Thermal Gradient Infrared Spectroscopy for Diffusion in Polymers
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Abstract

Time-resolved Fourier transform infrared—attenuated total
reflectance spectroscopy (FTIR-ATR) was used to measure diffusion in opaque and
translucent samples. FTIR-ATR was used to measure the change in absorbance near
the heated ATR crystal surface. The infrared absorbance was then related to
concentration through the Beer-Lambert law. The sample used is a polymer electrolyte
composed of lithium bis-trifluoromethanesulfonylimide (LiTFSI) salt in a block copolymer
polystyrene-poly(ethylene oxide) (SEO). A new approach to introduce concentration
gradients is presented using a temperature gradient that creates a small salt
concentration gradient due to thermally driven mass diffusion (the Soret effect). This
first method was compared to a second method that we have reported using two
laminated polymer electrolyte films of different salt concentrations. The thermal gradient
study (Method 1) covered three temperature differences of 10°C, 15°C, and 20°C, while
the second study (Method 2) used three average molar ratios, across isothermal
temperatures ranging from 80°C to 120°C. The benefits and limitations of the new
approach are reported, as is the activation energy for salt diffusion in this and similar
SEO electrolytes. Developing new techniques to measure diffusion coefficients
effectively will aid in the development of a variety of devices including solid-state
batteries and thermogalvanic cells that are able to convert waste heat into electricity
and improve the efficiency of power generating systems. FTIR-ATR overcomes

previous limitations to experimental techniques measuring diffusion coefficients. The



results prove that thermal gradient FTIR-ATR is an effective and repeatable approach
for determining Fickian diffusion coefficients in viscoelastic solids.
Introduction

Analyzing transport properties in solid polymer electrolytes (SPEs) has been a
topic of interest for their use in solid-state, rechargeable, lithium-metal batteries.'3
Currently available Li-ion batteries that use liquid electrolytes can fail catastrophically
and are not compatible with next-generation, high energy density electrodes such as
lithium metal. There is a need to meet the growing demands of the energy market,
which is expected to double by 2050 4 and is driven by an increasing number of portable
electronic devices, as well as electric vehicles.? 5 Solid polymer electrolytes offer low
cost, safety, good flame resistance, and enable more energy dense batteries via their
compatibility with lithium metal anodes.® 7 Poly(ethylene oxide) (PEO) has been heavily
studied as a polymer for SPEs in lithium batteries since the 1970s, when Fenton et al.
found that lithium salts dissolved in PEO to form ions that can move with the polymer
chain segments, providing ion conduction.® ® PEO-based electrolytes are currently the
highest ionic conductivity dry polymer electrolyte and widely used as polymeric
component in solid battery electrolytes.® Block copolymers, such as high molecular
weight polystyrene-poly(ethylene oxide) (SEO), are desirable for combining ion
transport with high mechanical strength due to the rigid polystyrene (PS) block.? °

For electrochemical devices that use SPEs, a successful design depends on the
behavior of the current carrying species.!" Transport properties which describe ion
transport in a binary electrolyte, such as a polymer/salt system, are ionic conductivity,
salt diffusion coefficient, and cationic transference number.’-'* The most important
battery metric related to transport is charge/discharge rate, which is limited by these
transport properties; this highlights the importance of measuring the diffusion
coefficient.> 5 Previously, self-diffusion coefficients in polymer electrolytes were studied
with pulsed field gradient nuclear magnetic resonance (PFG-NMR)." 6. 17 However,
connecting self-diffusion to limiting battery rate requires the thermodynamic factor,
which accounts for deviation from ideality; it must be determined through additional
experiments.'® ° Furthermore, PFG-NMR s difficult to apply to solid polymers and

solid-state ion conductors due to the fast transverse relaxation (T2) time, which the



mobile ions in the material also have.?® Another approach is restricted diffusion.® 2! It
infers concentration gradient from cell potential, but errors will arise from nonlinear
concentration gradients caused by concentration-dependent transport and
thermodynamic factors.? Therefore, Fourier Transform infrared (FTIR) spectroscopy is
proposed.

FTIR can be used to find the infrared absorption, emission, and photoconductivity
of solids, liquids, and gases.?> 23 Most often it is used to identify the presence of
inorganic and organic compounds (through functional groups) in a sample from their IR
‘fingerprint’. It has also been used to determine changes in concentration, e.g. for
surface characterization of nanoparticles?* and extraction of lipids from skin.?®> FTIR with
attenuated total reflectance (FTIR-ATR) has been used increasingly over the past five
decades as an in-situ technique to gain insight on diffusion in polymers from the
molecular level.?8 27 In most prior work, diffusion of a liquid or vapor in a polymer was
examined, but there have been few studies of all solid systems.?® FTIR directly
measures a quantity that is proportional to molar concentration, which is relevant to the
mutual diffusion coefficient that plays a role in battery rate capability. Thus, FTIR
overcomes limitations of the aforementioned diffusion measurement techniques.
Moreover, we have developed a custom, air-free ATR set-up that is essential for battery
electrolytes.> 2°

As demonstrated previously, time-resolved FTIR-ATR provides a direct
measurement of the salt diffusion coefficient.?® In this work, we have further developed
the technique in order to overcome complicated sample preparation procedures
required by the need to stack two polymer electrolyte membranes of different
concentration. The custom-made ATR set-up reported here allows for a temperature
gradient to be rapidly applied to a sample. This results in a small concentration gradient
due to the Soret effect,3° as determined in our prior work,3' and verified here. Then, the
temperature gradient can be removed, returning the system to equilibrium, and the
transient response of the system can be collected. Thus, it is possible to measure the
Fickian diffusion coefficient by returning to isothermal conditions and tracking the

dissipation of the concentration gradient.



In this study, the Beer-Lambert Law is used to correlate FTIR absorbance and
concentration. This quantification has been proven previously in all concentrations
investigated of LiTFSI in PEQ, in Kim et al.,? meaning FTIR-ATR spectroscopy can be
used to measure diffusion in concentrated, all-solid systems.?® Concentration-based
diffusion and thermal-gradient-based diffusion measurements from the multifaceted
FTIR-ATR technique are reported and discussed in this paper. The results demonstrate
that thermal gradient FTIR-ATR is an effective way to measure diffusion coefficients in

solid PEO-based electrolytes.

Experimental
Materials

Polymer electrolyte membranes were composed of polystyrene—b—poly(ethylene
oxide) (SEO) and LiTFSI. SEO synthesis and electrolyte preparation followed previously
described methods.3? The weight fraction of PS, as measured with NMR, is 0.56, with
the balance being PEO. The number average molecular weight of PEO is 117 kg/mol,
and that of PS is 149 kg/mol. The dispersity (D) of the polymer is 1.1. Before use, SEO
and LiTFSI were dried under vacuum for 48 hours at 120 °C. Then, they were moved
into an argon-filled glovebox (0.1 ppm H20 and O2) and individually weighed on an
analytical balance (Mettler Toledo, XS105, 0.01 mg resolution). The appropriate amount
of LiITFSI was added to SEO to achieve a molar ratio, r = 0,0.05,0.10, or 0.15 mol s/
molgq. EO stands for ethylene oxide monomer repeat unit of PEO. The two solutes
were then dissolved in dimethylformamide (DMF) in a 10 wt% by solids mixture. The
solution was allowed to dissolve for 24 hr at 50 °C and 300 RPM. The solution was then
cast onto nickel foil on a level plate and allowed to dry for 24 hours at 60°C, then under
vacuum at 90 °C for 24 hours. The membranes were next folded and pressed in the
glovebox using a manual hot press at 90 °C to form thicker films. Two different
thicknesses were examined in this study: one film was on the order of 100 pum, and the
other film had a thickness of 300 + 15 um. Thickness was measured using a micrometer
(Mitituyo, 1 um resolution). These pressed films were then punched into 3/16” diameter
disks. The actual thickness of each sample was used in analyzing the data to extract
each diffusion coefficient.



Temperature-gradient FTIR-ATR Spectroscopy

A heated Golden Gate ATR accessory (Specac) and custom copper anvil
connected to a water-bath, were used in conjunction with the FTIR spectrometer
(Frontier, PerkinElmer). The cold side temperature was controlled by the water bath,
which was recirculated at high flow rate through the copper anvil. The hot side
temperature was controlled by the Golden Gate ATR accessory via resistive heating.
Both controllers have a resolution of 0.1°C. All FTIR measurements were taken on the
hot side, at the diamond ATR crystal surface. A schematic of the setup is shown in
Figure 1. The water-cooled copper anvil controls the temperature of the top of the
sample. The temperature of the bottom of the sample, in contact with the ATR crystal, is

controlled by the heated plate.
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Figure 1. Schematic of FTIR-ATR setup and copper anvil design for temperature
induced diffusion (Method 1), with the water bath and heated ATR baseplate creating a
temperature gradient. Shown in the open position for clarity; copper anvil is lowered
onto O-ring and sample to seal and press sample to ATR crystal for experiment.



To account for the significant temperature bleed occurring between the hot side,
controlled by the Golden Gate, and the cold side, controlled by the water bath, a
temperature calibration was conducted as described in the Supporting Information.
Reported temperatures in this work are based on the temperature at the sample surface
as determined by two thermocouples used during the temperature calibration.

Before placing the sample onto the FTIR, background scans were taken and
saved for subtraction. These background scans were taken at each set of desired
boundary temperatures: 65°C/75°C, 62.5°C/77.5°C, 60°C/80°C, as well as equilibrium:
70°C/70°C. After the background scans were taken, the anvil was disconnected from
the water bath, and compressed air was used to flush water from the anvil. Next, the
anvil was placed in the oven for 15 minutes at 120 °C to ensure it was dry before being
cycled into the glove box.

The polymer electrolyte samples were then loaded onto the diamond ATR crystal
in an argon-filled glove box. Each punched sample was placed on the ATR crystal,
which was first cleaned with acetonitrile and dried using Kimwipes. The sample was
sealed shut by first lowering the copper anvil down onto a sealing O-ring. Next, the
anvil’s torque-limited screw knob was used to press the polymer electrolyte sample to
the ATR crystal with a limiting force of 40 Ibs. The ATR accessory was removed from
the glove box and returned to the FTIR. After loading the ATR accessory, 30 minutes
were allowed for purging and thermal equilibration of the sample and the liquid nitrogen
cooled, mercury cadmium telluride (MCT) detector before taking measurements.

Time-resolved FTIR spectra are the average of 8 accumulations with a fixed time
interval of 10 s. The resolution is 4 cm™" from 4,000 to 450 cm™!. To begin a thermal
diffusion experiment, the set-points are changed from 70 °C / 70 °C to that for the
desired boundary temperatures and spectra collected for 360 minutes (6 hours). As
shown in Table 1, all sets of boundary temperatures were centered around 70 °C. The
thermal gradients used in this work range from 0.03 °C/um, for a temperature difference
of 10 °C across a 300 um thick sample, to 0.2 °C/um, for a temperature difference of
20 °C across a 100 um thick sample. The water bath temperature was lowered quickly
from 70 °C by pouring ice into the bath. The time on the FTIR at which the temperatures

reach their set point is taken as time zero, which was generally less than 8 minutes to
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reach steady state. Each sample is exposed to each temperature gradient and then
returned to the isothermal state with no temperature gradient (70 °C / 70 °C). Spectra
are also collected for 6 hours on the return to isothermal. Thus, thermal diffusion is
measured upon application of thermal gradient, and Fickian diffusion is measured upon
return to isothermal state. Once all three temperature gradient trials are completed, the

sample is replaced, and the process is repeated with a new sample.

Table 1. Temperatures applied, which are the actual temperatures of the ‘hot’ and ‘cold’
sides of the sample.

Water Bath Golden Gate
T (°C) T(°C)

65 75

62.5 77.5

60 80

The background spectra and time-resolved data from PerkinElmer's Timebase
software were collected in energy units and processed in MATLAB. The background
was subtracted, and intensity was converted to absorbance as A = —log(1/1y). Time
zero was taken as the time at which set points were reached. The datasets were
truncated to the time at which equilibrium was achieved (absorbance stopped
changing). For samples of 100 + 5 um thickness this was 5,000 s, and for samples of
300 + 15 um thickness it was 10,000s. The CFs peak of LiTFSI, between the
wavenumbers of 1156 cm™' and 1215 cm™, was analyzed by subtracting a linear
baseline and integrating the area under the peak. The CF3 peak was chosen due to the
separation from other vibrational peaks, and the pronounced change of its intensity with
changing concentration. The integrated absorbance (peak area) was normalized using

the following equation:

A(t)—A(0) — Ca(t)—C4(0) (1)
A(0)=A(0)  Cy(0)=C4(0)

where A(0) is the initial absorbance and A() is the final absorbance. This normalized
absorbance is equal to normalized concentration due to the proportionality between

absorbance and concentration. The data from return to isothermal, i.e. Fickian diffusion,
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was analyzed with a numerical model to determine the LiTFSI diffusion coefficient. The
finite difference solution of the transient diffusion equation,

dc d¢
o = Dan g @)

was the same as our prior work,?°® except with a different initial condition. The LiTFSI
concentration in molarity is C, = Cio:a1X4, and Dyp is the Fickian diffusion coefficient.
Both C;,:o; and D,5 are assumed to be constant. Due to the thick films used in this work,
the time-dependent solution at z = 0 was used.3® The initial condition in this work is a
linear concentration profile. This is a good assumption because of the small
concentration gradient that is imposed by thermal diffusion under these conditions, as
we have shown previously.3!' The boundary conditions are no flux at the ATR crystal,

z = 0, and at the top of the membrane, z = L.

dd%antz=Oandatz=Lforallt (3)

An analytical solution can also be found,?” as shown in the Supporting Information.

Concentration-gradient FTIR-ATR Spectroscopy

In this method, rather than creating the concentration gradient with a temperature
gradient, diffusion was induced by vertically stacking two polymer electrolyte
membranes, each with a different salt concentration. We have reported this method
previously and used it to determine LiTFSI diffusion coefficients in SEO polymer films at
120 °C and varying molar ratios.? The samples were characterized by the average
molar ratio of the two membranes, ranging from 7,,, = 0.025 — 0.125. In addition to
using this established technique to validate the temperature-gradient-based approach,
these experiments have been conducted at a range of temperatures to investigate the
activation energy for LiTFSI diffusion in SEO.

Following the procedures described in our prior work,?® a 1/8” hollow punch was
used to cut two samples with a molar ratio difference of 0.05 mol;;/molgy. The bottom
sample was an approximate thickness of 100 um, and the top sample was at least
400 um. To obtain these thicknesses, samples were folded and pressed at 100 °C
between two metal plates, consistent with the thermal diffusion experimental procedure.

The samples were then assembled as shown in Figure 2. The lower concentration
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sample was placed on the diamond ATR element. A G-10 ring (254 pm thickness, 1/8”
ID, 3/8” OD) was placed around the sample, followed by a Teflon washer to keep the
sample centered on the ATR crystal, and finally a bottom O-ring was placed around the
washer for the purpose of maintaining the sample air-free. A second G-10 ring
containing the higher concentration sample (sample side down) was then placed,
centered, on top of the bottom assembly. A third G-10 ring containing a disk of Teflon
was placed on top. This served to press the two samples into contact after thermal
equilibration. Finally, a second o-ring was placed on top of the first, and the accessory
was closed. The anvil was tightened only until both o-rings had solid contact, but not

enough to create contact between the samples and induce diffusion.

Vertically
Stacked

FTIR-ATR Anwvil

Higher Concentration
Membrane ~ 400 pm

Lower Concentration -

Membrane ~ 100 pm t.

Figure 2. Schematic of membrane set up during FTIR-ATR experiments for Method 2.

The accessory was then removed from the glove box and returned to the FTIR.
After thermal equilibration of the sample, the anvil was tightened further to induce

contact between both membranes and spectral collection began in 10 s intervals for 320



min using the average of 4 scans. After data collection, the sample was removed, the
ATR accessory was cleaned with isopropyl alcohol, and a background was collected.
Note that only one diffusion measurement per sample is possible with this method.

One measurement and one replicate each at 5 different temperatures: 80, 90,
100, 110, and 120 °C were collected. At each temperature, 3 combinations of LiTFSI
concentration were tested. The concentration pairs are reported in Table 2. The
concentration difference was fixed at Ar = 0.05 molj;pps;/molgg. Although the
concentration dependence of salt diffusion in PEO has been found to be weak, it is
desirable to use a small concentration difference in order to minimize error from this
effect. On the other hand, a large difference is desirable to maximize changes in the
FTIR signal. Our prior work found that a difference of 0.05 mol;;rps;/molgy is an

acceptable compromise.??

Table 2. Concentration pairs used for concentration-based diffusion measurements.

Tgottom (MOl iTrsi/MOlgg) | Trop (MOl irrsi/molgg)

0.00 0.05
0.05 0.10
0.10 0.15

For the purposes of FTIR-ATR analysis, concentration in molarity (mol/L) can be

analytically determined from r as follows:

CLiTFSI = ( - ) 4)

r*Mpitrsi*VLirFsit1*MEo*VEQ

where M; is molar mass and V; is specific volume. EO represents a monomer repeat
unit of PEO. Values are Mgy, = 44.05g/mol, M;;rrs; = 287.1g/mol, Vg, =8 X
1077T? + 5 x 107*T + 0.8756 mL/g, and V,;rrs; = 0.44 mL/g. Specific volume for EO is
taken from a quadratic fit to data from Zoller and Walsh for 5 x 10° g/mol PEO in the
amorphous state with T = 70 — 200 °C.3* Equation 4 assumes volume additivity. At 70
°C, concentration is 1.1 mol/L at r = 0.05 molrgs;/molgg and 2.5mol/L at r =

015 molLiTFSI/molEo .
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Results and Discussion.
Thermal Gradient Induced Diffusion.

The FTIR-ATR spectra of the CF3 stretching peak is shown in Figure 3. There are
two parts to the experiment. The first part shown in Figure 3(a) entails applying a
temperature gradient across the thickness of the polymer electrolyte membrane. Before
the experiment begins, the sample is at 70°C, i.e. both ATR crystal and anvil are at
70°C. In this example, the ATR crystal is heated to 77.5°C and the anvil is cooled to
62.5°C. Time zero is taken as the point at which the temperature set points are reached.
In Figure 3(a), the FTIR-ATR spectra are collected at 77.5°C and the initial spectra are
red. With time the salt diffuses toward the cold side, due to thermal diffusion, and the
peak intensity decreases until the final blue spectra, which occur at steady state when
thermal diffusion is balanced by Fickian diffusion. After reaching steady state, the
second part of the experiment is conducted and the system is returned to isothermal.
This data, collected at the ATR crystal which is now held at 70°C, is shown in Figure
3(b). Over time the peak intensity increases as the thermal-gradient induced
concentration gradient dissipates due to Fickian diffusion. Thus, Figure 3(b) is an
example of a diffusion experiment going from a gradient of 62.5 °C / 77.5 °C to
isothermal state: 70 °C / 70 °C. Due to the fact that thermal diffusion (of heat) is much
faster than mass diffusion in polymer electrolytes, the temperature gradient dissipates
much faster than the concentration gradient. In fact, great care was taken to define time
zero as the point at which the boundary temperatures reached the set points. Therefore,
it is assumed that the temperature gradient is negligible during the Fickian diffusion
experiment. This means that the temperature dependence of the Fickian diffusion
coefficient can be ignored, although it is important for thermal diffusion (of mass).' It
also means and that the absorbance change is due to the change in concentration and
not due the effect of temperature.3® The magnified views in the insets of Figure 3 focus
on the maxima of the CF3 peak of LiTFSI from 1215-1156 cm" to more clearly show the
change with time. In both panels, red is the initial spectrum and blue is the spectrum at

final time.
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Figure 3. FTIR-ATR spectra of the CF; stretching peak, wavenumbers 1215-1156 cm™".
(a) Thermal gradient FTIR-ATR experiment in which the peak begins with red when the
sample is initially transitioned from the isothermal state at time zero to a temperature
difference being applied (70/70°C->62.5/77.5°C). The final spectra are blue when the
system reaches a steady state due to thermal diffusion (driven by the temperature
gradient) being balanced by Fickian diffusion. Thermal diffusion of the salt is from the
hot ATR side, where measurement occurs, to the cold anvil. This causes the peak
intensity to decrease from red to blue. (b) Isothermal FTIR-ATR measurement of
Fickian diffusion in which the initial red peak occurs when the temperature difference is
removed (62.5/77.5°C —>70/70°C). During these isothermal measurements the
concentration gradient that had been induced by thermal diffusion dissipates due to
Fickian diffusion, which causes the peak intensity to increase with time from red to blue.
The color map denotes the measurement times for both experiments.

In order to evaluate transport, i.e. transient changes, the. integrated absorbance
has been normalized from zero to one according to equation 1. This normalized
absorbance is equal to normalized concentration because the constants of the Beer-
Lambert law cancel. Therefore, diffusion models can be applied directly to normalized
absorbance values without the need for calibration and without needing to know the
absolute concentrations initially and at the boundaries of the membrane. The
normalized absorbance from a characteristic measurement is shown in Figure 4 under
the same conditions as Figure 3. In Figure 4(a), the thermal gradient causes the salt
concentration to decrease at the ATR crystal, and the normalized absorbance is shown

going down to emphasize this point. In Figure 4(b), the return to isothermal conditions
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(62.5°C/77.5°C>70°C/70°C) causes the concentration at the ATR crystal to increase,
and the normalized absorbance is shown increasing. A numerical diffusion model was
regressed to this data to determine the diffusion coefficient, and the best fit yields
Dirrsi = 3.996 X 1078 cm?/s. Analysis of thermal diffusion data requires development
of a model, which is beyond the scope of this report. Therefore, only Fickian diffusion

coefficients are reported in this work.
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Figure 4. Normalized and integrated absorbance of the CF; peak gathered from FTIR-
ATR temperature-based diffusion experiment. (a) Shows thermal diffusion
(70/70°C—>62.5/77.5°C), with normalized absorbance shown going down to emphasize
the decrease in salt concentration at the ATR crystal due to the salt moving to the cold
side during thermal diffusion. (b) Shows Fickian diffusion (62.5/77.5°C—>70/70°C) with
increasing normalized absorbance reflecting the increasing salt concentration at the
ATR crystal as the concentration gradient is dissipated. The red curve is the best fit of a
numerical diffusion model.

Diffusion coefficients were found by fitting a numerical solution of equation (2) to
the normalized, integrated absorbance data in MATLAB as reported in Kim et al.?° It can
be seen from Figure 4(b) that the numerical model is a reasonably good fit to the
experimental data. The diffusion coefficient value found from regression to the
numerical model was used in an analytical model, and the result is shown in Figure S1.
It is also a decent fit to the experimental data. In both models, concentration at the ATR
crystal is a function of time, and diffusion coefficient and sample thickness are assumed
constant. The change in FTIR-ATR signal was not sufficiently large to yield reproducible
results with the 10 °C temperature difference. Diffusion coefficients from experiments
returning to isothermal from 15 and 20 °C temperature differences are reported in
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Tables S1 and S2 and compared to those from the concentration-based approach

below.

Comparison to Concentration Based Diffusion.

Transient Fickian diffusion was also driven by a concentration gradient. As the
experiments were conducted on solid polymer electrolytes, convection is not
considered. No flux boundary conditions remain in this experiment, but the initial
concentration profile is a step change rather than a linear profile. We have previously
reported analytical and numerical solutions to this case.?”-2° The specific thicknesses of
the membranes in each experiment were used in the analysis. Results from the
concentration-based diffusion measurements are shown in Table S3. In agreement with
other reports of LiTFSI diffusion in PEO-based polymers, a non-monotonic
concentration dependence is observed that is of questionable statistical significance.?%
3 The root of this interesting behavior is not well understood, but is thought to be
related to the complex polar and electrostatic interactions in the system resulting in a
distribution of ion cluster sizes that depend on concentration and a population of lithium
ions rather strongly coordinated to ether oxygens of PEO.

Results from both temperature-gradient and concentration-gradient based
measurements are compared in Figure 5. Concentration-based measurements are
shown for average molar ratios of 7,,;, = 0.075and 0.125 moly;rgs;/molge. In other
words, the two membrane concentrations were either r = 0.05and 0.10 or r =
0.10 and 0.15 mol;;tps;/molgg. The thermal-gradient experiments are reported at an
isothermal temperature of 70 °C, which was chosen to ensure that the PEO phase was
completely amorphous without encroaching on the upper temperature limit of the water
bath. In order to maintain all parts of the sample above the crystallization temperature of
PEO (55 °C) and the water bath sufficiently below the boiling point of water, while also
applying large enough temperature difference for reproducible results, it was not
possible to examine any isothermal temperature other than 70 °C in the thermal-
gradient experiments. Higher temperatures are possible but would require a change to
the experimental set-up. The concentration-based results were measured between 80

and 120 °C. Only shown are those results whose diffusion coefficient values are
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statistically different from zero (based on one standard deviation). Also shown in Figure
5 are several literature reports of LiTFSI diffusion in SEO diblock copolymers at different
temperatures and from different experimental methods. The salt concentration(s) from
each study are reported in the legend and the molecular weight of the SEO is reported
in the caption. As shown, each result from literature was reported at a single
temperature only. Kim et al. is our prior work with concentration-gradient FTIR-ATR of
LiTFSI diffusion in the SEO at 120 °C.2° Timachova et al. reported the mutual diffusion
coefficients of LiITFSI in SEO (32 kg/mol) at concentrations ranging from r =
0.06 to 0.30 moly;rps;/molgg, at 90 °C.37 Finally, Mullin et al. reported LiTFSI mutual
diffusion of LiTFSI in SEO (172 kg/mol) at 7,,, = 0.085 and 90 °C. Both Timachova et

al. and Mullin et al. used the electrochemical restricted diffusion method, in which a
concentration gradient is induced by applying a constant current. Dissipation of the
concentration gradient occurs when the current is removed. This is tracked via the cell
potential, which is a less direct measurement of concentration, but one that can be

calibrated to the concentration difference between the reversible electrodes.
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Figure 5. Diffusion coefficients of LiTFSI in SEO from the thermal gradient technique is
shown as closed symbols. Fickian diffusion coefficients from the concentration gradient
approach are shown as open symbols. Literature data is shown in black. The average
molar ratios, 7,,4, shown in the legend have units of moly;rrs;/molgy. The temperature
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gradient used to induce a concentration gradient in the thermal gradient experiments is
noted in the legend. The molar ratio difference between the 2 membranes used in the
concentration-based experiments is 0.05 mol;rrs;/molgy. Reports from literature for
concentration-based FTIR-ATR: Kim et al. [SEO(121-165)/LiTFSI, M,, = 286 kg/mol,
Tavg = 0.0775,0.105,and 0.1275 molyrgs;/molgg, T =120 °C],2 and for restricted

diffusion:  Timachova et al. [SEO(16-16)/LiTFSI, M, = 32kg/mol, 71,4 =

0.06 and 0.12 mol;;rgs;/molgg, T = 90 °C]*” and Mullin et al. [SEOQ(74-98)/LiTFSI, M,, =
172 kg/mol, 74,4 = 0.085 molyirgs;/molgo, T = 90 °C]. Numbers in parentheses denote

M, of PS and PEO blocks, respectively, in kg/mol. Error bars represent one standard
deviation.

There is a considerable amount of uncertainty in the reported diffusion
coefficients, both within a study based on error bars and to a lesser extent between
studies. All studies more or less agree within the certainty of one standard deviation, as
is apparent from the overlapping error bars at each temperature. Variability is to be
expected to some extent for a stochastic process such as diffusion. In the particular
case of our concentration-gradient experiments, the procedure is quite challenging. The
various o-rings and spacers along with the two small samples (shown in the
experimental section) must all be carefully centered while working in a glove box (with
bulky gloves). Moreover, repeat measurements require repeating this challenging
procedure for every measurement, which results in rather poor reproducibility reflected
in the large error bars seen in Figure 5. Comparing among different types of
experiments (including literature), the cause of variation may be due to molar mass
variation in the different block copolymers, as well as molecular structure. In the high
molecular weight limit, segmental dynamics, which is not a function of molecular weight,
is expected to correlate with salt mobility, but at lower molecular weight (such as that of
Timachova et al.) chain-end effects can be significant. Correlation with segmental PEO
dynamics has clearly been demonstrated for ionic conductivity that is driven by an
electric potential gradient rather than a concentration gradient. Conductivity is
fundamentally connected to the same ion mobilities that play a major role in determining
salt diffusion.38-40 The variability between studies is not due in large part to differences
in salt concentration, as various reports have shown that mutual diffusion of LiTFSI in
PEO-based polymers is not a strong function of concentration.2® 36. 4143 Ag shown in
Figure 5 at 120 °C, the mutual diffusion coefficient of LiTFSI in SEO is between 107°
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and 1077 cm?/s. It drops a little less than an order of magnitude at 90 °C to between 2 x
1078 to 2 x 1077 cm?/s. For the most part, the collective reports of ion transport in
literature follow an Arrhenius temperature dependence above 50 °C, the approximate
crystallization temperature of PEO. Not only is this true for PEO-based polymers with
LiITFSI, in which the electrolyte glass transition temperature, T4, remains well below
room temperature at all salt concentrations that are fully soluble, but also Arrhenius
dependence is observed for conductivity of some other lithium salts in PEO electrolytes
and for self-diffusion above 50 °C even if they exhibit some Vogel-Fulcher-Tammann
(VFT) type curvature in the temperature dependence of ionic conductivity due to
proximity to T4.444® This Arrhenius dependence is to be expected for mutual diffusion in
a condensed phase.'® In other words, diffusion coefficients increase with temperature
because diffusion of ions and molecules in condensed media (liquids and solids)
increases with increasing thermal energy that provides more frequent and larger
fluctuations of random movements.*® The Arrhenius equation for the pseudo-binary

mutual diffusion coefficients reported here is

Ea
D = DoeRT

where T is temperature (K), D is the diffusion coefficient (cm?/s), Do is a material
constant (cm?/s), E, is activation energy (J/mol), and R is the gas constant 8.314 [J/(mol
K)]. The activation energy for an Arrhenius fit to all the data is E, = 50 k]/mol and the
prefactor is D, = 0.97 cm?/s. We are not aware of any reported values of activation
energy for lithium salt mutual diffusion in PEO-based electrolytes. However, due to
similarities observed between conductivity and diffusion in rubbery polymer electrolytes,
we can compare activation energies reported for ionic conductivity in PEO-based
electrolytes. These range from a little less than 10 to a little more than 100 kg/mol (i.e.
about 0.1 to 1 eV), depending on the anion and the polymer architecture.>-> Both
FTIR-ATR methods produce repeatable results, and, based on the reasonably good
agreement among the various reports, we conclude that the FTIR-ATR methods are
reasonably accurate. Moreover, this compilation of diffusion coefficients sets baseline
values for future work on salt diffusion in polymer electrolytes to compare. The
activation energy also makes it possible to estimate the magnitude of the diffusion

coefficient on the hot side and cold side during the non-isothermal part of a thermal-
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gradient experiment. For a 20 °C difference at an average temperature of 70 °C, the
difference between the hot side [D(80°C) = 3.9%x 1078 cm?/s] and cold side
[D(60°C) = 1.4x 1078 cm?/s] is similar to the value at the average temperature
[D(70°C) = 2.4 x 108 cm?/s]. Thus, the exponential temperature dependence of
diffusion makes modeling of the non-isothermal part of thermal-gradient experiments
challenging. This challenge will be addressed in our future work in order to extract the
thermal mass diffusion coefficient and thereby the Soret coefficient.
Concentration-gradient FTIR-ATR spectroscopy has disadvantages in
comparison to the thermal-gradient FTIR-ATR method. First, an average, instead of
exact concentration is used, as this method requires two samples to be stacked on top
of each other in a complex set up done in the glove box. Between each measurement,
the ATR assembly had to be moved back to the glovebox and new samples used for
each replicate. The process of taking the FTIR-ATR in and out of the glovebox, as well
as being unable to re-use samples, adds a significant amount of time to the set up and
ease of the experimental process. This longer time also makes it more likely for errors
to occur during each set up. With temperature-gradient induced diffusion, it is possible
to re-use a sample, at a specific gradient, and test it as many times as needed.
Additionally, all background scans can be run before (or after) the experiment for all

temperatures tested, so that further glovebox work is not necessary.

Conclusions

Fickian diffusion coefficients were collected using two different experimental
methods. One method used a temperature gradient to drive thermal diffusion and set-up
a concentration gradient. Then, the temperature gradient was removed and the return to
homogeneous salt distribution tracked to determine the diffusion coefficient. The second
method used two membranes, each with different salt concentration, to induce diffusion.
In both cases, time resolved FTIR-ATR spectroscopy was used to collect the data from
which diffusion coefficients were determined.

FTIR-ATR is proven as an effective and repeatable means of measuring diffusion
coefficients in solid systems, such as SEO/LITFSI. With the comparison of previous

literature all measurements agreed within experimental error. Understanding the

18



transport parameters surrounding Fickian diffusion in solid polymer electrolytes will aid
in the development of optimal charge/discharge rates of batteries with non-ideal
electrolytes.?® Additionally, this project will serve as a standard of comparison for future
measurements of mutual diffusion coefficients in polymer electrolytes and activation
energy, which was found to be 50 kJ/mol. Characterizing the diffusion in polymer
electrolytes has the potential to reduce the amount of heat waste being lost from heat
production systems through utilization of thermogalvanic cells, which use a modest
temperature gradient to create electricity. 3' However, further insight is needed on the
effects that molecular structure, morphology, and molar mass have on the diffusion
coefficients. Better understanding transport properties in solid polymer electrolytes

would be significant for energy efficiency and battery technology.

Supporting Information
Temperature calibration description. Analytical model derivation and result. Tables of

diffusion coefficient values.
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