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Anisotropic Ion Diffusion and Electrochemically Driven Transport
in Nanostructured Block Copolymer Electrolytes
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Rajashree Bhattacharya,† Xi Jiang,‡ John Newman,† Louis A. Madsen,∥ Steven G. Greenbaum,*,§
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†Department of Chemical and Biomolecular Engineering, University of California, Berkeley, Berkeley, California, United States
‡Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California, United States
§Department of Physics and Astronomy, Hunter College, City University of New York, New York, New York, United States
∥Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, United States

ABSTRACT: Nanostructured block copolymer electrolytes have
the potential to enable solid-state batteries with lithium metal anodes.
We present complete continuum characterization of ion transport
in a lamellar polystyrene-b-poly(ethylene oxide) copolymer/lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) electrolyte as a func-
tion of salt concentration. Electrochemical measurements are used to
determine the Stefan−Maxwell salt diffusion coefficients +,0, −,0,
and + −, . Individual self-diffusion coefficients of the lithium- and
TFSI-containing species were measured by pulsed-field gradient
NMR (PFG-NMR). The NMR data indicate that salt diffusion is
locally anisotropic, and this enables determination of a diffusion
coefficient parallel to the lamellae, D∥, and a diffusion coefficient through defects in the lamellae, D⊥. We quantify anisotropic
diffusion by defining an NMR morphology factor and demonstrate that it is correlated to defect density seen by transmission
electron microscopy. We find agreement between the electrochemically determined Stefan−Maxwell diffusion coefficients and
the diffusion coefficient D⊥ determined by PFG-NMR. Our work indicates that the performance of nanostructured block
copolymer electrolytes in batteries is strongly influenced by ion transport through defects.

■ INTRODUCTION

Nanostructured block copolymers doped with lithium salts are
promising candidates for use as electrolytes in solid-state lithium
batteries. They have the potential to enable lithium metal anodes
by providing ion conduction, stability to lithium, and mechani-
cal rigidity against dendrites.1 Complete continuum character-
ization of transport in electrolytes requires knowledge of three
parameters: conductivity, the salt diffusion coefficient, and the
transference number.2 Methods for measuring these parameters
are available in the literature,3−5 but they have not yet been applied
to block copolymer electrolytes despite the large body of work
on characterization of ion transport in these systems.6−19

Nanostructured block copolymers form ordered phases where
coherent order is restricted to regions referred to as grains.
In Figure 1, we show a schematic of a lamellar grain composed of
a polystyrene-b-poly(ethylene oxide) (SEO) copolymer with added
salt. Ion transport occurs predominantly in the conducting
poly(ethylene oxide)-rich phase in the x and y dimensions along
the plane of the lamellae. We expect salt diffusion in the x−y plane,
D∥, parallel to the lamellae to be significantly higher than that along
the z direction, D⊥, perpendicular to the lamellae. Typically, block
copolymer electrolytes are composed of a large collection of rando-
mly oriented grains. Thus their continuum properties are iso-
tropic; they only reflect local anisotropic transport indirectly.7,8

A technique that has gained popularity for studying ion
transport is pulsed-field gradient NMR (PFG-NMR), which
allows for the direct measurement of the self-diffusion coeffici-
ents of ion species.20−23 If the diffusion is locally anisotropic,
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Figure 1. Single grain of SEO showing poly(ethylene oxide)+salt and
poly(styrene) domains assembled into lamellae. The coordinate axes
show the orientation of anisotropic diffusion vectors with diffusion
through lamellae on the x and y axes and diffusion across lamellae in z.
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then the displacement of ions is a function of the orientation of
each grain with respect to the magnetic field gradient axis of
the measurement. In this case, the signal attenuation does not
follow a single exponential decay. This effect of anisotropy on
transport has been studied in nanostructured polymeric and
inorganic materials.24−29

In this work, we present the first complete set of continuum
transport properties in a block copolymer electrolyte. We also
present measurements of the anisotropic self-diffusion coeffi-
cients of the cations and anions using PFG-NMR. We use con-
centrated solution theory2 to determine Stefan−Maxwell diffusion
coefficients from the continuum measurements. We compare the
self-diffusion coefficients and Stefan−Maxwell diffusivities.

■ METHODS

Materials. Anhydrous tetrahydrofuran (THF) and ben-
zene were purchased from Sigma-Aldrich, lithium bis(tri-
fluoromethanesulfonyl)imide, Li[N(SO2CF3)2] (LiTFSI), was
purchased from Novolyte, and 5 kg/mol poly(ethylene oxide)
(PEO(5)) was purchased from Polymer Source. The poly-
styrene-b-poly(ethylene oxide) copolymer with 16 kg/mol of
each block (SEO(16−16)) was synthesized by sequential
anionic polymerization of styrene, followed by ethylene oxide
using methods described previously.7

LiTFSI was dissolved in anhydrous THF and added to solu-
tions of SEO(16−16) in anhydrous benzene. For ease of lyo-
philization, the concentration of the LiTFSI−THF stock
solution was adjusted so that the final solutions contained <5
vol % THF. SEO solutions were lyophilized without exposure
to air for 1 week. Electrolytes were prepared at different LiTFSI
salt concentrations (r = [Li]/[EO] = 0.03, 0.06, 0.12, 0.18, 0.24,
and 0.3). SEO solutions were dried under vacuum at 90 °C for
24 h to remove trace solvents. Homopolymer 5 kg/mol
poly(ethylene oxide) (PEO(5)/LiTFSI) electrolytes were
used as a comparison and prepared as described previously.5

The characteristics of these electrolytesthe molar ratio
of lithium atoms to ethylene oxide (EO) monomers, r, salt con-
centration, c, the molality, m, volume fraction of the conducting
phase, ϕc, and EO solvent concentration, c0are summarized

in Table 1. The salt concentration, c, and solvent concentration,
c0, were calculated according to
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where MLiTFSI = 287.09 g/mol is the molar mass of LiTFSI and
MEO = 44.05 g/mol is the molar mass of an ethylene oxide
monomer. The densities of PEO/LiTFSI mixtures at 90 °C were
measured as a function of r.5 The density of pure poly(ethylene
oxide) (r = 0) is ρEO = 1.128 g/cm3. The measured densities of

the mixtures were used to calculate the effective density of
LiTFSI in PEO/LiTFSI, ρLiTFSI = 2.392 g/cm3. We assume that
all nonidealities of mixing are due to changes in the partial
molar volume of LiTFSI.
The molality of the electrolyte, m, moles of LiTFSI salt per

kilogram of PEO, is calculated according to
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The volume fraction of the conducting phase, ϕc, was calculated
according to
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ρPS = 1.028 g/cm3 is the density of polystyrene and MPEO =
16 000 g/mol and MPS = 16 000 g/mol are the molar masses
of the poly(ethylene oxide) block and polystyrene block,
respectively.

Electrochemical Characterization. All sample prepara-
tion was performed inside an argon glovebox (MBraun) to main-
tain water and oxygen levels below 1 and 5 ppm, respectively.
Samples for conductivity measurements were prepared by heat-
pressing the polymer at 130 °C into a 150 μm thick fiberglass−
epoxy annular spacer (Garolite-10). The diameter of the electro-
lyte was taken to be the size of the hole in the annulus, 3.175 mm.
High-purity aluminum foils, 17.5 μm thick, were pressed onto
either side of the polymer as electrodes, and aluminum tabs
(MTI Corporation) were attached to the electrodes with
polyimide tape. The sample assembly was vacuum-sealed in
an airtight aluminum-reinforced polypropylene pouch with
tabs protruding out so the sample could be electrically probed.
The thickness of the polymer sample was measured after conduc-
tivity measurements were performed using a precision micro-
meter. Impedance spectroscopy measurements were performed
using a VMP3 potentiostat (Bio-Logic) with an ac amplitude of
20 mV in the frequency range 1 MHz−1 Hz. Impedance spectra
were recorded at 10 °C intervals during heating and cooling scans
between 30 and 130 °C. The ionic conductivity of the con-
ducting phase in polymer electrolytes, σ, is calculated from the
measured sample thickness, l, the cross-sectional area of the
spacer, S, and electrolyte resistance, Rel, which was determined
by methods discussed in literature.30 The conductivity is given by

σ =
*

l
S Rel (4)

Lithium symmetric cells were prepared for steady-state current
and restricted diffusion measurements of the electrolytes. Samples
were made by pressing the polymer electrolyte into a Garolite-10
spacer and annealed at 130 °C for 3 h. After that, the electrolytes
were sandwiched between two 150 μm lithium metal chips.
Nickel tabs were secured to the lithium chips to serve as electrical
contacts. The assembly was vacuum-sealed in a laminated
aluminum pouch material (Showa-Denko) before removal from
the glovebox. All samples were annealed at 90 °C for 2 h prior to
electrochemical characterization.
Steady-state current and restricted diffusion measurements

were performed using a Biologic VMP3 potentiostat. All measure-
ments were performed at 90 °C. At the beginning of the exper-
iment, cells were conditioned for three charge/discharge cycles at
a low current density of 0.06 mA/cm2. Each conditioning cycle

Table 1. Electrolyte Characteristics

r
c

(mol/cm3)
c0

(mol/cm3)
m

(mol/kg) ϕc

SEO(16−16) 0.03 0.00070 0.02345 0.68 0.50
0.06 0.00230 0.02162 1.36 0.52
0.12 0.00224 0.01871 2.72 0.56
0.28 0.00297 0.01649 4.09 0.59
0.24 0.00354 0.01474 5.45 0.61
0.30 0.00400 0.01332 6.81 0.64

PEO(5) 0.06 0.00230 0.02162 1.36 N/A
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consisted of 4 h of charge, followed by 4 h of rest and 4 h of
discharge. ac impedance spectroscopy was performed prior to
potentiostatic polarization. Complex impedance measurements
were acquired for a frequency range of 1 MHz to 1 Hz at an
amplitude of 40 mV. The cell resistances were measured as a
function of time by performing ac impedance spectroscopy
every 10 min during polarization. Here the center of the ac
input signal was offset by ΔV, and the amplitude was set to
20 mV to minimize disturbance of the polarization signal.
The steady-state transference number was determined from

the relation31
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where ΔV is the applied potential, iSS is the current measured at
steady-state, and Ri,0 and Ri,SS are the initial and steady-state
resistances of the interface, respectively. iΩ is the initial current
calculated according to the equation

= Δ
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V
R Ri b,0 ,0 (6)

where Ri,0 and Rb,0 are cell resistances measured by ac imped-
ance spectroscopy prior to polarization. If Ri,0 = Ri,SS, that is,
the interfacial impedance is independent of time, then eq 5
reduces to

=
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first derived by Watanabe et al.32

Restricted diffusion measurements were performed using the
polarization induced by the steady-state current experiment.
The applied current was removed, and the cells were allowed
to relax for up to 7 h while the open-circuit voltage, U, was
measured at time intervals of 1 s. In the simple case where the
U(t) is a single exponential, the data are fit to the functional
form

= + −U t k a( ) e bt
0 (8)

where a and b are the fit parameters and k0 is an empirically
determined offset voltage. We posit that offset voltage, k0, arises
from small differences in the polymer/lithium interfaces in the
symmetric cells. The offset voltage is much smaller than U over
most of the experimental window.
The mutual salt diffusion coefficient, Dm, is calculated using

π
=D

L b
m

2

2 (9)

where b is from the fit of eq 8 and L is the thickness of the
electrolyte. In our experiment L ≈100 μm. The lower limits of
the fits are such that Dmt/L

2 > 0.05.
Concentration cells were prepared using a similar cell config-

uration as previously described.5 SEO/LiTFSI electrolytes
were contained within a Garolite-10 spacer and were annealed
at 130 °C for 3 h. A channel ∼2.5 cm long and 0.4 cm wide was
cut in the Garolite-10 spacer. Half of the channel was filled with
reference electrolyte (r = 0.03), and the other half was filled
with electrolytes at various r values. Lithium metal electrodes
were placed on either end of the channel. Nickel tabs were
secured to lithium metal electrodes, and assembly was vacuum-
sealed in a laminated aluminum pouch material. Two or three
concentration cells were prepared for each salt concentration.

The open-circuit voltage, U, was measured for each cell at 90 °C
using a Biologic VMP3 potentiostat.

Pulsed-Field Gradient NMR. All NMR samples were
packed into 5 mm tubes in an argon-filled glovebox, and the
tubes were then flame-sealed. Pulsed-field gradient NMR experi-
ments were performed at 90 °C with a 7.05 T Varian-S Direct
Drive Wide Bore spectrometer equipped with a DOTY Scien-
tific PFG probe (DS-1034, 1400 G/cm maximum gradient). Sin-
gle peaks were observed for 7Li and 19F at 287.0 and 117.1 MHz,
respectively, corresponding to all lithium- and fluorine-containing
species. A PFG-stimulated echo pulse sequence with one orthog-
onal spoiler gradient pulse and 5 ms longitudinal eddy current
delay was used. Gradient pulse durations δ of 3 to 5 ms and
diffusion delays Δ of 35 to 600 ms were used. The gradient
strength g was linearly increased with 32 values steps from 2 up to
1100 G/cm as needed.
In a locally anisotropic nanostructured system, diffusion in a

single grain oriented along one of the principal directions is
described by the tensor

=

⎡
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For lamellae pictured in Figure 1, DXX = DYY = D∥ and DZZ = D⊥.
For cylinders oriented along x, DXX = D∥ and DZZ = DYY = D⊥.
In a locally anisotropic lamellar nanostructured system, a

stimulated echo PFG-NMR signal attenuation would follow the
expression33
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where I is the signal intensity, γ is the gyromagnetic ratio, δ is
the gradient pulse length, g is the gradient pulse strength, D∥
is the diffusion coefficient along the conducting domains, D⊥ is
the diffusion coefficient orthogonal to the conducting domains,
and θ is the angle between the z axis of the conducting domains
shown in Figure 1 and the gradient field axis. The signal attenua-
tion was fit to eq 11, subject to the additional constraint D∥ > D⊥,
using a nonlinear least-squares algorithm. T1 relaxation of
all samples was measured to select appropriate diffusion and
relaxation delay times. Each salt concentration was measured
at a few different diffusion times, Δ, to probe a range of length
scales in the nanostructure. We expect the same approach to apply
to block copolymers comprising either lamellae or cylinders as
the conducting domains.
While we focus on lamellar SEO/LiTFSI mixtures, we include

previously published data from a PEO/LiTFSI electrolytes to
demonstrate differences between homopolymer and block copoly-
mer electrolytes. For homopolymer elecrolytes with isotropic
diffusion, D = D∥ = D⊥, and eq 11 reduces to a single exponential

34

γ δ δ= − Δ −⎜ ⎟
⎛
⎝⎜
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⎞
⎠
⎞
⎠⎟I I D gexp

30
2 2 2

(12)

Transmission Electron Microscopy. Transmission elec-
tron microscopy samples were prepared by cryo-microtoming
120 nm thick slices of SEO(16−16) annealed at 130 °C for 24 h
and transferring to a lacey carbon-coated copper grid. The samples
were then stained with ruthenium tetroxide vapor for 10 min.
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Images were obtained on a Tecnai F20 (FEI Company) high-
angle annular dark field scanning transmission electron micro-
scope (HAADF-STEM) at a 200 kV.

■ RESULTS AND DISCUSSION
Electrochemical Characterization. In Figure 2, we show

potential relaxation curves obtained in homopolymer 5 kg/mol

poly(ethylene oxide) electrolytes (PEO(5)/LiTFSI) and in
polystyrene-b-poly(ethylene oxide) electrolytes SEO(16−16)/
LiTFSI after stopping polarization in the restricted diffusion
experiments. In both cases, the time dependence of the poten-
tial U(t) follows single-exponential behavior; the plot of
ln(U − k0) versus time is linear. The fits of the data in Figure 2
to eqs 8 and 9 give the mutual salt diffusion coefficient, Dm. It is
clear that the restricted diffusion experiments are consistent
with a single diffusion coefficient.
Dm obtained using restricted diffusion is plotted as a func-

tion of salt concentration, r, in Figure 3a. The dependence of

Dm on r appears to be complex, showing a local minimum at
r = 0.18 and local maximum at r = 0.24. The range of measured Dm
values, however, is quite narrow, falling between (1.5 and 2.4) ×
10−8 cm2/s and is in agreement with the lower range of the

distribution of diffusion values measured in SEO(16−16)
reported previously.8 Ionic conductivity, σ, measured using ac
impedance, is plotted as a function of salt concentration, r,
in Figure 3b. Figure 3b indicates that σ has a nonmonotonic
dependence on r, reaching a maximum of 3 × 10−4 S/cm
at r = 0.24, in agreement with previously published work.6

The steady-state transference number, t+,SS, is plotted as a func-
tion of salt concentration, r, in Figure 3c. The dependence of
t+,SS on r is also nonmonotonic with a local minimum around
r = 0.12. The potential difference between SEO(16−16)/
LiTFSI electrolyte at a given salt concentration relative to the
electrolyte at r = 0.03 (m = 0.68), U, is shown as a function of
molality m in Figure 3d. The negative values reflect the lower
potential of electrolytes with higher salt concentrations.
The shape of U versus ln m is similar to that in homogeneous
PEO/LiTFSI and PEO/NaTFSI electrolytes.3,5

The cation transference number derived from concentrated
solution theory, t+, can be calculated using the expression

ϕ
σ

= + −+
+

+ + ⎜ ⎟
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ ⎛

⎝
⎞
⎠t

t

z v FDc d m
dU

1
1

1
( ) ln

,SS

c

(13)

where z+ is the charge on the cation and v+ is the number
of cations in the dissociated salt (z− and v− are defined simi-
larly for the anion), ϕc is the volume fraction of the conducting
phase, and F is Faraday’s constant.2,4 We have modified the
equation in ref 4 to account for the presence of a noncon-
ducting phase. Combining the measurements shown in Figure 1,
one can calculate t+. The transference number is plotted as a
function of salt concentration, r, in Figure 4a. This transference
number is a direct function of the mobilities of the cation and
anion

μ
μ μ

=
++
+

+ −
t

(14)

under the application of an electric field. The overall
dependence of t+ on salt concentration is similar to t+,SS
(compare Figures 3c and 4a). If all of the salt molecules in
the electrolyte are fully dissociated and the electrolyte is
thermodynamically ideal, then t+ = t+,SS;

4 that is, the data in
Figures 3c and 4a would overlap. It is clear, however, that this is
not the case. Unlike t+,SS, which only varies between 0.08 and
0.24, t+ is much larger and reaches 0.53 at r = 0.3. This indicates
that the true mobility of lithium ions with respect to the anion
is not as low, as indicated by measurements of the steady-state
current. The Li and TFSI are equally mobile at the highest salt
concentration measured.

Figure 2. Plot of ln(U − k0) versus t for (a) PEO(5)/LiTFSI at r = 0.06
and (b) SEO(16−16)/LiTFSI at r = 0.18. The experimental data are
show as a line, and the fits are shown as black circles.

Figure 3. (a) Mutual diffusion coefficient, Dm, (b) ac conductivity, σ,
(c) the steady-state current transference number, t+,SS, as a function of salt
concentration, r, and (d) the concentration potential in SEO(16−16) as a
function of molality, m, at 90 °C.

Figure 4. (a) Concentrated solution transference number, t+, calculated

from eq 13 and (b) the thermodynamic factor + γ1 d
d m

ln
ln

as a function

of salt concentration, r, measured at 90 °C.
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The thermodynamic factor, + γ1 d
d m

ln
ln

, is calculated from the

concentration potential and the anion transference number, t−,
according to

γ
= − +

+ +

− ±⎛
⎝⎜

⎞
⎠⎟

U
m

v
z v

RTt
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d

d m
d

d ln
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where t− = 1 − t+ and v = v+ + v−. The thermodynamic factor,
calculated using the data in Figures 3d and 4a, is plotted in
Figure 4b. At low salt concentrations, this factor approaches unity,
the value obtained for ideal solutions, and it increases linearly
with salt concentration r. It is not surprising that as more salt
is added to the system, the importance of ion−ion and
ion−polymer interactions increases and the electrolyte behaves
less like an ideal solution.
Stefan−Maxwell diffusion coefficients were calculated from

the measured transport coefficients σ, Dm, and t+ using the
following equations
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where is the salt diffusion coefficient based on the salt chemical
potential, c0 is the concentration of solvent, cT = 2c + c0 is the total
electrolyte concentration, +,0 is the Stefan−Maxwell diffusion
coefficient describing the interactions between Li and PEO,

−,0 is the Stefan−Maxwell diffusion coefficient describing the
interactions between TFSI and PEO, and + −, is the Stefan−
Maxwell diffusion coefficient describing interactions between
Li and TFSI.2 In the simplest case where the salt dissociates
completely, these coefficients describe friction between the ions
and solvent, +,0 and −,0, and that between the ions, + −, .
PFG-NMR Characterization and Comparison with

Electrochemical Data. Self-diffusion coefficients of lithium-
and fluorine-containing species were measured as a function of
salt concentration, r, using PFG-NMR. If the salt was fully
dissociated, then the PFG-NMR measurements would reflect
the motion of individual Li+ and TFSI− ions. In Figure 5 we

show the fluorine signal attenuation in PEO(5)/LiTFSI and
SEO(16−16)/LiTFSI. Extensive studies have shown that in the
case of homogeneous polymer electrolytes, the signal atten-
uation follows single-exponential behavior.23,35,36 Our measure-
ments of diffusion in PEO(5)/LiTFSI, shown in Figure 5a, are
consistent with this. The line through the data represents
the best fit of eq 12. In contrast, the signal attenuation in
SEO(16−16)/LiTFSI exhibits behavior that is not consistent
with a single diffusion coefficient, unlike the measurements of
restricted diffusion shown in Figure 2. The curve through the data
in Figure 5b, represents the best fit of eq 11 with D∥ and D⊥ as
adjustable parameters. The presence of two diffusion coefficients is
a distinct signature of locally anisotropic diffusion through nano-
structured SEO(16−16)/LiTFSI. To our knowledge, no previous
studies on characterization of ion transport in block copolymer
electrolytes show signatures of anisotropic diffusion.
The dependences of D∥ and D⊥ on salt concentration, r, for

Li and TFSI are shown in Figure 6. The data sets represent atten-
uations for different values of δ and Δ, which were adjusted to
capture the full decay and to ensure the robustness of D∥ and D⊥.
It is evident that D∥ for both Li and TFSI decreases with
increasing r, and D∥ of TFSI is faster than that of Li at all values
of r. These trends are similar to those obtained for a single
isotropic diffusion coefficient in homogeneous PEO/LiTFSI
electrolytes.23 This is expected because D∥ represents diffusion
within PEO-rich lamellae. At low salt concentrations, D∥ of
TFSI is much larger than that of Li. In contrast, at high salt
concentrations D∥ of TFSI is similar to that of Li. This suggests
that TFSI dominates ion transport within the lamellae at low
salt concentrations, while at high salt concentrations both
Li and TFSI contribute more or less equally to ion transport.
The increasing importance of lithium transport with increasing
salt concentration is reflected in the increase in the transference
number shown in Figure 4a. D⊥ is an order of magnitude slower
than D∥ at low concentrations for both ions, and the two
diffusion coefficients approach each other with increasing r.
The Stefan−Maxwell diffusion coefficients calculated using

eqs 17 and 18 are also plotted as a function of salt concen-
tration, r, in Figure 6 for Li and TFSI together with the

PFG-NMR diffusion coefficients, D∥ and D⊥. The electro-
chemically determined Stefan−Maxwell diffusion coefficients,

+,0 and −,0, are in agreement with the diffusion coefficients
D⊥ of Li and TFSI determined by PFG-NMR, respectively. The
insets in Figure 6 show +,0, −,0, and D⊥ for lithium and
TFSI on an expanded scale. The agreement between the
Stefan−Maxwell diffusivities and D⊥ in Figure 6a,b is nontrivial
considering the different approaches used to measure the

Figure 5. PFG-NMR signal attenuation of 19F seen in (a) PEO(5)/
LiTFSI at r = 0.06 and (b) SEO(16−16)/LiTFSI at r = 0.18.

Figure 6. Parallel, D∥, and perpendicular, D⊥, diffusion coefficients and
the Stefan−Maxwell diffusivities of (a) Li and (b) TFSI in SEO(16−16)
as a function of salt concentration, r, at 90 °C.
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diffusivities. This agreement indicates that ion transport
through defects strongly influences the electrochemical
performance of nanostructured block copolymer electrolytes
in batteries.

+ −, , calculated using eq 19 and shown in Figure 7, is nega-
tive over the range of salt concentrations studied. A detailed

explanation of the signs and dependences of the Stefan−
Maxwell diffusion coefficients on salt concentration is beyond
the scope of this work.
Effect of Morphology on Diffusion. We define a morpho-

logy factor

=
+ +

f
D D D

D3
XX YY ZZ

XX
NMR (20)

where x reflects the preferred direction of ion transport, DXX ≥
DYY ≥ DZZ. For lamellae pictured in Figure 1, DXX = DYY = D∥ and
DZZ = D⊥. For ideal lamellar and cylindrical samples with D⊥ = 0,
that is, there is no diffusion in the direction orthogonal to the
conducting domains, f NMR takes on values of 2/3 and 1/3,
respectively. For isotropic samples, f NMR is unity. The dependence
of f NMR in SEO(16−16) on r is shown in Figure 8a. These data

were obtained by applying eq 20 to Li and TFSI diffusion coeffi-
cients and averaging the two results. At low salt concentrations,
f NMR is in the vicinity of 2/3, the value expected for ideal lamellae.
At high salt concentrations f NMR approaches 0.8. For nonideal
morphologies where the neighboring conducting domains are not
entirely isolated from each other, we expect f NMR to be larger than
the ideal cases.
The local morphology of SEO(16−16) as a function of salt

concentration was imaged by transmission electron microscopy
(TEM), as shown in Figure 9. Lamellar grains with long internal

order and relatively few defects are evident at r = 0, 0.06, and 0.18
in Figure 9a−c. The value of fNMR in this range of r is close to the
ideal case. These systems can be described by Figure 8b. At r =
0.3 shown in Figure 9d, the lamellar morphology is highly
defective. This system is described by Figure 8c, where defects
enable ion transport between neighboring lamellar domains and
are responsible for the increase in fNMR, seen in Figure 8a.

■ CONCLUSIONS
We present complete characterization of continuum ion trans-
port in the lamellar block copolymer electrolyte SEO(16−16)/
LiTFSI as a function of salt concentration. We report conductiv-
ity, mutual salt diffusion, and the electrochemical transference
number. Individual diffusion coefficients of the lithium- and
TFSI-containing species were measured by PFG-NMR.
Fundamental differences between transport of Li and TFSI are
seen in both PFG-NMR diffusion and the electrochemically
determined transference number. We determine Stefan−Maxwell
diffusion coefficients +,0, −,0, and + −, from the electrochem-
ical measurements and diffusion coefficients parallel to and through
defects in the lamellae, D∥ and D⊥ from PFG-NMR. We find that
the electrochemically determined Stefan−Maxwell diffusion coef-
ficients, +,0, and −,0, fall on top of the diffusion coefficient
governing transport through defects in the lamellae, D⊥, deter-
mined by PFG-NMR. This indicates that transport through defects
in an ordered morphology is the limiting factor for electrochemical
transport through the bulk. We determine an NMR morphology
factor, f NMR, calculated from the anisotropic diffusion tensor. We
show that f NMR correlates with defect density seen by TEM.
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Štep̌ańek, P. Self-Diffusion in a Lamellar and Gyroid (Ordered)
Diblock Copolymer Investigated Using Pulsed Field Gradient NMR.
Macromolecules 2001, 34, 868−873.
(27) Hamersky, M. W.; Tirrell, M.; Lodge, T. P. Anisotropy of
Diffusion in a Lamellar Styrene-Isoprene Block Copolymer. Langmuir
1998, 14, 6974−6979.
(28) Park, M. J.; Balsara, N. P. Anisotropie Proton Conduction in
Aligned Block Copolymer Electrolyte Membranes at Equilibrium with
Humid Air. Macromolecules 2010, 43, 292−298.
(29) Hou, J.; Li, J.; Madsen, L. A. Anisotropy and Transport in
Poly(arylene Ether Sulfone) Hydrophilic-Hydrophobic Block Copoly-
mers. Macromolecules 2010, 43, 347−353.
(30) Patel, S. N.; Javier, A. E.; Stone, G. M.; Mullin, S. a.; Balsara, N.
P. Simultaneous Conduction of Electronic Charge and Lithium Ions in
Block Copolymers. ACS Nano 2012, 6, 1589−1600.
(31) Evans, J.; Vincent, C. a.; Bruce, P. G. Electrochemical
Measurement of Transference Numbers in Polymer Electrolytes.
Polymer 1987, 28, 2324−2328.
(32) Watanabe, M.; Nagano, S.; Sanui, K.; Ogata, N. Estimation of Li
+ Transport Number in Polymer Electrolytes by the Combination of
Complex Impedance and Potentiostatic Polarization Measurements.
Solid State Ionics 1988, 28−30 (PART 2), 911−917.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b11371
J. Phys. Chem. B 2018, 122, 1537−1544

1543

http://orcid.org/0000-0001-8200-3552
http://orcid.org/0000-0002-1299-2479
http://orcid.org/0000-0001-9735-0741
http://orcid.org/0000-0003-4588-5183
http://orcid.org/0000-0002-0106-5565
http://dx.doi.org/10.1021/acs.jpcb.7b11371
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0167-2738%2886%2990132-3&coi=1%3ACAS%3A528%3ADyaL28XhsVSjs70%253D&citationId=p_n_46_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma902070h&coi=1%3ACAS%3A528%3ADC%252BD1MXhsVantLbK&citationId=p_n_73_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma201334h&coi=1%3ACAS%3A528%3ADC%252BC3MXhs1aqu7jE&citationId=p_n_38_1
http://pubs.acs.org/action/showLinks?pmid=28987098&crossref=10.1063%2F1.4993614&coi=1%3ACAS%3A528%3ADC%252BC2sXhs1WhsLjN&citationId=p_n_42_1
http://pubs.acs.org/action/showLinks?pmid=22964968&crossref=10.1039%2Fc2cp42391j&coi=1%3ACAS%3A528%3ADC%252BC38XhtlOgtr7E&citationId=p_n_61_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fpolb.23404&coi=1%3ACAS%3A528%3ADC%252BC3sXhslWmt7fI&citationId=p_n_26_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fpolb.23404&coi=1%3ACAS%3A528%3ADC%252BC3sXhslWmt7fI&citationId=p_n_26_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp013035%2B&coi=1%3ACAS%3A528%3ADC%252BD3MXptFyjtbc%253D&citationId=p_n_49_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnn2045664&coi=1%3ACAS%3A528%3ADC%252BC38XitFKktrs%253D&citationId=p_n_76_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma200429v&coi=1%3ACAS%3A528%3ADC%252BC3MXovVOju7s%253D&citationId=p_n_41_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma0011183&coi=1%3ACAS%3A528%3ADC%252BD3MXjs1egtQ%253D%253D&citationId=p_n_64_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.macromol.5b02620&coi=1%3ACAS%3A528%3ADC%252BC28Xjt1Cqsrs%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.macromol.5b02620&coi=1%3ACAS%3A528%3ADC%252BC28Xjt1Cqsrs%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0032-3861%2887%2990394-6&coi=1%3ACAS%3A528%3ADyaL1cXksFOrsw%253D%253D&citationId=p_n_79_1
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F0953-8984%2F7%2F34%2F007&coi=1%3ACAS%3A528%3ADyaK2MXnvVemsro%253D&citationId=p_n_52_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.macromol.5b00880&coi=1%3ACAS%3A528%3ADC%252BC2MXhtFWqtbzK&citationId=p_n_17_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla980140a&coi=1%3ACAS%3A528%3ADyaK1cXmvFChtrg%253D&citationId=p_n_67_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F2.0581711jes&coi=1%3ACAS%3A528%3ADC%252BC2sXhsFCltrfL&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma0629541&coi=1%3ACAS%3A528%3ADC%252BD2sXls1emurk%253D&citationId=p_n_13_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F2.0581711jes&coi=1%3ACAS%3A528%3ADC%252BC2sXhsFCltrfL&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.2044206&coi=1%3ACAS%3A528%3ADyaK2MXmt1agurs%253D&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.2044206&coi=1%3ACAS%3A528%3ADyaK2MXmt1agurs%253D&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma900451e&coi=1%3ACAS%3A528%3ADC%252BD1MXmvVCitrk%253D&citationId=p_n_32_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.macromol.5b01724&coi=1%3ACAS%3A528%3ADC%252BC2MXhs1OnsrfI&citationId=p_n_55_1
http://pubs.acs.org/action/showLinks?crossref=10.1146%2Fannurev-matsci-071312-121705&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlCmtbjI&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?crossref=10.1146%2Fannurev-matsci-071312-121705&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlCmtbjI&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.3563802&coi=1%3ACAS%3A528%3ADC%252BC3MXltFCgsrk%253D&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F1.3563802&coi=1%3ACAS%3A528%3ADC%252BC3MXltFCgsrk%253D&citationId=p_n_16_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma500420w&coi=1%3ACAS%3A528%3ADC%252BC2cXlvFCrtbo%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fmz300051x&coi=1%3ACAS%3A528%3ADC%252BC38Xkslaksrc%253D&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma500420w&coi=1%3ACAS%3A528%3ADC%252BC2cXlvFCrtbo%253D&citationId=p_n_20_1
http://pubs.acs.org/action/showLinks?crossref=10.1149%2F2.0651514jes&coi=1%3ACAS%3A528%3ADC%252BC2MXhslelu7jP&citationId=p_n_8_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma901980b&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFShsrjJ&citationId=p_n_70_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja107309p&coi=1%3ACAS%3A528%3ADC%252BC3cXhsVGktbjJ&citationId=p_n_35_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma802106g&coi=1%3ACAS%3A528%3ADC%252BD1cXhsVyhs7rN&citationId=p_n_58_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fma300362f&coi=1%3ACAS%3A528%3ADC%252BC38XntVOrt7s%253D&citationId=p_n_23_1


(33) Zibrowius, B.; Caro, J.; Kar̈ger, J. Application of NMR
Spectroscopy to Study Diffusion Anisotropy in Polycrystalline
Samples. Z. Phys. Chem. 1988, 269O, 1101−1106.
(34) Tanner, J. E. Use of the Stimulated Echo in NMR Diffusion
Studies. J. Chem. Phys. 1970, 52, 2523−2526.
(35) Hayamizu, K.; Akiba, E.; Bando, T.; Aihara, Y. 1H, 7Li, and 19F
Nuclear Magnetic Resonance and Ionic Conductivity Studies for
Liquid Electrolytes Composed of Glymes and Polyetheneglycol
Dimethyl Ethers of CH3O(CH2CH2O)nCH3 (N = 3 - 50) Doped
with LiN(SO2CF3)2. J. Chem. Phys. 2002, 117, 5929−5939.
(36) Hayamizu, K.; Aihara, Y.; Arai, S.; Martinez, C. G. Pulsed-
Gradient Spin-Echo 1H and 19F NMR Ionic Diffusion Coefficient,
Viscosity, and Ionic Conductivity of Non-Chloroaluminate Room-
Temperature Ionic Liquids. J. Phys. Chem. B 1999, 103, 519−524.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b11371
J. Phys. Chem. B 2018, 122, 1537−1544

1544

http://dx.doi.org/10.1021/acs.jpcb.7b11371
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1673336&coi=1%3ACAS%3A528%3ADyaE3cXptlGgsw%253D%253D&citationId=p_n_84_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1501279&coi=1%3ACAS%3A528%3ADC%252BD38XmvVSgtrw%253D&citationId=p_n_87_1
http://pubs.acs.org/action/showLinks?crossref=10.1515%2Fzpch-1988-269122&citationId=p_n_83_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp9825664&coi=1%3ACAS%3A528%3ADyaK1MXoslak&citationId=p_n_90_1



