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Design, System, Application paragraph

The desired system functionality pertains to converting waste heat to electricity and/or improving the
efficiency of batteries. The system is based on a thermogalvanic cell that combines the properties of a
battery with those of a thermoelectric. The design strategy relies on the fact that large thermal diffusion
effects have been observed in polymer-based mixtures and extends the study of this effect to polymer
electrolyte. Polymer electrolytes are of particular interest for the study of thermal diffusion (and
application to thermogalvanics) because they are the first system in which the solvent is a high
molecular weight polymer (with low mobility) and the salt alone can respond to the thermal gradient.
An additional advantage of the molecular system design is that the material is solid, preventing the
problem of convection that is often encountered in thermal diffusion studies. Since over half of energy
produced is lost as heat, a technology for converting heat into something more useful, like electricity,
would have a huge impact on energy sustainability.



MolecularSystems Design & Engineering Page 2 of 10

The Soret Effect in Dry Polymer Electrolyte
Jesufane Jenny Mentor,? Richard Torres,? and Daniel T. Hallinan Jr.*2

Received 00th January 20xx, The Soret Effect results in a concentration gradient when a mixture is exposed to a temperature gradient. It is a balance

Accepted 00th January 20xx
P v between diffusion of mass driven by the temperature gradient (thermal diffusion) and mass diffusion acting to remove the

DOI: 10.1039/x0xx00000x concentration gradient. Thus, the Soret Effect is measured at steady state. In this work, the Soret Effect was studied in a
thermogalvanic cell with lithium metal electrodes and a dry polymer electrolyte composed of poly(ethylene oxide) and
lithium bis-trifluoromethanesulfonylimide (LiTFSI). The concentration gradient was determined by measuring the voltage
of the thermogalvanic cell. This was examined at several different temperature gradients and with four different salt
concentrations. The Soret coefficient was found to be similar to that observed in small-molecule mixtures and electrolytes
and significantly less than polymeric systems. An explanation for this unexpected result is proffered. The Soret coefficient
was found to be concentration dependent, which requires further investigation. Finally, it was demonstrated that the
thermogalvanic cells used to measure the Soret coefficient can also be used to generate power. Thus, polymer electrolytes
are potentially of interest for waste heat recovery, and thermal diffusion might be used to improve battery efficiency.

precludes them from being applied to recovery of low-
Introduction grade waste heat, considered to be 125 °C or less.®
According to the 2018 Lawrence Livermore National
Laboratory energy flow diagram, more than two thirds
of all energy produced in the United States was
rejected.! This energy is rejected primarily in the form
of heat. A cost-effective means to convert some of that
heat to a usable form of energy, such as electricity,
would have a profound impact on the nation’s energy
efficiency. One approach to directly convert heat to
electricity is to take advantage of the temperature
difference between a heat generating device (such as
turbine exhaust in a power plant or vehicle exhaust)
and the ambient atmosphere.

An alternative, for low-grade waste heat recovery, is
thermogalvanic cells that rely on ion transport due to
the Soret Effect and an electrochemical reaction to
generate electricity. This fundamentally different
process raises the question of how such devices will
perform. Perhaps more interesting is the possibility
that such cells present in studying the Soret Effect.

The Soret Effect arises when a temperature gradient is
imposed on a multicomponent system, inducing a
concentration gradient. The Soret Effect, also known as
thermal diffusion, was first observed in 1856 by
Ludwig,” but was not studied comprehensively until
1879, when Charles Soret performed a set of careful
experiments on aqueous salt solutions.® Each solution
was contained in a sealed glass tube with one end in a
hot water bath and the other end in a cold water bath.
He found that, after sufficient equilibration time, the
salt concentration at the cold end of the tube was
greater than that at the hot end. This was true for
several different salts. Since then this effect has been
examined in gas mixtures,® liquid solutions,®'> and
polymer blends.'®18 Despite these efforts, there is not a
comprehensive theory of the Soret Effect that applies
to all the systems and conditions that have been

Thermoelectrics are a widely studied technology that
relies on electron transport to convert temperature
gradients to electricity.? These materials tend to be
inorganic crystals containing rare earth elements,> 4
although polymeric hole/electron conductors are also
being studied.®> Due to the strong temperature-
dependence of thermoelectric performance,
thermoelectric devices are usually operated with
temperature gradients of hundreds of degrees. This
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for all systems studied and for small and large
temperature gradients.'® 20 Therefore, study of a new
system type is reported here in which the matrix is a
high molar mass polymer and the minority component
is a salt. This mixture is termed a polymer electrolyte.
Due to lack of optical transparency, a different
approach to measuring the Soret effect is necessary.

Thermal diffusion measurements of neutral polymer
blends suggest that a polymer-electrolyte-based
thermo-electrochemical cell will have a significantly
higher Soret response than liquid mixtures.® This,
coupled with low thermal conductivity of polymer
electrolyte, makes it of practical interest. Polymer
electrolytes have been studied extensively for use in
lithium batteries.?* Polymers such as poly(ethylene
oxide) (PEO) have functional groups that coordinate
ions and thereby dissociate salt. A polymer electrolyte
is an interesting system in which to study the Soret
Effect for several reasons.

First, their solid-like nature prevents complications of
convection that can be a large source of error in liquid
systems.' 2224 Flow is expected to be negligible in this
work, due to the polymer electrolyte having a viscosity
on the order of 10° Poise.?> Flow due to natural
convection is further suppressed by aligning the
temperature gradient parallel but in the opposite
direction of gravity.

Second, the dramatically different molar masses (and
therefore mobility) of the polymer and the ions could
provide new insight into the Soret Effect. One theory
predicts that mobility can be used to describe the Soret
effect.?6 Polymer electrolytes provide a system in which
the mobility of the components are dramatically
different and in which the species solvating the ions
(polymer segments) cannot transfer with the ion.

Finally, redox active ions enable electrochemical
measurements to be used to sensitively probe
concentration gradients induced by applied
temperature gradients. This approach is an alternative
to conventional, laser-based techniques.?’-?° It can be
applied to opaque or translucent mixtures, such as
polymer electrolytes. By using the electrochemical cell
described below, one can measure the electrical signal
generated by thermally induced concentration
gradients both to determine the Soret coefficient and
to measure the amount of power that can be
generated from the temperature gradient.

2| J. Name., 2012, 00, 1-3

MolecularSystems Design & Engineering

The hope is that these experimental measurements will
be valuable to those refining thermal diffusion theory
and incorporating thermal diffusion effects into battery
models, e.g. to improve efficiency.

Experimental

Materials

400,000 g/mol PEO with 1000 ppm of butylated
hydroxytoluene (BHT), anhydrous n-methyl-2-
pyrrolidone (NMP), and acetone were used from Sigma
Aldrich. Battery-grade lithium
bis(trifuoromethanesulfonyl)imide (LiTFSI) salt from
BASF was dried at 120°C for 48 hours under vacuum
and transferred to an argon-filled glovebox (0.1 ppm
H,0 and 0,) without being exposed to air. Flame-
retardant garolite (G10) spacers (McMaster Carr, 254
pum thick) were used to hold the polymer electrolyte in
place and add thermal insulation to impede heat
transfer from heating plate to cooling plate. Lithium
electrodes (MTI, Inc.) were punched as discs. Nickel
tabs (TOB New Energy Limited), which are placed on
the electrodes, were used as current collectors.
Laminated aluminum pouch (MTI, Inc.) was used to
vacuum seal the cell to prevent exposure to air while
maintaining electrical contact between the nickel tabs,
the electrodes, and the polymer electrolyte.

Material Preparation
Purifying PEO

PEO was separated from BHT to avoid any participation
of BHT in electrochemical reactions. For the purification
process, 1 g of PEO was added to 100 mL of acetone in
a round bottom flask. The flask was connected to a
condensing column, and both were purged with
nitrogen. The acetone and PEO were stirred and heated
to 50 °C for 3 hours. Next, the PEO was allowed to
recrystallized at 0 °C and slowly warm to room
temperature overnight. The precipitated PEO was
vacuum filtered to maximize recovery. This process was
repeated twice more and then the PEO was dried at 60
°C under vacuum overnight, before being transferred
into an argon-filled glove box.

This journal is © The Royal Society of Chemistry 20xx
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Electrolyte preparation

PEO and LiTSFI were dissolved in NMP at different
molar ratios, r, of 0.0133, 0.0325, 0.0850, 0.1027
lithium salt to ethylene oxide repeat units (EO)
[moly/molgo). 7 is readily converted to molality, m =
/M go, with the molar mass of EO (Mo =

44.053 g/mol). The corresponding molalities are
0.234, 0.738, 1.93, and 2.33 mol,/kg:o. To achieve a
well-mixed solution, the solution was stirred at 40 °C
overnight, which resulted in a clear, viscous solution.
The solution was cast on nickel foil at 60 °C, and the
NMP allowed to evaporate. After 12 hours, the
resulting clear solid membrane was peeled from the
foil and dried at 90 °C under vacuum for 12 hours.

Electrochemical Cell Assembly

The membrane was placed in the center of a 1/4 inch
diameter hole machined in the center of a G10 spacer.
The thickness of the membrane was approximately the
same thickness as the spacer. At 90 °C, the G10 spacer
with the polymer electrolyte in the center was hot
pressed for 30 seconds. Any excess polymer on the
surface of the spacer was scraped off. Lithium
electrodes were punched with a diameter of 7/16 inch
and pressed to each side of the membrane. Then nickel
tabs were placed on top of the lithium electrodes with
Kapton tape holding them in place. The symmetric cell
was then vacuum sealed in an aluminum pouch prior to
being removed from the glove box.

Testing

Electrochemical Break-in

The symmetric cell was connected to a Biologic VMP3
and heated to 80 °C. To ensure thermal equilibration,
the open circuit voltage (OCV) of the cell was measured
every 30 seconds for 2 hours. Then impedance
spectroscopy was conducted at an initial frequency of 1
MHz to a final frequency of 100 mHz. Next, a current of
1 pA was applied to the cell for 30 minutes. This break-
in protocol was found to be important to obtain
reproducible OCV near zero, which indicated good
contact between the lithium electrodes and the
polymer electrolyte.

Soret Measurements

The cell was next placed in a custom set-up depicted in
Figure 1. A feedback-controlled electrically heated
plate was on top of the cell, and a Peltier-cooled plate

This journal is © The Royal Society of Chemistry 20xx

(TE Technology, Inc) was beneath the cell. Temperature
was measured with two fine-gauge surface
thermocouples (K-type with an Omega data logger,
accuracy 20.35 °C) located in a dummy cell lacking
lithium electrodes and polymer electrolyte. The dummy
cell had approximately the same thickness as the
electrochemical cell so that the temperature
measurements were an accurate representation of the
temperature at the polymer electrolyte-electrode
interfaces.

Il Heating plate
[ Aluminum Pouch

= Lithium electrode +
Current collector

hermocouples
[] Polymer electrolyte
[ Inert spacer
[l Peltier plate

Figure 1. Schematic of the experimental set-up for measuring the
Soret coefficient electrochemically.

A small section of the outer insulation of the aluminum
pouch was removed and the pouch grounded so that a
Faraday shield was created. This shield was important
to minimize the noise in the voltage measurements
that are sensitive to the electrical fields generated by
the heating and cooling elements.

Soret measurements were conducted at an average
temperature of 80 °C. At each applied temperature
gradient, voltage was measured with a Keithley 2401
SourceMeter until steady state was reached,
approximately 8 hours. The set temperature of the hot
side was incrementally increased by 5 °C and the set
temperature of the cold side was incrementally
decreased 5 °C every 8 hours until the Peltier
temperature was 65 °C and the heating plate
temperature was 95 °C. Experiments below 65 °C were
not attempted in order to avoid crystallization of the
polymer electrolyte,3® which might complicate the heat
and mass transport mechanisms.®> 23 The reported
temperature differences were calculated from the
actual temperatures measured in the dummy cell. The
actual temperature difference was significantly less
than the difference of the set temperatures, due to
parasitic heat transfer through various components of
the set-up.

J. Name., 2013, 00, 1-3 | 3
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Power Measurements

At each applied temperature gradient after the cell
reached steady-state, a voltage sweep was conducted
from 0 V to the measured steady-state OCV. The
current was measured, and power was calculated from
the applied voltage and measured current.

Theory

The response of thermo-electrochemical cells is based
on two principles. The first is the Soret Effect, also
known as thermal diffusion in molecular mixtures or
thermophoresis in colloidal dispersions. Note that in
this context thermal diffusion refers to mass diffusion
driven by a temperature gradient, not diffusion of
thermal energy. The second principle is that a
concentration gradient in an electrolyte induces an
electrical potential in an electrochemical cell, which in
the absence of current can be written3!

FU = (1—1¢% (P — ui). (1)

Fis Faraday’s constant. The transference number, tf ,

is the fraction of charge carried by the reactive ions
(cations in this work). It is assumed to be constant over
the electrochemical potential range in Equation 1. The
difference of electrochemical potential of the salt at
electrode 2, ,uﬁ;z), versus that at electrode 1, ,uﬁl),
induces an electrical potential, U, which is often
termed a junction potential or concentration
overpotential. For more detail, refer to section 2.6 of
reference 31.

The Soret coefficient is a constant that embodies the
balance between thermal diffusion and Fickian
diffusion. The diffusive mass flux of species A, j,, in a
binary mixture (referenced to a mass average velocity)
has been written in various forms. One form is

ja=—p[DapVws + D7VInT], (2)

where p is density. The first term is from Fick’s first law
(including the Fickian diffusion coefficient, Dag, and the
gradient of mass fraction, V@, ). The second term
accounts for thermal diffusion (including the thermal
diffusion coefficient, Dy, and the gradient of the natural
logarithm of temperature, VInT ). Both diffusion
coefficients having units of length squared per time. A
more appropriate form, derived from irreversible

4| J. Name., 2012, 00, 1-3
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thermodynamics, is symmetric in two components (A
and B),3%33 such that

ja=—p[DapVwa + Drw wpVInT]. (3)

This form accounts explicitly for the concentration
dependence predicted by theory and approximately for
that observed in experiments.® Unfortunately, there is
no universal convention used to define the thermal
diffusion coefficient, such that at least two other forms
of the thermal diffusion flux have been used. Perhaps
the most pronounced example of this is that studies of
thermal diffusion in gases have used expressions
similar to equations 2 and 3, whereas in condensed
systems temperature dependence has been lumped
into the thermal diffusion coefficient, as follows:

ja=—p[DapVwa + Drw,wpVT]. (4)

In this case, Dy has units of, for example, cm?/K's. At
steady state, the flux is zero if the cell is at open circuit;
so that the Soret coefficient (S; = DT/DAB) can be
determined from a set of steady-state measurements
of the concentration difference across the mixture (A
wy) versus the temperature difference across the
mixture (AT). Depending on which convention is
adopted, it will take one of the following forms.

An(®4/wg)  An(P4wp)  Aw,
or or

AlnT AT AT

(5)

In integrating across the mixture, these expressions
have assumed that S; is constant at the mean
temperature.3* The first two expressions of equation 5
have conventionally been employed in gases, and the
dimensionless number, St, referred to as the thermal
diffusion factor. In condensed phases, convention is to
report St with units of K 1, such that the 3 or 4t"
expression is appropriate, although the 4th expression
originally used by Soret is now considered incorrect.’ It
is sometimes also assumed that the concentration
difference is small enough to use

A(UA

T AInT or

S

1 Awy 1 Axy 1Am

Sr= 0Ol AT~ QxS AT — p0AT” (6)

where ! is taken as the equilibrium mass fraction of
component Z By working in molar flux units
(referenced to a molar-averaged velocity), the Soret
coefficient can equivalently be related to mole

This journal is © The Royal Society of Chemistry 20xx
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XA
xpMp’

considered solute and B solvent.

fractions or even molality, m = where Ais

D7 and St can be either positive or negative. If Ais the
higher molecular weight component, then the
coefficients tend to be greater than zero, and A tends
to move from hot to cold. Due to conservation of mass,
Dy(A) = — Dr(B).%> However, thermal diffusion is
sensitive to interaction in the mixture, such that a
reversal of sign has been observed with a change in
equilibrium concentration.'® 2° Although the salt is the
lower molecular weight component, it is also
essentially the only component that can move on the
timescale of these experiments, due to the high
molecular weight of the PEO. Furthermore, strong
complex interactions are known to exist between PEO
and lithium salts. Thus, it will be interesting to see the
direction of thermal diffusion, i.e. the sign of the Soret
coefficient.

Results and Discussion

Steady-state voltage measurements as a function of
temperature gradient are shown in Figure 2. The slope
is an apparent Seebeck coefficient, the values of which
are reported in Table 1. As described below, this is
primarily caused by the concentration gradient that
develops in the polymer electrolyte due to the Soret
Effect. However, there is a small actual Seebeck
contribution to the cell voltage due to the lithium
electrode-nickel current collector junctions being
subjected to a temperature gradient.®3 %7 Based on
values reported in literature for lithium and nickel this
amounts to -8 uV/K,3¢3° which is less than 10% of the
apparent Seebeck coefficient due to the Soret Effect.

This journal is © The Royal Society of Chemistry 20xx
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F m=0234

m =0.738

2.5T 5 m=1.929
3 m=2.331

8 10 12

AT (K)

Figure 2. Measured cell voltage, U, versus temperature difference
across electrolyte at an average temperature of 80 °C for salt
molalities noted in legend. Linear regressions with intercept fixed to
the origin are shown. Error bars are one standard deviation based
on measurements of at least two cells.

Table 1. Apparent Seebeck coefficients, transference numbers, and
Soret coefficients. Standard error of linear regression is reported for
Seebeck and Soret coefficients. Error reported in reference “° is
given for transference number.

Page 6 of 10

m° U/aT t%, Sr
[molsate/kgyo] | [MV/K] [103 K ~1]
0.234 0.11+0.01 | 0.07+0.02 | -3.410.3
0.738 0.124+0.003 | 0.3%0.1 -5.520.1
1.929 0.143+0.008 | 0.3740.06 | -6.7+0.4
2331 0.20£0.01 | 0.20:0.05 | -7.3%0.5

For a monovalent binary electrolyte in terms of salt
molality, m, equation 1 can be written

(7)

RT m®y P
= 7t0_ ln(m).
R is the gas constant and T is absolute temperature.
This expression relies on the fact that the transference
numbers of cations and anions (t% ) sum to unity. m™
refers to the salt molality in the electrolyte near the
interface with electrode n. As first pointed out by de
Groot,3? it is preferable to work in molality so that
density differences due to the temperature gradient do
not need to be considered. The activity coefficients,
y@, account for deviation from ideality (having a value

J. Name., 2013, 00, 1-3 | 5
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of unity in an ideal electrolyte). If constant transport
coefficients and ideal electrolytes are assumed, there is

a linear concentration gradient at steady state. Taking
&) 0 Am @ 0 Am
m-Y =m’ ——-andm'” =m" + —, then

FU

exp(%) -1
— | = Zmotanh(ﬂ). (8)

Am =2m° 0
exp( 0 ) +1
Rt

Transference numbers, t° =1 — t% , are taken from
Pesko, Balsara, and coworkers*® and reported in Table
1. Steady-state potential measurements have been
used to determine the concentration gradients that
develop as a result of the temperature gradient.

The salt molality difference (Am) is plotted against
temperature differences (AT), in Figure 3a. The slope
yields St according to:!% 18

Am = — SymPAT. (9)

Figure 3b presents the same analysis without assuming

that the concentration gradient is small. In other
m®
words, ln(m) is plotted versus AT, where

m®\  FU y®
In o) e —In D)

In this case, the negative of the slope yields St directly,
if the electrolyte is ideal. The agreement between
these two approaches is nearly perfect (at most 0.1%
disagreement at the highest concentration
investigated), indicating that the concentration
gradients are indeed small. The measured
concentration gradients range from 0.5% of m® at the
lowest AT and m® to 7.9% of m® at the highest AT and
mO. St at each m° are reported in Table 1.

(10)
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Figure 3. (a) Linear concentration difference across electrolyte, Am,
calculated from measured cell voltage using equation 8 as a
function of temperature difference across polymer electrolyte.
Linear regressions with intercept fixed to the origin are shown. (b)
Log concentration difference across electrolyte, calculated
according to equation 10, as a function of temperature difference
across cell. Linear regressions of St are shown. Error bars are one
standard deviation based on propagation of U and t0+ error.

Values of S7 for the salt are negative indicating that the
salt moves from the cold to the hot electrode, i.e. salt
concentrates on the hotter side of the polymer
electrolyte. Being the lower molar mass component in
the polymer electrolyte mixture, the direction of
thermal diffusion of the salt agrees with what has been
observed in small-molecule mixtures. It was not
obvious that this would be the case. Transport of ions
in polymer electrolyte, e.g. Fickian diffusion of salt, is
known to be coupled to segmental motion of the
polymer. In other words, it is not necessary for entire
polymer chains to move. In fact, based on the reported

This journal is © The Royal Society of Chemistry 20xx
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self-diffusion coefficient of PEO (295 kg/mol, 100 °C), it
would take 4 years for a PEO chain to diffusion across
the 254 um thick polymer electrolyte.*! Rather,
rearrangement of short segments of polymer chains is
sufficient for long-range transport of ions (and other
small molecules).

This provides some insight into the magnitude of the
Soret coefficients measured in this work. The values
reported here are much closer to small molecule
mixtures (liquids and aqueous electrolytes, St

~0.001 — 0.01 K ~1)1035 than they are to polymer
blends (S7~0.1 K ~1)6 and polymer solutions (Sp~1

K ~1).26,4246 The expectation of a large Soret coefficient
in polymer electrolyte is clearly not supported by these
results. It is worth noting that St diverges to large
values in polymer blends near a critical point (0.3 to 20
K ~1).18 It remains to be seen if approaching a critical
point will result in similar large increases in St in dry
polymer electrolytes.

The Soret coefficient values being lower than expected
adds quite an interesting data set to the body of work
on Soret coefficients. The apparent discrepancy
between these results and those of polymer blends and
solutions can be explained by considering the fact that
in polymer blends and polymer solutions, the polymer
chains are diffusing on the time scale of the
experiments. However, in this work it is only the salt
that is experiencing long-range diffusion, mitigated by
segmental motion of the polymer matrix. This predicts
that St will not be dependent on the molar mass of the
polymer matrix in polymer electrolytes (or any system
in which a small molecule is diffusing through a high
molar mass polymer matrix). This prediction is in
contrast to studies of polymer solutions, in which St is
molar mass dependent due to the molar mass
dependence of the polymer diffusion coefficient.?6 The
prediction will be evaluated in future work.

The Soret coefficients in Table 1 increase with
increasing equilibrium salt concentration. This is a
surprising result since St of charged colloids has been
found to decrease with decreasing Debye screening
length (which is inversely proportional to salt
concentration).*” In polymer electrolytes, ion mobility is
known to decrease with increasing salt concentration.?!
Since St is the ratio of thermal diffusion and Fickian
diffusion, a decrease of Fickian mobility with increasing
salt concentration could explain the increase of S7. It is
unclear at this point if the apparent concentration

This journal is © The Royal Society of Chemistry 20xx

dependence of St is due to the neglected activity
coefficient term or is inherent to S7. Direct
spectroscopic measurements of concentration
gradients are underway to address this question.

Returning to practical evaluation of polymer-
electrolyte-based thermogalvanic cells, the apparent
Seebeck values reported in Table 1 are of similar
magnitude to actual Seebeck coefficients of organic
semiconductors being studied for thermoelectrics*® and
bismuth-telluride-based compounds,*® but they slightly
surpass other inorganic semiconductors like reduced
graphene oxide that has values up to 60 HV/K.50
Comparing to materials that operate at significantly
higher temperatures, the apparent Seebeck values of
the dry polymer electrolyte are also of similar
maghnitude to top performing metal alloys (at 650 to
800 K).5! The low values of t% in the polymer
electrolyte balance the rather low values of S7,
resulting in reasonable Seebeck performance of the
thermogalvanic cell.

Power measurements were also conducted after
establishing steady state to demonstrate that these
devices can indeed generate power. Representative
voltage sweeps are shown in Figure S2, where both
measured current and calculated power are reported.
The maximum power generated by the thermogalvanic
cells is reported in Figure 4 as a function of
temperature gradient for each equilibrium salt
concentration noted in the legend. Based on voltage
sweeps in the absence of a temperature gradient, the
power resolution is 0.006 nW/cm?. Despite reasonable
resolution, there is significant deviation between
measurements and among samples. However, some
rough trends can be discerned. First, the magnitude of
Py increases with increasing temperature gradient.
Second, the most power is generated by m = 1.929
molytrsi/Kgko, Which is the polymer electrolyte
concentration with highest ionic conductivity.3° Thus,
gualitatively there is analogy to thermoelectrics in that
power is a function of driving force and carrier mobility.
In contradistinction, thermogalvanic power appears to
be a continuous function of temperature gradient, i.e.
power decreases with temperature gradient but
continues to be produced with exceptionally small
gradients.

J. Name., 2013, 00, 1-3 | 7
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Figure 4. Maximum thermogalvanic power as a function of
temperature gradient and equilibrium polymer electrolyte molality
noted in legend.

Conclusions

Soret coefficients can be measured in symmetric
thermogalvanic cells with simple voltage measurements, if
certain simplifying assumptions are made. This approach was
used in lithium symmetric cells containing polymer electrolyte
(PEO and LiTFSI) with concentrations from 0.2 to 2.3 molytgs;
/K8Eo. Soret coefficients were determined at steady state with
temperature gradients of 3.8 K to 11.3 K. They were found to
be much closer to values of small molecule mixtures than to
that of polymer systems in which the polymer chains are
mobile. The presence of an immobilized matrix provides a
system in which essentially only one component is
experiencing thermal diffusion, which opens up the possibility
of studying not only a wide range of salts, but also neutral
molecules in polymers. Future work will evaluate the
prediction that ST is molar mass independent in entangled
polymer matrices by examining thermal diffusion in a wide
range of PEO molar masses. The Soret coefficient also appears
to have an unexpected concentration dependence. Decrease
of ion mobility with increasing salt concentration could explain
this observation, once thermodynamic non-ideality is ruled out
with spectroscopic measurements that are underway.

Much work remains to fully understand thermal diffusion in
polymer electrolytes. This work demonstrates that polymer
electrolytes are an interesting system for such an investigation
due to their having a Soret coefficient of similar magnitude to
small molecule mixtures. Furthermore, it has been
demonstrated that a thermogalvanic cell is a feasible approach
for studying thermal diffusion in opaque mixtures. Based on
studies in neutral polymer systems, where mass and thermal
diffusion diverge upon approaching a phase transition, it
remains to be seen if more promising thermogalvanic
performance will be observed when spanning a phase

8| J. Name., 2012, 00, 1-3
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transition in a polymer electrolyte. This could, for example, be
realized by reducing the low temperature side to a point at
which the polymer electrolyte is semi-crystalline. We also note
in passing that with an understanding of thermal diffusion it
might be possible to improve battery efficiency via intelligent
temperature control.
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