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Abstract.

Hybrid organic-inorganic block copolymer electrolytes are of interest to enable batteries
containing lithium metal anodes. The conductive block is a standard polymer electrolyte of
poly(ethylene oxide) and the mechanically rigid block is an inorganic poly(acryloisobutyl
polyhedral oligomeric silsesquioxane) polymer. In this paper, we compare a poly(acryloisobutyl
polyhedral oligomeric silsesquioxane)-b-poly(ethylene oxide)-b-poly(acryloisobutyl polyhedral
oligomeric silsesquioxane) (POSS-PEO-POSS) triblock copolymer and a poly(ethylene oxide)-b-
poly(acryloisobutyl polyhedral oligomeric silsesquioxane) (PEO-POSS) diblock copolymer
mixed with lithium bis(trifluoromethanesulfonyl)imide salt. We have experimentally measured
the limiting current density in lithium symmetric cells containing hybrid organic-inorganic
electrolytes at 90 °C. The cells were polarized at a large range of applied current density. The
diblock copolymer electrolyte exhibited a clear plateau in cell potential at all current densities
below the limiting current density. At low applied current density, the triblock copolymer
electrolyte also exhibited a clear plateau in cell potential. At currents approaching the limiting
current density, the triblock copolymer electrolyte exhibited an underdamped potential profile.

The cell potential did not reach a plateau at current densities above the limiting current in both



systems. The diblock and triblock copolymer electrolytes were fully characterized using
electrochemical methods to determine the ionic conductivity, cation current fraction, salt
diffusion coefficient, and open circuit voltage as a function of salt concentration. Cell potential
and salt concentration as functions of position in the cell at various current densities were
calculated using Newman’s concentrated solution theory. The theoretical limiting current density
was calculated to be the current density at which salt is depleted at the cathode. We see
quantitative agreement between experimental measurements and theoretical predictions for the
limiting current density in the diblock copolymer electrolyte which has an ordered structure at all
salt concentrations, while the experimental limiting current density is lower than the theoretical
prediction for the triblock copolymer electrolyte, which exhibits a disordered morphology at high

salt concentrations.

Highlights.
* Diblock copolymer electrolytes order while triblock copolymer electrolytes disorder with
salt
* Predicted limiting current density is greater than experimental value in disordered system

* Predicted limiting current density agrees with experiments in ordered system

Key Words: Block copolymer electrolytes; Phase behavior; hybrid organic-inorganic; Limiting

current density; Concentrated solution theory; lon transport

Introduction. There is continued interest to develop electrolytes in order to improve stability

and cycle life of secondary lithium batteries.'™ One approach is block copolymer electrolytes,



which combine the benefits of ionically conductive polymers with nonconducting, mechanically
rigid polymers.> While the full electrochemical characterization of liquid electrolytes®’ and
homopolymer electrolytes®~!” have been extensively reported, there are relatively few systematic
studies using copolymer electrolytes.!!

Electrolytes are most often characterized by measuring ionic conductivity, K, using ac

12714 Recognizing that conductivity in Li* conductors is often

impedance spectroscopy.
dominated by the mobility of the anion, it is fairly common to report the cation current fraction,
P+, obtained in a symmetric lithium-electrolyte-lithium cell using the Bruce-Vincent method.!>1
The product Kp. indicates the efficacy of an electrolyte in the limit of small (infinitesimal)
currents.!”  Whether or not an electrolyte can be used in practical batteries depends on the
relationship between current and potential in the limit of large currents.'® While this relationship
will depend on the specific battery used in the experiment, the lithium-electrolyte-lithium cell
provides a standardized platform for reporting this relationship. The passage of a current through
the battery results in the formation of salt concentration gradients through the electrolyte
between the cathode and the anode. Salt concentration gradients in the electrolyte increase when
the cell is polarized at higher current density. The limiting current density is defined as the
current density at which salt is depleted at the cathode!®. There is growing recognition that the
limiting current density is, perhaps, the most important metric of an electrolyte.2-?!

In this study we present measurements of limiting current density in a poly(acryloisobutyl
polyhedral oligomeric silsesquioxane)-b-poly(ethylene oxide)-b-poly(acryloisobutyl polyhedral
oligomeric silsesquioxane) (POSS-PEO-POSS) triblock copolymer and a poly(ethylene oxide)-b-

poly(acryloisobutyl polyhedral oligomeric silsesquioxane) (PEO-POSS) diblock copolymer

mixed with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. In the triblock copolymer,



the PEO block has a molecular weight of 35 kg mol~! and POSS block molecular weight of 4.7
kg mol~!. In the diblock copolymer, the PEO block has a molecular weight of 5 kg mol~! and
POSS block molecular weight of 1.9 kg mol~'. The volume fraction of the PEO block, fro, is
0.81 and 0.76 in triblock and diblock copolymer, respectively. Schematic 1 demonstrates the
chemical structure of the diblock and triblock copolymers. The salt concentration in
lithium/electrolyte/lithium cells used in the limiting current density experiments is [Li]/[EO] = r
= 0.10. Table 1 summarizes the characteristics of the polymer electrolytes used in this study. The

synthesis of the polymers is described in previous studies.???3

Block copolymers microphase
separate into nanophase separated domains, creating channels that are ionically conductive. The
morphology is affected by salt concentration.?* In previous studies, we have studied this effect in
a series of POSS-containing block copolymers.???*2 The most commonly observed morphology

in POSS-containing block copolymer/salt mixtures at 90 °C is alternating POSS-rich and

PEO/LiTFSI-rich lamellae.
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Schematic 1: Chemical structure of a) triblock copolymer (POSS-PEO-POSS) and b) diblock copolymer

(PEO-POSS) used in this study.



Table 1. Characteristics of neat polymer and polymer electrolytes

MpEo Mposs N feomwirrst | d (90 °C) | Morphology
(kg mol'!) | (kg mol!) | (120 °C) (nm) (90 °C)
Triblock | 35 9.28 634 0.81 26.1 LAM
r=0
Triblock | 35 9.28 634 0.85 314 LAM
r=0.10
Diblock | 5 1.86 97 0.76 19.6 LAM
r=0
Diblock | 5 1.86 97 0.80 20.0 LAM
r=0.10

Mpro = molecular weight of the PEO block; Mposs = molecular weight of the POSS block
determined by 'H-NMR; N = chain length calculated at 120 °C and monomer reference volume
of 0.1 nm?; frowirrsi = volume fraction of PEO/LiTFSI block; d = domain spacing at 90 °C
determined by small-angle X-ray scattering.

Ion transport was characterized in triblock and diblock copolymer electrolytes by
experimentally measuring K, ps, salt diffusion coefficient (D), and the concentration cell open-
circuit potential (U) as a function of salt concentration. Newman’s concentrated solution theory
can be used to model the magnitude of salt concentration gradients as a function of position in an
electrolyte at different applied currents density!”. However, this theory was developed for 3-
component homogenous electrolytes. The theoretical and experimental limiting current densities
in a few homogenous electrolytes has been previously reported’—2. In contrast, block
copolymers mixed with dissociated salt are 4-component heterogenous systems and complete

characterization would require specification of 6 transport parameters and 2 thermodynamic

factors. A theory that incorporates these parameters has not yet been developed. Our approach



based on 3 transport coefficients and 1 thermodynamic factor is approximate. Nevertheless, this
theoretical model was used to predict the limiting current density in both the triblock and diblock
copolymer electrolytes. The theoretical limiting current density and the experimentally

determined limiting current density are compared with no adjustable parameters.

Experimental.

Electrolyte preparation. Electrolytes were prepared by mixing polymer with LiTFSI (Sigma-
Aldrich). Due to the hygroscopic nature of LiTFSI, all sample preparation was carried out in an
argon glovebox (MBraun) where H,O and O: levels were maintained below 0.1 ppm and 0.6
ppm respectively. PEO-POSS and POSS-PEO-POSS polymers were dried at 90 °C under
vacuum in the glovebox antechamber for 48 h and then transferred into the glovebox. LiTFSI
was dried at 120 °C under vacuum in the glovebox antechamber for 48 h and then transferred
into the glovebox. Dry polymer and LiTFSI salt were dissolved into anhydrous THF and the
solutions were mixed at 55 °C for 24 hours. The caps were then removed from the vials allowing
THF to evaporate and leave behind a homogeneous polymer/salt mixture inside of the glovebox.
After drying on a hotplate at 60 °C for 48 h, the electrolytes were transferred to the glovebox
antechamber and dried under vacuum for 48 h at 90 °C. The salt concentration in the copolymer
was quantified by r, the molar ratio of lithium ions to ethylene oxide (EO) moieties. We assume

that the salt resides exclusively in the PEO domain.

Electrochemical characterization techniques.
Blocking electrode symmetric cell preparation. Stainless steel symmetric cells were prepared for

ionic conductivity measurements of electrolytes using ac impedance spectroscopy. Electrolytes



were heated to 120 °C and pressed into a 3.175 mm diameter hole within a 250 pum thick silicone
spacer. Two 200 um- thick stainless-steel electrodes were pressed on either side of the
electrolyte-filled spacer. The electrode thickness was measured using a micrometer. The
thickness of each electrolyte (L) was determined by measuring the thickness of the cell and
subtracting the thickness of the electrodes. Aluminum tabs were secured to the electrodes using
Kapton tape. The entire cell was vacuum sealed in Showa-Denko pouch material leaving only

the tab ends exposed.

Impedance Spectroscopy. Each cell was placed in a custom-built heating stage. Cells were held
at temperature for 30 minutes before measurements were taken. Complex electrochemical
impedance spectroscopy measurements were acquired using a Biologic VMP3 potentiostat
paired with EC-lab software for a frequency range of 1 MHz to 100 mHz at an amplitude of 50
mV. The resulting Nyquist plot was fit to an equivalent circuit, and the electrolyte bulk
resistance (Rp) was extracted. This value was identical to the R, determined from the low-
frequency minimum on a Nyquist impedance plot. Ionic conductivity, k, was calculated using the

following expression,

where a is electrolyte area calculated using the inner diameter of the spacer, 3.175 mm. The
standard deviation was used to estimate error bars from 3 or more cells. Results are reported at

90 °C.



Lithium symmetric cell preparation. Lithium symmetric cells were prepared in a similar manner
as the stainless-steel symmetric cells described in the preceding paragraph. Lithium electrodes
were constructed by first brushing 150 um thick lithium metal (MTI Corporation) then pressing
using a pneumatic press inside of an argon glovebox to create a clean lithium surface. The
lithium metal was backed by nickel foil to increase mechanical support and allow for even
current distribution. Electrolytes were heated to 120 °C and pressed into a 3.175 mm diameter
hole within a 250 pm thick silicone spacer. Cells were constructed by pressing the lithium
electrodes on either side of the silicon spacer containing polymer electrolyte. The electrode
thickness was measured using a micrometer. The thickness of each electrolyte (L) was
determined by measuring the thickness of the cell and subtracting the thickness of the electrodes.
On average, L = 0.025 + 0.01 cm. Nickel tabs were secured to the nickel side of the electrodes.

These cells were vacuum sealed in pouch material leaving the nickel tabs exposed.

Lithium symmetric cell preconditioning. Lithium symmetric cells were annealed at 90 °C in a
custom heating stage for 4 h. Cells were preconditioned in order to stabilize the solid electrolyte
interface (SEI) before electrochemical characterization at 90 °C using a Biologic VMP3
potentiostat paired with EC Lab software. Preconditioning consisted of five to eight polarization
cycles with an applied current density (i) of 0.02 mA c¢cm™ for 4 h in both the positive and
negative directions with a 2 h open circuit voltage (OCV) relaxation step between each
polarization step. Impedance spectroscopy was performed in between each polarization cycle
with a frequency range of 1 MHz to 100 mHz and amplitude of 50 mV. Time independent

impedance spectroscopy data were taken as a signature of a stable SEL



Chronoamperometry. The steady-state current experiment was performed by polarizing
preconditioned lithium symmetric cells at constant potential, AD, for 4 hours and measuring the
current density reached at steady-state, iss. Impedance spectra were collected at every hour
increment to probe the bulk and interfacial resistances (Rp, Ri). A® of 10 mV, -10 mV, 20 mV
and -20 mV were utilized to ensure the results were independent of the sign and magnitude of the
applied potential. The resistances of the cell initially (Rv0 and R;o) and at steady-state (Rpss and
Riss) were measured using impedance spectroscopy. The initial current density, io, is determined

using Ohm’s law,

AD

- 2]
Rio + Rppo

)

The steady-state current fraction, ps, is calculated as follows,

0, = iss(AcD_iQRi,O)
T g(AD —igR;s)

3]

Concentration polarization. Restricted diffusion coefficient measurements were obtained using
the concentration polarization introduced by the steady-state current experiment outlined in the
preceding paragraph. Upon removal of the applied potential, the open-circuit voltage, OCV, of

the cell relaxed with time, ¢, for 4 h. The diffusion coefficient, D, is calculated as follows

—d InOCV _ w?D
dt 2

[4]
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where the left-hand side of the equation is the slope from the linear fit of —-In(OCV) vs. t. L is the
thickness of the electrolyte. The standard deviation was used to estimate error bars from 3 or

more cells.

Limiting current density experiments. Current (i) was applied to preconditioned lithium
symmetric cells containing polymer with a salt concentration of r = 0.10 in a stepwise manner,
until the limiting current density (iim) was reached. All experiments were conducted at 90 °C. A
cycle for one current experiment consisted of applying the same magnitude of current in the
positive direction until the potential reached steady state followed by applying current in the
negative direction with 1h open circuit rest steps in between each step. A sample experiment is
shown in Figure S1 in the Supporting Information. The time required to reach steady state
potential (®s) varied from approximately 25 minutes to 4 h. In most cases, cells were used for
one or two current cycles as the nucleation and growth of lithium dendrites short-circuited the
cell. Polarization time was minimized to reduce the influence of dendritic growth. Impedance
spectroscopy experiments were performed before and after each polarization step to determine

the bulk and interfacial impedances.

Concentration cell potential experiments. Concentration cells were prepared by creating a
channel with dimensions 4 cm by 1.5 mm in a 250 pum thick silicone. Half of the channel was
filled with reference electrolyte with a salt concentration of r = 0.08, and the other half was filled
with electrolytes at different r. Lithium electrodes (lithium foil backed by nickel foil) were
placed on both ends of the channel. Nickel tabs were secured to the electrodes. The assembly

was vacuum sealed in pouch material. Each cell was annealed at 90 °C for 24 h before the value

11



of cell potential, U was recorded; this length of time ensures the formation of stable interface
layers prior to the electrochemical measurement. The concentration gradient relaxation process
was measured over the course of several days. Three concentration cells were prepared at each

salt concentration.

Small-angle X-ray scattering.

The morphologies of the electrolytes were determined using small-angle X-ray scattering
(SAXS). Samples were prepared inside an argon glovebox. Electrolytes were heated to 120 °C,
then pressed into rubber spacers (1 mm thick, 3.175mm inner diameter). Kapton windows were
attached to either side of the electrolyte, and the assembly was sealed inside custom airtight
aluminum holders. The samples were annealed at 120 °C under vacuum for at least 48 h.
Measurements were performed at Beamline 7.3.3. at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory and Beamline 1-5 at the Stanford Synchrotron
Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory. Samples were held at
90 °C for at least 30 minutes in a custom-built heating stage before scans were taken. Silver
behenate was used to determine the beam center and sample-to-detector distance. Two-
dimensional scattering patterns were integrated azimuthally using the Nika program for IGOR
Pro to produce one-dimensional scattering profiles.>* Here we report the scattering intensity as a
function of the magnitude of the scattering vector, g (¢ = 4nsin(6/2)/2.) where 0 is the scattering
angle, and / is the wavelength of the X-rays equal to 1.2398 A at the ALS and 1.03232 A at

SSRL.
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Results and Discussion.
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Figure 1. SAXS intensity is plotted as a function of the magnitude of the scattering vector, g, in
a) triblock and b) diblock copolymer/salt mixtures at 90 °C. Salt concentration, r, is indicated on
the right (0 < r<0.30). Yindicate peaks characteristic of lamellae (g = g*, 2g*, 3¢*). Shaded

gray scans indicate disordered scattering profiles.
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The effect of added salt on the morphology is shown in Figure 1a and 1b, where SAXS
intensity is plotted as a function of the magnitude of the scattering vector, g at varied salt
concentration, [Li]/[EO] = r. Figure la shows data for the triblock copolymer/salt mixtures. In
the neat sample (r = 0), the SAXS pattern exhibits two peaks at ¢ = g* = 0.22 nm’! and g = 2¢*,
denoted by triangles, indicating the presence of alternating PEO/salt-rich and POSS-rich lamellae
layers (LAM). The LAM morphology persists in the salt concentration range 0 < r < 0.10. At r =
0.15, we see a monotonically decaying scattering profile, a standard signature of a disordered
phase (DIS). DIS persists in the salt concentration range 0.15 < r < 0.30. Thus, a transition from
LAM to DIS occurs with increasing salt concentration at r = 0.125 + 0.025.

Figure 1b shows SAXS profiles for the diblock copolymer/salt mixtures. At salt
concentrations 0 < r < 0.012, the SAXS pattern reveals 3 peaks at ¢ = ¢* = 0.35 £ 0.02 nm™!, g =
2g*, and g = 3¢g*, denoted by triangles, indicating LAM. At r = 0.014, we see a monotonically
decaying scattering profile, a standard signature of a disordered phase (DIS). DIS persists in the
salt concentration range 0.014 <r <0.02. At r > 0.025, a LAM phase is observed in the scattering
profiles and persists in the accessible salt concentration range (0.025 < r < 0.30). Thus, the
diblock copolymer system exhibits a small DIS window with a lower boundary at salt

concentration r = 0. 013 + 0.001 and an upper boundary at r = 0. 0225 + 0.0025.

14
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Figure 2. Length-normalized measured cell potential, ®/L versus time for lithium symmetric cells of salt
concentration r = 0.1 at different magnitudes of normalized applied current density, iL in a) triblock
copolymer and b) diblock copolymer electrolytes at 90 °C. Solid lines indicate profiles where the cell
reaches a steady-state potential during polarization current density below the limiting current. Dashes
lines indicate profiles where potential diverges due to transport limitations above the limiting current
density during polarization at high current density. Figure a) also demonstrates profiles in which an
underdamped potential profile is observed at a polarization current density approaching the limiting

current. Such profiles are not observed in b).

Figure 2a demonstrates time-dependence of the potential gradient, ®7L, at several applied
normalized current densities, iL, in lithium symmetric cells containing the triblock copolymer
electrolytes with a salt concentration of » = 0.10. The parameter ®r is the potential drop across

the cell after correcting for interfacial impedances. It thus accounts for the potential drop across
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the bulk electrolyte. The value of ®f is obtained after contributions from the interfacial

impedance are subtracted according to Ohm’s law as follows

O = D-iR;a. 5]

In a symmetric cell, the dependence of @y obtained at steady state at a given current density, i,
will depend on electrolyte thickness, L. We have chosen to display our results on a plot of ®7L
versus iL because, in theory, this dependence should be independent of electrolyte thickness.
Our choice of parameters used in Figure 2 facilitates comparisons with measurements conducted
in other laboratories. The value of interfacial resistance, R; was obtained by impedance spectra
taken in between each current step, and a is electrolyte area calculated using the inner diameter
of the spacer used to contain the electrolyte in the lithium symmetric cell (3.175 mm).

At iL = 0.006 mA/cm, ®7L increases with time then reaches a plateau after 2 hours at
approximately 5 V/cm. The overdamped time-dependence seen in Figure 2a is a standard
signature of a potential profile wherein i < ij;». When iL is increased to 0.008 mA/cm, we see a
fundamentally different profile. ®/L initially increases with time to a value of 7.5 V/cm.
However, over the course of the next 2 hours, ®/L decreases and reaches a plateau at a value of
6 V/cm. In many dynamical systems increasing the magnitude of the perturbation results in a
change from overdamped to underdamped behavior.3* This is true for both linear and nonlinear
systems. The result in Figure 2a is thus not surprising, given the highly non-linear nature of ion
transport through electrolytic systems, especially as the limiting current is approached.'®* The
behavior shown in Figures 2a is reversible: decreasing the current density back from iL = 0.008

mA/cm to iL = 0.006 mA/cm results in a return to overdamped dynamics and thus, is not

16



ascribed to effects such as the unstable deposition of lithium metal on the electrode. At iL = 0.01
mA/cm, ®4L continually increases with time and does not plateau over the course of 4 hours.
This is an indication that the limiting current has been exceeded and i > iji». The crossover from
overdamped to underdamped behavior appears to be an announcement that the triblock
copolymer electrolyte is in the vicinity of the limiting current.

Figure 2b demonstrates ®/L versus time in two lithium symmetric cells containing the
diblock copolymer electrolyte with salt concentration » = 0.10 at two different applied currents.
AtiL =0.01 mA/cm, a similar overdamped profile to that seen in Figure 2a at iL = 0.006 mA/cm
is seen, indicating i < ijm. At iL = 0.021 mA/cm, a similar profile to that seen in Figure 2a at iL =
0.010 mA/cm, is seen indicating i > i;in. We note that underdamped time-dependence is not seen

in any of the diblock copolymer electrolyte potential profiles.
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Figure 3. Length-normalized steady-state cell potential, Adss/L, plotted against normalized applied
current density, iL, in a) triblock copolymer and b) diblock copolymer electrolytes in lithium symmetric
cells of approximate thickness L = 300 pum at salt concentrations r = 0.10 at 90 °C. Each data point
represents a unique cell. Horizontal bars indicate measurements where potential diverges due to transport

limitations above the limiting current density during polarization. The limiting current density, i;iL, is the
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average between the last normal measurement, and the horizontal bar. c) Time required to reach the

potential plateau averaged across all experiments conducted at currents below the limiting current.

The results of all current density experiments performed on the triblock copolymer
electrolyte (r = 0.10) at 90 °C are summarized in Figure 3a where the steady-state potential
gradient ADgs/L, is plotted as a function of normalized current density, iL. A®ss represents the
plateau in potential that is reached in experiments performed at i < ijim. ADss was subtracted by
the OCV potential which was slightly greater or less than zero due to the Seebeck effect and
unavoidable temperature gradients in the cell. Closed blue data points represent profiles in which
an overdamped potential profile is seen (see Figure 2a, iL = 0.006 mA/cm). Green data points
represent an underdamped potential profile (see Figure 2a, iL = 0.008 mA/cm). The vertical bar
at iL = 0.009 mA/cm indicates i > iin (see Figure 2a, iL = 0.01 mA/cm). We observe a general
increase in AQgs/L with increasing iL. We define the length normalized limiting current, ijinL, as
the average of the highest current density for which A®ss was observed and the current density at
which A®gss was not observed. Thus, iinl = 0.0085 mA/cm for the triblock copolymer
electrolyte. Half of the difference between these two current densities is taken as the error (+
0.0005 mA/cm).

The results of all current density experiments performed on the diblock copolymer
electrolyte (r = 0.10) at 90 °C are summarized in Figure 3b. At all current densities classical
overdamped potential profiles were observed. As in Figure 3b, the vertical bar at iL = 0.015
indicates i > i;in. Using the same method outlined in the preceding paragraph, iiimL = 0.0135 +
0.0015 mA/cm in the diblock copolymer electrolyte.

Figure 3c plots time to reach plateau potential averaged over all experiments performed

in the triblock copolymer (Figure 3a) and the diblock copolymer (Figure 3b) at r = 0.10. The

18



triblock copolymer electrolytes on average took 2.5 hours to plateau, while the diblock
copolymer electrolytes on average took 0.4 hours to plateau. While a rigorous analysis of the
time-dependent profiles that underlie the data in Figure 3a and 3b, it is outside of the scope of

this paper, a possible reason for this difference will be discussed shortly.
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Figure 4. a) Ionic conductivity (k) b) current fraction (p-) c) diffusion coefficient (D) as a function of salt
concentration, r, and d) concentration cell open-circuit potential (U) as a function of natural log molality

(In[m]) at 90 °C. Fits are shown as solid lines through data points.
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We use Newman’s concentrated solution theory to predict the limiting current in our
electrolytes (iimm) using process described by Pesko et al?®. This requires the full
electrochemical characterization of the triblock and diblock copolymer electrolytes at 90 °C,
shown in Figure 4a-d.

Figure 4a demonstrates the ionic conductivity (k) as a function of r at 90 °C shown as
markers and fits shown as solid lines to the following expression of the form proposed by

Mongcopa et. al.

K = Ax7ar * exp[-ra /Bx), [6]

where A« and By are fitting parameters shown in Table 2 for both the diblock and triblock

copolymer electrolytes.

Table 2. Fitting parameters used in Figure 4

Diblock Ax Bx Cx
K 0.0097865 0.12447 --
p+ 2.0854 -0.6129 0.1538
D -2.0534E-07 | 5.1663E-08 | 2.7385E-08
U -13.8 66 74
Triblock Ax B Cx
K 0.025046 0.087231 --
P+ 7.2688 1.7677 0.1621
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D -4.8153E-07 | 7.7335E-08 | 2.2657E-08
U -13.8 66 74

Figure 4b demonstrates current fraction (p+) and Figure 4c demonstrates diffusion
coefficient (D) as a function of » at 90 °C shown as markers and fits shown as solid lines to the

following second-order polynomials

pP+= Ap+ rav2 +Bp+ Tay + Cp+’ [7]

D = AD Fay 2 +BD Tay + CD- [8]

where Ay+, By+, Cp+, Ap, Bp, and Cp are fitting parameters to the data shown in Figure 4b and 4c
for both copolymer electrolytes, shown in Table 2.

The symbols in Figure 4d show the dependence of the concentration cell open-circuit
potential (U) on salt molality (m) in the PEO/salt rich microphase. This is calculated assuming all
the added salt resides in the PEO-rich microphase. The solid curve in Figure 4d is taken from the
work of Galluzzo et. al. who studied the open circuit potential in both poly (ethylene oxide) and
poly (ethylene oxide)-b-poly(styrene) block copolymer electrolytes.!! That studied compared a
wide variety of electrolytes with block copolymer of different molecular weights and
compositions and it was found that the open circuit potential from all systems collapsed when
plotted as a function of m. This collapse indicates that in block copolymer electrolytes where the
salt resides exclusively in one of the domains, the open-circuit potential mainly reflects
interactions between the lithium ions and that microphase. It is evident from Figure 4d that the fit
that the data obtained by our POSS-containing block copolymers is consistent with the fit

presented in ref 7. In this study, we will thus use the parameters given in ref 7.
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U = Ayln[m)? +Byln[m] + Cu, [9]

We note that the concentration cell reference salt concentration used in ref 7 was 7, = 0.065. In

our experiments, a reference salt concentration used was r = 0.08. A vertical shift was used to

au

adjust the equation used in ref 7 to our data. Our analysis requires evaluation of nir]

. which is

independent of the vertical shift, and has the following form,

au
dIn[m]

= 2AyIn[m] + By.[10]

Diblock m data — fit
Triblock m data — fit

aar 11+ 1 T 1

0.10 020 030

Figure 5. a) J; b) J> as a function of r at 90 °C in the diblock and triblock copolymer electrolytes. Fits are

shown as solid lines through the data.
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For a given value of fixed applied current density, i, the salt concentration as a function

of position in the cell, ry(x), is given by the following expression derived in ref 21,

[ Ol @ [

1
sp(x=0) r(Z+v+)fE0/LiTFSI(1 - m)

Jydr = —il (x/L),[11]

sp(x=0)

where z: is the charge number and v, is the number of cations. Both z; and v, equal to 1
for LiTFSI. The integrand in the left side of Equation 11 is called J;. Our objective is to
determine rs»(x) for a given value of average salt concentration, ry and iL. This is done by first
guessing ryp(x = 0) and solving for r(x) using Equation 11 between 0 < x/L < 1 by numerical
integration. The average of all calculated ry,(x) for all positions within the cell is then calculated.
If it does not agree with the specified value of r., then rg(x = 0) is changed until convergence.
Once all ry(x) at different points within the electrolyte are known, then the spatially dependent

steady-state potential, @ss(x), can be calculated using the following expression,

Dgs(x) = [P L] dr[12]

Tsp(x=L) k(1) pa (1)

rearranged as follows,

Ras dIn[m] Tsp(x
o (X):j dr:f ]dr_ 13
. Tsp(x=L)r(p+ (1) — D(z,v4) fro/LirFs rsp(x=L) ’ [13]
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where J2 is the integrand in Equation 13, analogous to J;. Without any loss of generality, the

potential at x = L is defined to be zero in Equation 13.

The integrands J; and J2 are plotted as a function of r in Figures 5a and 5b. The fitted

equation to the data in Figure 4a used to compute the right side of Equation 11 is

r
]1 = A 17‘ Exp [_ B—] (ClT'Z + Dl r + El)' [14’]
1

The fitted equation to the data in Figure 4b used to compute the right side of Equation 13 is

Table 3. Fitting parameters used in Figure 4.

r
_]2 = A 27‘ Exp [_ B_] (CZT'Z + D2 r+ Ez) [15]
2

Triblock | Ax B, Cy Dy Ex

1 -0.017759 + 0.086436 + -0.00015541 + | 4.3448e-005 £ | -4.1163e-006
281 0.00341 2.46 0.687 +0.0651

2 0.015181 £42 | 0.077453 + 27411 + -0.66356 + 0.075376 =

0.00575 7.58e+003 1.84e+003 208

Diblock | Ax B Cy Dy E,

1 5.0738e-006 = | 0.11973 + 0.078773 + -0.032477 £ 0.0061345 +
0.000155 0.0122 2.4 0.991 0.187

2 0.018888 + 0.071005 = 2.3706 + -0.52126 + 0.063286 =
60.6 0.0053 7.6e+003 1.67e+003 203
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All fitting parameters for the fits demonstrated in Figure 5a and 5b using Equations 14 and 15
are shown in Table 3 for both copolymer electrolytes. The fits are extrapolated in the salt
concentration range 0 < r < 0.02, which lies outside of the range of electrochemical
measurements. We note that Equation 14 and 15 have the same form, but different fitted

parameters (A-E). The required integrations were performed analytically using Equations 16 and

17:

720 Jadr = (A1B{6BC1 + 2BAD; + 3Cir) + 7 [Er+ 7 (D1+ Cir)l) + By [Er + 7 (2D +

Tsp(X)
Tsp(x=0)"

3Cr)] Exp[-r/B/] | [16]

[729) 1 dr =«(A2B2{6B2Ca + 2BAD2 + 3Car + 1 [E2+1 (D2 + Car)]} + B2 [E2 +7 2Dz +

Tsp(x=0)

Tsp(X)
Tsp(x=0)"

3Cor)] Exp[-r/B2] | [17]
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Figure 6. Salt concentration profiles ry,(x/L) as functions of position through the cell at a range of current

densities, i, with average salt concentration r,, = 0.10 in a) triblock copolymer and b) diblock copolymer

electrolytes. x/L = 1 is the cathode side of the cell; x/L = 0 is the anode side of the cell. Fraction of

disordered morphology, fois, as a function of fraction of theoretical limiting current fi» in c) triblock

copolymer and d) diblock copolymer electrolytes.

Figure 6a and 6b plot the spatially determined salt concentration, rs, as a function of

position (0 < x/L < 1), calculated using Equation 11, for both electrolytes with average salt

concentration, rs, = 0.10. x/L

1 is the electrolyte/cathode interface; x/L = 0 is the

electrolyte/anode interface. The current density, i, is incrementally increased until the theoretical
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limiting current density, iimm is reached, (i.e rp = 0 at x/L = 1). We define a fraction of
theoretical limiting current density as follows: fiim = i/iiim.m. The color of each salt concentration
gradient corresponds to different values of fiin and iL. We observe an increase in the salt
concentration gradient with increasing fiin in both electrolytes. ijm» in the triblock copolymer
electrolyte is 0.017 mA/cm, while ijim, 1n the diblock copolymer electrolyte is 0.013 mA/cm. We
note that the data in the salt concentration range 0 < ra < 0.02 is outside of the range of
experimentally determined electrochemical transport parameters and thus is an estimated based
upon the fit demonstrated in Figure Sa.

The DIS salt concentration window is shaded in gray in Figure 6¢ and 6b. As shown in
Figure 5a and 5b, the DIS phase occurs at a larger range of salt concentrations in the triblock
copolymer electrolytes as compared to the diblock copolymer electrolytes. The fraction of DIS,
fpis 1s defined as the fraction of electrolyte in the salt concentration range that exhibits DIS
morphology. Figure 6¢ and 6d plot fiin as a function of fraction of fpss in the triblock copolymer
and diblock copolymer electrolyte respectively, where the secondary x-axis plots the
corresponding value of iL. The triblock copolymer electrolyte exhibits a steep increase in fpss at
Sitim > 0.10. At fiim = 1, fpis reaches a maximum of 0.40. Figure 6d demonstrates fpis is much
lower in the diblock copolymer electrolyte at all fiin. fpisis 0, with the exception of 0.9 < fiin <
1.0, where fpis reaches a maximum of 0.10. Experimentally determined i;n is plotted alongside
the data in Figures 6b and 6d, shown as a vertical bar. Figure 6b demonstrates that the triblock
copolymer electrolyte i;n is reached when fiin = 0.46, while Figure 6d shows the diblock
copolymer electrolyte i, 1s reached when fiin = 1. This large difference is attributed to fpis =

0.30 in the triblock copolymer electrolyte, while fp;s = 0.10 in the diblock copolymer electrolyte.
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The results shown in Figure 6a-d demonstrate that morphology is an important parameter

in determining i;». The model used to estimate the limiting current density does not account for

changes in morphology.

®/L (V/cm)
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Figure 7. a) Simulated spatially dependent potential normalized by cell thickness (®/L) as a function of

position in cell (x/L) for a range of r calculated at various current densities, iL in a) triblock copolymer

and b) diblock copolymer electrolytes with average salt concentration » = 0.10. The potential at x = L is

zero by definition.

Figure 7a and 7b demonstrates the potential normalized by cell thickness (®/L) as a

function of position in electrolyte (x/L) calculated using Equation 13 in the triblock and diblock

copolymer electrolytes respectively. The applied currents are the same as those shown in Figure

6 and range from O < i < ijimm. The color scale bar notes the corresponding values of iL and fiim.

As in Figure 6a and 6b, the results of the triblock and diblock copolymer simulations are
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comparable. The magnitude of ®/L at x/L = 0 is greater in the triblock copolymer electrolytes as

compared to the diblock copolymer electrolytes.
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Figure 8. A comparison of experimentally measured (markers) (Figure 2) and theoretically predicted
steady-state potential drop (dashed line), Adss/L , versus applied current density, iL normalized by
thickness in a) triblock copolymer and b) diblock copolymer electrolytes with 7., = 0.10. "X indicates the
experimentally determined limiting current. The area shaded in gray indicates where salt concentration

profiles indicate that fp;s > 0.30.

The theoretically predicted ®ss is taken to be the value of ® at x/L = 0 and iL < ijmL. The
dashed curve in Figure 8 shows the theoretically predicted A®ss/L. The terminus of this curve,
represented by an ‘x’, represents the theoretical prediction for the limiting current. The data
points represent the experimentally measured A®ss/L versus iL, recast from Figure 3a and 3b for
the triblock and diblock copolymer electrolytes respectively at 74, = 0.10.

Figure 8a shows results for the triblock copolymer electrolyte and demonstrates
quantitative agreement between experimental and theoretical ADss/L when iL < 0.009 mA/cm.

When iL > 0.009 mA/cm, the theoretical model predicts a continued linear increase in measured
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A®dss/L. Experimentally, iL > 0.009 mA/cm > iimL. As previously discussed, the measured ijimL
is 46% of the theoretical ij,L. The shaded regions show the limit fpzs > 0.30.

Figure 8b shows the results for diblock copolymer electrolyte and demonstrates lower
measured AQgs/L than theoretically predicted O < iL < 0.008 mA/cm. There is better quantitative
agreement between experimental and theoretical A®ss/L when iL > 0.010. As previously
discussed, the measured iimL (0.0135 £ 0.015) is within error of theoretically predicted isimlL
(0.013 mA/cm).

The mismatch between theoretical predictions and our experiments in Figure 8 indicates
the need to developing more complete theoretical models for ion transport through
nanostructured block copolymers; the approach that we have used based on three transport
coefficients and one thermodynamic factor was, after all, developed for homogeneous, single-

phase electrolytes'®.

Conclusion.

The limiting current density in symmetric lithium cells at 90°C was determined
experimentally in hybrid inorganic-organic triblock and diblock copolymer electrolytes. The
time-dependence of the cell potential was recorded at fixed applied current densities. The steady-
state cell potential was a smooth function of current density until a threshold; this threshold was
taken as an indication that the applied current exceeded the limiting current density. While the
diblock copolymer electrolytes exhibited overdamped profiles similar to those in homopolymer
PEO, the triblock copolymer exhibited underdamped profiles at applied current densities close to

the limiting current.
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The diblock and triblock copolymer electrolytes were fully characterized at a large range
of salt concentrations using electrochemical methods to determine the ionic conductivity, salt
diffusion coefficient, current fraction, and the concentration cell steady-state potential as a
function of average salt concentration. Newman’s concentrated solution theory was used to
simulate cell potential and salt concentration profiles to determine a theoretical limiting current
(i.e., the current at which the simulation predicted that the salt concentration at the cathode
equals zero). The predicted limiting current is a factor of 2 greater than the experimentally
determined limiting current in the triblock copolymer electrolyte. While the diblock copolymer
electrolyte remains more-or-less ordered in the accessible salt concentration range, the triblock
copolymer electrolyte exhibits a large disordered window at high salt concentrations. Further
work must be performed to better theoretically predict limiting current in complex,

multicomponent systems.
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LIST OF SYMBOLS

a electrolyte area (cm?)

Ak ionic conductivity versus salt concentration expression prefactor

Aps first fitting parameter cation current fraction versus salt concentration expression

Ap first fitting parameter salt diffusion coefficient versus salt concentration
expression

Ay first fitting parameter open circuit potential versus salt concentration expression

By ionic conductivity versus salt concentration expression exponential factor

By+ second fitting parameter cation current fraction versus salt concentration
expression

Bp second fitting parameter salt diffusion coefficient versus salt concentration

expression
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Bu

Cp

Cuy
d

D

fois
feo
SfeomiTFsi

ﬁlim

Llim
ilim,th
Ji

J2

L

MpEo

Mposs

second fitting parameter open circuit potential versus salt concentration
expression

third fitting parameter cation current fraction versus salt concentration expression
third fitting parameter salt diffusion coefficient versus salt concentration
expression

third fitting parameter open circuit potential versus salt concentration expression
domain spacing (nm) at 90 °C

salt diffusion coefficient (cm/s)

fraction of disordered phase

volume fraction of the PEO block

volume fraction of the PEO/LiTFSI-rich block

fraction of current density to theoretical limiting current density

current density (mA/cm?)

limiting current density (mA/cm?)

theoretical limiting current density (mA/cm?)

integrand expression for spatially determined salt concentration expression
integrand expression for spatially dependent steady-state potential

thickness of the electrolyte (cm)

molality (mol/kg)

molecular weight of the PEO block (kg/mol)

molecular weight of the POSS block (kg/mol)

chain length calculated at 120 °C and monomer reference volume of 0.1 nm?

magnitude of scattering vector (nm™')

33



Tsp

R;

V+

Z+

GREEK
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