase polymer blends.
Icoh(q) obtained from macrophase-separated blends could not
be fit using this RPA-based approach (see Figure S7).

The temperature dependence of χeff of the miscible polymer
blends, obtained by the fitting procedure described in the
previous paragraph, is shown in Figure 4. The measured χeff

Figure 3. Coherent SANS intensity profiles (Icoh(q)) (open symbols) and corresponding RPA fits (solid curves) for one-phase blends at 90 °C. (a)
dPEO/P(EO-MO)/LiTFSI blends and (b) dP(EO-MO)/P(2EO-MO). Error bars represent one standard deviation of the scattering data and in most
cases are smaller than the data points.
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values have not been corrected for the dispersity of polymer
chains or the possibility of salt partitioning. We fit this
dependence to the function of the form

A
T

Beff = +
(12)

where A and B are constants.64 These constants are given in
Table 3. As shown in Figure 4a, χeff of dPEO/P(EO-MO) (r = 0)
decreases slightly with increasing T. The value of B for the
system is small, (8.5 ± 0.4) 10−3 K−1. Also shown in Figure 4a is
χcritical calculated using eq 2. We assume the χeff for macrophase-
separated systems exceeds χcritical. Adding salt to this blend
results in macrophase separation at salt concentrations up to r =
0.06. We conclude that χeff of dPEO/P(EO-MO)/LiTFSI
blends with 0.02 < r < 0.06 is greater than χcritical (5.2 × 10−3).
Further increasing the salt concentration to r = 0.08 results in a
one-phase blend wherein χeff that decreases significantly with
increasing T. The value of B for the system is large, (71 ± 3) ×
10−3 K−1. The χeff values of dPEO/P(EO-MO)/LiTFSI blends
at r = 0.10 and 0.12 also decrease with increasing T but exhibit
smaller values of B (see Table 3). As shown in Figure 4b, χeff of
dP(EO-MO)/P(2EO-MO) (r = 0) increase slightly with
increasing T. The value of B for the system is small but negative,
(−1.6 ± 0.7) × 10−3 K−1. Adding salt results in macrophase
separation at all values of r between 0.01 and 0.13. In this
window, χeff is greater than χcritical (7.7 × 10−3).

Figure 5a shows the dependence of χeff on r for the dPEO/
P(EO-MO)/LiTFSI blends at different temperatures. At low

salt concentrations (0.02 ≤ r ≤ 0.06), we only get a lower bound
for χeff which is χcritical. We thus only present the lower bounds of
the error bars for χeff in this salt concentration window. At higher
salt concentrations, χeff generally decreases with increasing salt
concentration. It is evident that χeff of dPEO/P(EO-MO)/
LiTFSI blends is a nonmonotonic function of r. This can be
explained as a competition between ion solvation and entropic
effects. At low salt concentrations, ion solvation effect is
dominate; a model for this effect was proposed by Wang.65 At
high salt concentrations, entropic contributions from the
dissociation of ions are dominant,66 and this results in a
reduction of χeff.

We have very limited information about the dependence of χeff
on r for the dP(EO-MO)/P(2EO-MO)/LiTFSI blends, as
shown in Figure 5b. In these blends, we only conclude χeff
increases above χcritical when r increases from 0 to 0.01.

We now discuss the relationship between the electrochemical
properties of the polymer blend electrolyte and the blend phase
behavior. Under a small applied potential gradient, the dc
current is proportional to the product κρ+. We thus refer to κρ+
as the efficacy of electrolyte. In Figure 6a, we plot κρ+ as a
function of r for three systems: PEO/LiTFSI, P(EO-MO)/
LiTFSI, and PEO/P(EO-MO)/LiTFSI blends. The depend-
ence of κρ+ of PEO/LiTFSI and P(EO-MO)/LiTFSI on r is
similar, within experimental error. Given this fact, one might
expect the dependence of κρ+ of PEO/P(EO-MO)/LiTFSI
blends on r to be similar to that of the homopolymer electrolytes.
Figure 6a shows that this is not the case. At r = 0.05, κρ+ of
polymer blend electrolytes is 0.08 mS/cm while that of the
homopolymer electrolytes is 0.16 mS/cm. In contrast, at r =

Table 2. Component Volume Fractions (ϕi)
a and α Values of

Miscible Blends

polymer blend ϕ1 ϕ2 ϕpolymer α
dPEO/P(EO-MO) (r = 0) 0.50 0.50 1.00 1.37 ± 0.03
dPEO/P(EO-MO) (r = 0.08) 0.50 0.50 0.72 1.17 ± 0.03
dPEO/P(EO-MO) (r = 0.10) 0.50 0.50 0.67 1.15 ± 0.01
dPEO/P(EO-MO) (r = 0.12) 0.50 0.50 0.63 1.14 ± 0.01
dP(EO-MO)/P(2EO-MO)

(r = 0)
0.52 0.48 1.00 1.46 ± 0.01

aϕ1: volume fraction of deuterated polymer; ϕ2: volume fraction of
nondeuterated polymer.

Figure 4. Effective Flory−Huggins interaction parameter (χeff) as a function of inverse temperature (1/T) for the one-phase (a) dPEO/P(EO-MO)/
LiTFSI polymer blend electrolytes and (b) dP(EO-MO)/P(2EO-MO) polymer blends. All dP(EO-MO)/P(2EO-MO)/LiTFSI blends were
macrophase-separated. χcritical is calculated by eq 2. Error bars represent one standard deviation of the χeff fits and are smaller than the symbols.

Table 3. A and B (K−1) Values for dPEO/P(EO-MO)/LiTFSI
and dP(EO-MO)/P(2EO-MO) Blends at Various r

polymer blend A B × 10−3 (K−1)

dPEO/P(EO-MO) (r = 0) −2.2 ± 0.1 8.5 ± 0.4
dPEO/P(EO-MO) (r = 0.08) −26 ± 1 71 ± 3
dPEO/P(EO-MO) (r = 0.10) −14 ± 1 34 ± 1
dPEO/P(EO-MO) (r = 0.12) −3.6 ± 0.1 6.3 ± 0.2
dP(EO-MO)/P(2EO-MO) (r = 0) 2.6 ± 0.3 −1.6 ± 0.7
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0.14, κρ+ of polymer blend electrolytes is 0.26 mS/cm while that
of the homopolymer electrolytes is 0.10 mS/cm. The main
difference between the two chosen r values is their phase
behavior: the polymer blend electrolyte at r = 0.14 is one-phase,
while the polymer blend electrolyte at r = 0.05 is macrophase-
separated. It is evident that one-phase polymer blend electro-
lytes can exhibit efficacies that are higher than homopolymer
electrolytes. For completeness, in Figure 6b, we plot κρ+ as a
function of r for three systems: P(EO-MO)/LiTFSI, P(2EO-
MO)/LiTFSI, and P(EO-MO)/P(2EO-MO)/LiTFSI blends.
The dependence of κρ+ on r is similar for all three systems. All of
the polymer blend electrolytes in Figure 6b are macrophase-
separated.

Finally, we compare our findings with literature on polymer
blend electrolytes. Theoretical work by Wheatle et al.35 shows
that conductivity of polymer blend electrolytes can be higher
than that of homopolymer electrolytes, especially if the polarities

of the blended polymers are different and the blend is one-phase.
In the simulations, the conductivity of macrophase-separated
blends was systematically lower than the average conductivity of
the two homopolymer electrolytes. Our experimental data on
macrophase-separated blends are consistent with this result (see
Figures 1a,c). In experimental work, Caradant et al.36 studied the
conductivity of PEO blended with polymers with different
polarities, including polycarprolactone (PCL), polypropylene
carbonate (PPC), and polyvinylpyrrolidone (PVP). All of the
blends in this study were macrophase-separated and exhibited
lower conductivity as compared with PEO electrolytes. To our
knowledge, Figure 6a is the only data set in the literature thus far
that shows higher efficacy of a polymer blend electrolyte relative
to PEO. We speculate that the difference in polarity between
P(EO-MO) and PEO is responsible for the higher efficacy as
predicted by Wheatle et al. We note, however, that higher
efficacy was not obtained at low salt concentrations (r < 0.10).

Figure 5. Effective Flory−Huggins interaction parameter (χeff) as a function of salt concentration, r, for the dPEO/P(EO-MO)/LiTFSI and dP(EO-
MO)/P(2EO-MO)/LiTFSI polymer blend electrolytes at different temperatures. The symbols represent measured values of χeff at salt concentrations
and temperatures where the blends are homogeneous. (a) In the salt concentration range, 0.02 ≤ r < 0.08, we can only determine the lower bound of
the error bar for χeff of dPEO/P(EO-MO)/LiTFSI due to macrophase separation. (b) dP(EO-MO)/P(2EO-MO)/LiTFSI polymer blends are
macrophase-separated at all salt concentrations and temperatures. χcritical is calculated by eq 2. Error bars represent one standard deviation of the χeff fits
and are smaller than the symbols.

Figure 6. Efficacy, κρ+, of PEO/P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI polymer blend electrolytes as a function of r compared to
each homopolymer/LiTFSI (PEO: 35.0 kg mol−1; P(EO-MO): 23.4 kg mol−1; P(2EO-MO): 55.2 kg mol−1) at 90 °C. Homopolymer/LiTFSI data
were collected from refs 32 and 33. Solid lines imply one-phase systems, and dashed lines imply macrophase-separated systems. Error bars represent
the standard deviation of at least three measurements.
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Further work is needed to establish the dependence of the
efficacy of polymer blend electrolytes on salt concentration.

■ CONCLUSION
In this study, we have examined the possibility of optimizing ion
transport in polymer electrolytes by blending two different
polymers blends. The polymers covered in this study are PEO,
P(2EO-MO), and P(EO-MO). LiTFSI is added to the polymers
to create electrolytes. The properties of PEO/P(2EO-MO)/
LiTFSI blends were reported in ref 33. The properties of PEO/

P(EO-MO)/LiTFSI and P(EO-MO)/P(2EO-MO)/LiTFSI
are reported in this paper. Ion transport is quantified by the
product κρ+ which is defined as the efficacy of the electrolytes.
Polymer blends can be either one-phase or macrophase-
separated. We used SANS to distinguish between two
possibilities and the results thus obtained are summarized in
Figure 7. In addition, SANS from one-phase systems was
analyzed to obtain χeff. Our analysis is based on a simple model
that ignores the partitioning of salt in polymer concentration
fluctuations and polydispersity effects. We hope to develop more
complete models in the future. All polymer blends were one-
phase in the absence of salt. Adding salt in small concentration
results in macrophase separation in all cases. One-phase systems
were obtained in the two blends containing PEO at high salt
concentrations (r ≥ 0.08). The boundaries between one-phase
and macrophase-separated systems is assumed to be at the
average value of r where the two types of system were observed.
In most of the polymer blend electrolytes, the measured κρ+ was
either lower than or comparable to that of the homopolymer
electrolytes. An exception to this was one-phase PEO/P(EO-
MO)/LiTFSI blends electrolytes with r ≥ 0.10, as shown in
Figure 7. The molecular underpinnings of both thermodynamic
and ion transport properties remain to be established.
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temperature (K); Ni, number of repeat units per chain; χcritical,
critical Flory−Huggins interaction parameter; χeff, effective
Flory−Huggins interaction parameter; Icoh(q), coherent scatter-
ing intensity (cm−1); Ideuterated polymer/LiTFSI(q), SANS intensity
from deuterated polymer/LiTFSI mixtures (cm−1); Iinc(q),
incoherent scattering intensity (cm−1); Pi(q), form factor; Bi,
neutron scattering length density of component i (cm−2 mol−1);
bi, neutron scattering length of component i (cm mol−1); vi,
monomer molar volume of component i (cm3 mol−1); Sii,

structure factor; Mi, polymer molar mass of component i (g
mol−1); Rg,i, radius of gyration (cm); li, statistical segment length
of component i (nm); α, RPA fitting parameter accounting for
chain distortion; A, B, empirical constants for fitting χ; R2,
coefficient of determination; κ, ionic conductivity (S cm−1); ρ+,
current fraction; κρ+, efficacy (S cm−1).
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