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Quasi-solid-State Electrolytes for Low-Grade Thermal
Energy Harvesting using a Cobalt Redox Couple

Abuzar Taheri,™ Douglas R. MacFarlane,”™ Cristina Pozo-Gonzalo,” and Jennifer M. Pringle*®

Thermoelectrochemical cells, also known as thermocells, are
electrochemical devices for the conversion of thermal energy
directly into electricity. They are a promising method for har-
vesting low-grade waste heat from a variety of different natu-
ral and manmade sources. The development of solid- or quasi-
solid-state electrolytes for thermocells could address the possi-
ble leakage problems of liquid electrolytes and make this tech-
nology more applicable for wearable devices. Here, we report
the gelation of an organic-solvent-based electrolyte system
containing a redox couple for application in thermocell tech-
nologies. The effect of gelation of the liquid electrolyte, com-
prising a cobalt bipyridyl redox couple dissolved in 3-methoxy-

Introduction

Harvesting the waste thermal energy produced in industry, by
geothermal sources, body heat, and so forth, is a promising
method of clean energy production. The direct conversion of
this thermal energy into electricity can be achieved by using
thermoelectric or thermoelectrochemical devices. Energy con-
version in these technologies is based on the Seebeck effect,
which yields a potential difference (AV) as a result of a temper-
ature gradient (AT) across the device. Thermoelectrochemical
cells, also known as thermocells, are an attractive technology
because they can achieve higher Seebeck coefficient (S,) than
thermoelectric generators and there is the possibility to make
lower costing devices. The highest reported S, to date for inor-
ganic thermoelectric devices is 850 VK", this value is lower
than the Seebeck coefficients reported for most thermoelectro-
chemical systems.

A thermoelectrochemical cell comprises two inert electrodes
and a redox couple dissolved in an electrolyte, the electro-
chemical potential of which is temperature dependent.” Hold-
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propionitrile (MPN), on the performance of thermocells was in-
vestigated. Polyvinylidene difluoride (PVDF) and poly(vinyl-
idene fluoride-co-hexafluoropropene) (PVDF-HFP) were used
for gelation of the electrolyte, and the influence of the differ-
ent polymers on the mechanical properties was studied. The
Seebeck coefficient and diffusivity of the cobalt redox couple
were measured in both liquid and gelled electrolytes, and the
effect of gelation on the thermocell performance is reported.
Finally, the cell performance was further improved by optimiz-
ing the concentration of the redox couple and the separation
between the hot and cold electrodes, and the stability of the
device over 25 h of operation is demonstrated.

ing the two electrodes at different temperatures leads to a
temperature gradient (AT) across the cell and produces a po-
tential difference (AV). The open-circuit potential across the
cell is directly dependent on the S, of the redox couple, which
is dependent on the entropy change (AS) of the redox reaction
[Eq. (1)I:

AV AS
S.= 37— F ™
in which n is the stoichiometric number of electrons involved
in the reaction and F is the Faraday constant.”

For the development of efficient thermoelectrochemical
cells, the Seebeck coefficient is one of the key parameters that
needs to be optimized, as it dictates the open-circuit voltage
that can be achieved.” Also extremely important is achieving
sufficient rates of transport of the redox couple through the
electrolyte to avoid significant mass-transport resistance. Thus,
in the development of new quasi-solid-state electrolytes for
thermocells, both of these parameters need to be considered.

The Seebeck coefficient of a redox electrolyte depends on
both the nature of the redox couple and the solvent used. The
partial molar entropy of redox ions and, consequently, the en-
tropy change in the redox reaction and S, is affected by inter-
action between the redox ions with the solvent. For example,
the entropy of transition-metal-based redox couples was stud-
ied by Weaver etal®™ and was shown to be dependent on
both the ligand and solvent. Nevertheless, the exact relation-
ship between different solvent parameters such as acceptance
number, donor number, and polarity and the Seebeck coeffi-
cient of the redox electrolyte is still not well understood.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The Ky,[Fe(CN)sJ* ™ redox couple in water has the highest
reported S, known for aqueous systems with values between
—1.43 and —1.77 mVK™' depending on the concentration of
the redox couple.” To allow the use of the [Fe(CN)]**~ redox
couple in an ionic liquid, (BMP);[Fe(CN)¢] (BMP=1-butyl-1-
methylpyrrolidinium) was prepared,” and it gave a S, of
—1.49 mVK™" if dissolved in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)amide ([C,mpyr][NTf,]). The use of
a cobalt bipyridyl redox couple in high-boiling organic solvents
can also allow access to a high S, and higher temperatures of
operation. For example, the [Co(bpy);]*™”*"[NTf,l,; redox
couple (bpy=2,2'- bipyridyl) in organic solvents such as 3-me-
thoxypropionitrile (MPN), dimethyl sulfoxide (DMSO), and ionic
liquids (ILs) gives a S, of 1.5-2.2 mVK . The use of molecular
solvents or ILs also allows operation of the thermocell with a
hot electrode temperature of 130°C, thereby achieving high
power densities.®!

Although the high ionic conductivities of liquid electrolytes
are highly advantageous for electrochemical devices, thermo-
cells in which liquid electrolytes are used may suffer from leak-
age problems. This can be addressed through solidification of
the electrolytes, which is an avenue of thermocell research
that has not yet been widely studied. As summarized below,
there are only a few prior publications that report the develop-
ment of polymer-based thermocell electrolytes. To the best of
our knowledge, no one has reported the gelation and thermo-
cell application of cobalt-based redox electrolytes, the use of
which can be advantageous for achieving high S, values. One
of the unique challenges in this avenue of research is achiev-
ing a quasi-solid-state electrolyte with mechanical properties
sufficient to prevent solvent leakage while still enabling suffi-
cient transport of the redox couple, and there is a paucity of
prior reports on such redox-active gelled systems.

The polymer-based electrolytes reported for thermocell sys-
tems have thus far been limited to aqueous electrolytes. For
example, by soaking a Nepton CR-51 membrane (a condensa-
tion polymer of phenol sulfonic acid and formaldehyde) in
copper sulfate solution, a quasi-solid-state electrolyte was pre-
pared without significantly affecting Se.” In that work, only
potentials were measured; full devices were not prepared.

Different quantities of cellulose (2.5-20 wt%) were used to
prepare insoluble cellulose-based matrixes in water, which
were then immersed in an aqueous Kj,[Fe(CN)*’* redox
electrolyte to produce quasi-solid-state electrolytes."” The op-
timal cellulose concentration was determined to be 5 wt%, at
which an optimum balance of mechanical properties, S, and
diffusion coefficients was achieved. This yielded thermocell
power densities only 20% less than that of the liquid system.

Gelation of aqueous 0.1 M Ky,[Fe(CN)J**~ was also investi-
gated by using gelatine, agar agar (agarose), and poly(sodium
acrylate)." By addition of different quantities of these gelation
agents, it was found that agar agar and poly(sodium acrylate)
formed effectively gelled electrolytes. The maximum reported
power densities of thermocells containing agar agar gel and
poly(sodium acrylate) gel were approximately 0.13 and
0.5 mWm™? respectively (=0.0003 and 0.0012 mWm 2K if
AT=20°C (T, ,;=35°C and T_4=15°C). The agar agar gel elec-
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trolyte, which had more robust mechanical properties, showed
a lower current density than the poly(sodium acrylate) gel
owing to the lower diffusion coefficient of the redox ions.

Polyvinyl alcohol (PVA) was used for gelation of aqueous
electrolytes and for designing a wearable thermocell device.”
Using two different iron-based redox couples {K;[Fe(CN)¢l/
K4[Fe(CN)¢] and FeCl,/FeCl;} with opposite signs of the Seebeck
coefficient (—1.21 and 1.02 mVK™, respectively) and connect-
ing the thermocells with the gelled electrolytes in series
(equivalent to n-type and p-type semiconductors in thermo-
electric generators), a large potential difference (23 mV with
AT=10°C) was achieved. The maximum power density pro-
duced by this series-connected device was 0.0236 mWm K>
if AT=20°C.

Finally, in a different kind of thermoelectrochemical device
concept, Ag "-substituted polymers of Nafion and polystyrene-
sulfonate (PSSA) were used to prepare unipolar ion-conduct-
ing, solid-state polymers for thermocells. These polymer sys-
tems did not contain a redox couple and instead were based
on the combination of two different polyelectrolytes with op-
posite signs of their intrinsic Seebeck coefficients. The powers
were approximately 6x 107> W for a 4°C temperature gradi-
ent."?

However, the use of aqueous electrolytes, either in liquid or
gel form, limits application of the thermocell to harvesting
waste heat at temperatures below the boiling point of water.
The feasibility for higher temperature applications could be im-
proved by gelling high-boiling, non-aqueous electrolytes, such
as MPN. Further, the use of the [Co(bpy);]**** redox couple in
a quasi-solid-state electrolyte could allow access to higher See-
beck coefficients. For the Co(bpy);-based electrolytes that have
a positive Seebeck coefficient, they could also be used in com-
bination with a redox electrolyte with a negative S, to make
thermocell arrays, that is, in an n-type and p-type series con-
nect,™ to increase power output and to enable the develop-
ment of more commercially viable devices.

Prior research in the dye-sensitized solar cell (DSSC) field
showed that 1.5-10 wt% polyvinylidene difluoride (PVDF) or
poly(vinylidene  fluoride-co-hexafluoropropene)  (PVDF-HFP)
could be used to gel [Co(bpy);]****[NTf,],;; in MPN or acetoni-
trile."™ A small increase in the cell performance with PVDF was
observed compared to that observed with the liquid electroly-
te,*™ whereas the use of PVDF-HFP improved the long-term
stability."*®! As our prior research achieved a S, of 2.19 mVK™'
for [Co(bpy);]* " [NTf,],;; in MPN,® this was identified as the
best redox system for developing into a quasi-solid-state elec-
trolyte. Thus, herein we report, for the first time, the develop-
ment of quasi-solid-state electrolytes for thermal energy har-
vesting by using the Co(bpy);*"** couple. We compare the
effect of using PVDF and PVDF-HFP for solidification of this
redox electrolyte and the influence of gelation on the Seebeck
coefficient, diffusion coefficient, and thermocell performance.
For the PVDF-based gel, which was concluded to be superior
to the PVDF-HFP-based gel, the device performance was opti-
mized by investigating the effect of the concentration of the
redox couple and the cell design.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

Comparison of PVDF and PVDF-HFP gels

The addition of a minimum amount of 5 wt% PVDF or PVDF-
HFP to 0.05m [Co(bpy)s]*"*"[NTf,],,; in MPN was sufficient to
produce a quasi-solid electrolyte (Figure 1). The gel with PVDF
was produced after 10 min standing at room temperature after
the initial heating process at 120°C, whereas the PVDF-HFP-
based gel needed 30 min to solidify after cooling to room tem-
perature.
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Figure 1. Quasi-solid state electrolytes containing 0.05m
[Co(bpy)s]* " *[NTf,],,; in MPN gelled with a) 5 wt% PVDF and b) 5 wt%
PVDF-HFP; ¢) electrochemical behavior of the redox electrolytes before and
after gelation measured by using a three-electrode cell equipped with a
platinum working electrode and two platinum wires as the counter and
pseudoreference electrodes at a scan rate of 50 mVs™'.

Analysis of the rheological properties of the PVDF- and
PVDF-HFP-based electrolytes (Figures S3-S5 in the Supporting
Information) confirmed that both samples were in a gel form.
The PVDF gel electrolyte kept its form over a temperature
range of 25 to 70°C, and only a small decrease in the storage
modulus was observed at high temperatures. However, for the
PVDF-HFP gel, a sharp decrease in the storage modulus was
observed at 60°C, and differential scanning calorimetry
showed that this gel had a lower melting point than the PVDF
gel (Figure S6). Thus, the physical properties of the PVDF gel
appear to be more promising for use in thermocells at elevat-
ed temperatures.
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Seebeck coefficient and diffusion coefficient

The Seebeck coefficient (S,) of the redox couple plays an im-
portant role in the performance of a thermocell and can be
strongly affected by the nature of the solvent. Solvent interac-
tion with the redox ions affects the entropy and free energy of
the ions and, consequently, the S.*'® However, the addition
of PVDF or PVDF-HFP to the [Co(bpy);]*"*" redox electrolyte
did not significantly affect S, (Table 1, experimental details in

Table 1. Effects of gelation of the electrolyte on the Seebeck coefficient
(S.) and the diffusion coefficient (D) at 25 °C.

Electrolyte S. [mVK™"] D[10° cm?s7]

[Co(bpy);I** [Co(bpy)sI**
MPN 1.81+0.03 5.00+0.39 490+0.27
5 wt% PVDF-MPN 1.804+0.02 463+0.13 4.214+0.09
5 wt% PVDF-HFP-MPN 1.8440.01 448+0.15 3.55+0.25

Figure S1 in the Supporting Information). This suggests an ab-
sence of any strong interactions between the polymer chains
and the redox species and, consequently, a negligible effect on
the entropy change in the redox reaction. Thus, in spite of ge-
lation of the electrolyte, the S, of the quasi-solid-state electro-
lytes remains high enough to be promising for further devel-
opment of the thermocells.

To maintain thermocell operation, the redox couple needs
to move from one electrode to the other. This can be driven
by three phenomena: diffusion, migration, and convection.
Using chronoamperometry to investigate the effect of gelation
on the diffusivity of the redox couple revealed that gelation
did not cause a significant decrease in the diffusion coefficient
(Table 1). The diffusivity of the [Co(bpy);*" ions in the PVDF-
HFP gel was a little lower than that in the PVDF gel. This may
be a result of more interactions between the [Co(bpy);]** cat-
ions and the polar groups on the PVDF-HFP polymer, as report-
ed in PVDF-HFP gel electrolytes containing lithium or sodium
ions."”

Cyclic voltammetry (Figure 1c) showed that the redox
couple in the gelled electrolytes maintained electrochemically
quasireversible behavior. However, there was an increase in
the peak-to-peak separation in the PVDF-HFP-based gel and a
more significant decrease in the current after gelation in this
system. This is consistent with a larger increase in mass-trans-
fer resistance, indicated by the lower diffusion coefficient. The
peak-to-peak potential separation in the PVDF-HFP system is
also increased relative to that in the liquid system, and this is
consistent with an increase in the mass-transport resistance
and a decrease in the ionic conductivity. Thus, the electro-
chemical characterization supports the conclusion that the
PVDF-based gel is the more promising and that the important
characteristics of the redox electrolyte are maintained upon
gelation.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Thermocell performance

To study the performance of a thermocell, the two electrodes
were held at different temperatures and the power and current
output were measured across a range of applied external resis-
tances. Full details of the cell testing are given in the Support-
ing Information. The characteristics of the thermocell contain-
ing either the PVDF or PVDF-HFP redox electrolyte with a hot
electrode temperature of 60°C, a cold electrode temperature
of 20°C, and an electrode separation of 1 cm are shown in
Figure 2. Upon applying each resistance, the potential and cur-
rent slowly decreased and took a lot longer to stabilize com-
pared to the cell with the liquid electrolyte. This was due to
limited convection and mass transport in the gelled systems,
and thus, much longer stabilization times (60 min at each re-
sistance) were used to ensure steady-state measurements.

The PVDF-based gel electrolyte gave a maximum power
density of 6 mWm™2, which is better performance than the
PVDF-HFP gel electrolyte (4.5 mWm™). Using a liquid MPN-
based electrolyte in the same cell with the same redox-couple
concentration and the same AT resulted in a power density of
approximately 48 mWm™. Given the similar Seebeck coeffi-
cient and a relatively small decrease in the diffusion coefficient
of the redox ions after gelation of the liquid electrolytes
(Table 1), the drop in thermocell power and current density
with the gel electrolytes is thought to be primarily a result of
limiting the convection in the cell, which decreases mass trans-
port.>618  Strategies to improve significantly the power
output of the gelled electrolyte system by addressing some of
the mass-transport limitations through cell optimization are
discussed below. The drop in current density that is evident at
low cell potentials (<10 mV) in the gelled electrolytes (Fig-
ure 2b) also suggests a mass-transfer limitation. This is in
agreement with previously reported analytical models that
suggest that thermocell power density can be as much as
eight times larger as a result of mass transport through natural
convection. "’

To address the mass-transport limitation and to improve the
power and current density of the cells containing the gelled
electrolytes, the concentration of the redox couple and separa-
tion of the electrodes were optimized, as discussed below. The
effects of polymer content, concentration of the redox couple,
and electrode separation were studied by using the PVDF gel
electrolyte, because, as discussed above, this had better per-
formance than PVDF-HFP in the thermocell, a higher
melting point, and better electrochemical character-
istics.

Optimization of the PVDF-based gel and thermo-
cell design

The effect of polymer content

The amount of polymer used for gelation of the
redox-active liquid electrolyte affected the mechani-
cal properties of the resulting quasi-solid-state elec-
trolyte, as shown in Figure 3. An amount of 2.5 wt%
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Figure 2. a) Power density and b) current density of thermocells containing
gelled electrolyte: 0.05m [Co(bpy);]* " [NTf,],; in MPN gelled with either
5 wt% PVDF (m) or PVDF-HFP (e); electrode separation=1cm, T,4=20°C,
Thot =60°C.

was not sufficient to gel the material fully (Figure 3a), whereas
upon using 15 wt% polymer a free-standing redox electrolyte
was prepared (Figure 3d). To investigate the effect of the poly-
mer content on the electrochemical properties and thermocell
performance, different amounts of PVDF (2.5-15 wt%) were
used for gelation of 0.05m [Co(bpy);]* "> [NTf,l,;; in MPN. In-
creasing the amount of polymer in the redox electrolyte stead-
ily decreased the diffusion coefficient of the redox species (Fig-
ure 4b) as the material became progressively more solid. How-
ever, there was only a small effect on the Seebeck coefficient
(Figure 4a).

Figure 3. Polymer gel electrolytes containing different quantities of PVDF in 0.05m
[Co(bpy); "2 *[NTF,],/; in MPN: a) 2.5 wt% PVDF, b) 5 wt% PVDF, ¢) 7.5 wt% PVDF, and
d) 15 wt% PVDF.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Effects of the PVDF content in 0.05m [Co(bpy);]* " *[NTf,],,; in MPN on a) the Seebeck coefficient, b) the diffusion coefficient of the redox species,
) the power density, and d) the current density of the thermocell; electrode separation=1cm, T q=20°C, T;,,=60°C.

The performance of the thermocell was also dependent on
the polymer content. Although the gel electrolyte with
2.5 wt% PVDF showed better cell performance, it was not suffi-
ciently solidified to eliminate leakage problems (Figure 3a).
Thus, considering the power output of the cell and the physi-
cal properties of the electrolytes, 5 wt% PVDF was concluded
to be optimum. Increasing the amount of polymer to 15 wt%
gave a free-standing polymer electrolyte, but a decrease in the
power output of the cell was observed as a result of the lower
diffusivity of the redox species.

The effect of redox-couple concentration

It was hypothesized that increasing the concentration of the
redox species in the gelled electrolytes could help to address
the mass-transfer limitations. However, the trade off in this ap-
proach is that the S, of a redox couple is commonly inversely
related to the concentration in the electrolyte and would, thus,
decrease at higher concentrations.”” To study the effect of the
redox-couple concentration on S, diffusion coefficient, and cell
performance, the concentration of [Co(bpy);]*™*INTf,l,; in
MPN was varied between 0.05 and 0.25m in both the liquid
and gelled electrolytes.

Increasing the concentration of the redox couple led to a
decrease in S, (Figure 5a) and also had a detrimental effect on
the diffusivity in both the liquid and gelled electrolytes (Fig-
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ure 5b). This was attributed to an increase in the viscosity of
the liquid and increased solidification of the gel at higher
redox-couple concentrations. This is supported by thermal
analysis (Figure S6), which showed that the PVDF gel with a
0.25m redox couple had a higher melting point than the gel
with a lower redox-couple concentration.

The power density of the thermocell was increased by ap-
proximately 50% from 6 to 9 mWm™ by increasing the con-
centration of the redox couple from 0.05 to 0.1 m (Figure 5c¢,d).
However, a higher concentration (0.25m) of the redox couple
did not improve the cell performance further, which was attrib-
uted to the smaller S, and lower diffusion coefficient of the
redox species at the higher concentration. Thus, the optimum
redox-couple concentration for the PVDF electrolyte, with this
cell design and AT, was concluded to be 0.1 m.

The effect of thermocell electrode separation

The separation distance between the electrodes in the thermo-
cell can affect the performance by influencing both the tem-
perature gradient (AT) and the mass transfer across the cell.
Whereas a smaller electrode separation can be desirable for
improving the mass transfer of redox species between the two
electrodes, it can have the disadvantage of increasing the heat
transfer across the cell, particularly in thermally conductive
liquid-electrolyte systems. Any decrease in the AT that can be

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Effects of the concentration of the redox couple in MPN-based electrolyte before and after gelation on a) the Seebeck coefficient, b) the diffusion
coefficient of the redox ions, c) the power density, and d) the current density of the thermocell containing PVDF gel electrolyte (5 wt% PVDF with 0.05, 0.1, or
0.25 M [Co(bpy);]* > *INTf,],,; in MPN); electrode separation =1 cm, T,g4=20°C, T;,,=60°C.

maintained across the cell will result in a corresponding de-
crease in the power output. However, it was proposed that the
performance of the thermocell containing the PVDF gel elec-
trolyte could be improved by decreasing the distance between
the two electrodes, as this cell was expected to have limited
thermal convection and, consequently, less heat transfer than
the liquid-electrolyte-based device.

To examine this, the performance of the cell containing
5wt% PVDF with 0.05m [Co(bpy)sl* ™ *INTf,],; in MPN was
studied by decreasing the distance between the two electro-
des from 10 mm through 5 and 2.5 mm to 1 mm (Figure 63, b).
A consistent open-circuit voltage in the cell with the gelled
electrolyte, even with an electrode separation of T mm, indicat-
ed that a consistent temperature gradient could be maintained
across the cell. By decreasing the distance between the two
electrodes, significant improvements in the power and current
density of the cell were achieved. The power density was in-
creased from 6 to 14 mWm 2 (=0.0037 to 0.0087 mWm 2K ?
after decreasing the electrode separation from 10 to T mm.

Finally, to investigate any further optimization of the cell
containing the PVDF gel electrolyte, the effect of electrode
separation on cell performance was studied with different con-
centrations of the redox couple (0.05, 0.1, and 0.25wm; Fig-
ure 6¢). The same trend as that observed for the redox-couple
concentration was observed for the thinner cell, as discussed
above for the 10 mm cell, and the highest power density was
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achieved by using the 0.1m electrolyte. Decreasing the elec-
trode separation from 10 to 1 mm increased the maximum
power density of the cell from 9.5 to 23 mWm™ (=0.006 to
0.0144 mWm™2K™?). The maximum powers achieved here by
using the optimized device compare well to the maximum
powers of previously reported thermocells utilizing the gelled
aqueous-based electrolytes discussed above. Incorporating the
cells into arrays could enable a further increase in the power
output.

Extended operation of the PVDF-based thermocell

The thermocell technology relies on the presence of a temper-
ature gradient between the two electrodes to convert thermal
energy continuously into electricity. Thus, a thermocell is an
energy-conversion device that does not discharge in the way
that a battery does—it should be able to operate continuously
as long as there is a temperature gradient across the cell. How-
ever, any decomposition of the electrodes or electrolyte upon
long-term operation would negatively affect the device per-
formance. To assess this, longer-term testing of the PVDF gel
electrolytes was performed by using a cell with the optimized
parameters identified above: electrode separation of 1 mm
with 5wt% PVDF and 0.1m [Co(bpy);]* ¥ [NTf,l,; in MPN.
The performance of this gelled electrolyte was compared with

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Effects of electrode separation on a) the power density and b) the
current density of the cell by using PVDF gel electrolyte (5 wt% PVDEF,
0.05Mm [Co(bpy)l* >+ INTf,],3 in MPN); T, =20°C, Ty, =60°C. c) Effects of
the concentration of the redox couple and electrode separation on the max-
imum power density of the cell (5 wt% PVDF with 0.05, 0.1, or 0.25m
[Colbpy)s2 2 INTF,,/5 in MPN); Tigq=20°C, Tyo,=60°C.

that of the optimum liquid electrolyte device, that is, in a cell
with an electrode separation of 1 cm (Figure 7).

After stabilization of the temperature, the external resistance
corresponding to that for which the cell had previously shown
the maximum power density (Figure 6) was applied, and the
experiment was run for 24 h. Data were recorded after the
usual 1 h of stabilization time. After 24 h, the thermocell with
the PVDF gel electrolyte retained more than 92% of the initial
performance. Some of this decrease can be attributed to fur-
ther equilibration of the Soret effect, which can take many
hours.®® However, the open-circuit voltage, measured to be
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[Co(bpy)s* > *[NTf,],,; in MPN, electrode separation=10 mm) or (o) solid
(5 wt% PVDF with 0.1 m [Co(bpy);]* > [NTf,],,; in MPN, electrode separa-
tion=1mm); T,,4=20°C, T,,,,=60°C.

70 mV before operation, remained unchanged, which also
demonstrated the stability of the device.

Conclusions

The synthesis, characterization, and thermocell application of
new quasi-solid-state electrolytes for thermal energy harvest-
ing by using the [Co(bpy);]*"** (bpy=2,2"- bipyridyl) redox
couple were reported. To the best of our knowledge, this is
the first report on the gelation of non-aqueous electrolytes for
thermocell technologies. The use of a cobalt redox couple in
3-methoxypropionitrile (MPN) gelled with either polyvinylidene
difluoride (PVDF) or poly(vinylidene fluoride-co-hexafluoropro-
pene) (PVDF-HFP) provided an opportunity to design a leak-
free thermocell device utilizing a redox couple with a high,
positive Seebeck coefficient (S,). This quasi-solid-state electro-
lyte could be used in a thermocell array, in combination with a
gel containing the [Fe(CN),]**~ redox couple or other nega-
tive S, couples, to increase the power output further.

The PVDF gel was concluded to be superior to PVDF-HFP as
it has a higher melting point, allowed faster diffusion of the
redox species, and supported higher thermocell powers.
Whereas the S, of the redox couple was not affected by gela-
tion with the polymers, a decrease in the diffusivity of the
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redox ions was observed with both types of polymers. Gelation
of the electrolyte caused a decrease in the power density of
the cell, which was attributed to limited mass transport as a
result of suppressed thermal convection. However, by optimiz-
ing the concentration of the redox couple and the electrode
separation the performance of the cell was significantly im-
proved. Increasing the concentration of the redox couple to
0.1m and decreasing the distance between the two electrodes
to T mm allowed optimization of the cell performance; ulti-
mately, the cell achieved a power density up to 23 mWm 2
(0.0144 mWm K2 with a temperature gradient of 40°C. The
development of quasi-solid-state electrolytes is important for
flexible thermocell devices and is also cost effective, as it
allows harvesting of the same size of temperature gradient by
using less electrolyte.

Experimental Section
Materials

Polyvinylidene difluoride (PVDF) powder (KF850, M,,=3x10° from
Kureha Chemicals, Japan) and poly(vinylidene fluoride-co-hexa-
fluoropropene) (PVDF-HFP) powder (M,,=3.13x10° from Solvay,
Belgium) were used as received. The redox couple [Co(bpy);]
[NTF,],/[Co(bpy);]INTf,]; was synthesized as described previously,”
and the purity was confirmed by NMR spectroscopy.

Liquid electrolytes were prepared by dissolving equimolar amounts
of [Co(bpy);]INTf,], and [Co(bpy);lINTf,]; in MPN. For example, to
prepare a 0.05m solution of [Co(bpy);]*"?"[NTf,],; in MPN,
[Co(bpy);]INTf,], (217 mg, 0.2 mmol) and [Co(bpy);lINTf,]; (273 mg,
0.2 mmol) were dissolved in a minimum amount of MPN and
mixed, and then the total volume of solution was increased to
4 mL by the addition of MPN.

To prepare the gel electrolytes, the polymer powder (PVDF or
PVDF-HFP) was added to the liquid electrolyte, and then the mix-
ture was stirred at 120 °C under a N, atmosphere for 30 min to get
a clear solution. Cooling to room temperature and resting for 10 or
30 min gave the gelled electrolyte.

Characterization

The Seebeck coefficient was measured by using a non-isothermal
H-cell setup, with two platinum wires as electrodes, shown in Fig-
ure S1. The potential difference was measured by using a UNI-T
UT803 TRMS voltmeter.

Cyclic voltammetry (CV) was performed by using a three-electrode
setup with platinum as the working electrode (1.6 mm diameter,
ASL, Japan) and two platinum wires as the counter and reference
electrodes and scanning between —1 and + 1V at a scan rate of
50 mVs~', as shown in Figure 1.

Chronoamperometry was used to measure the diffusivity of the
[Co(bpy);]* 2" ions.™ The diffusion coefficient was calculated by
using the Cottrell equation [Eq. (2)], measured by applying =1V
potential for 10's.

| = nFAC,D. "2 t71/2 (2)

in which I [A] is the current, n is the stoichiometric number of elec-
trons involved in the reaction, F is the Faraday constant (96485 Ce-
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quivalent™), A [cm?] is the electrode area, C, [molcm ] is the con-
centration of the electroactive species, D, [cm?s™'] is the diffusion
constant for the electroactive species, and t [s] is the time.

The thermocell setup used is shown in Figure S2. A Teflon cell with
a 9 mm internal diameter representing the active electrode area
and an electrode spacing of 10, 5, 2.5, or 1 mm equipped with two
platinum disks (18 mm diameter) was used. The temperature of
the cold electrode was kept constant using a TE Technology cold
plate cooler CP-031, whereas the temperature of the hot electrode
was increased by using a cartridge heater inside a copper block
connected to a Manson NP-9613 DC and a regulated power
supply, all controlled by the temperature controller (Novous NI020)
and Pt100 temperature sensors at the hot and cold electrodes. The
accuracy of both the hot and cold temperature controls was
+0.1°C. The performance of the thermocell was measured by
using a Bio-Logic SP-200 potentiostat. Different resistances were
applied by using the Constant Load Discharge (CLD) technique,
and EC-Lab (Bio-logic) software was used to collect the data. To
ensure that steady-state cell performance was measured, for each
applied resistance enough time (60 min) was given to allow the
voltage and power outputs to become constant. Extracting data
from EC-Lab software, the current and power density were calcu-
lated by using the averaged final 60 s of power and current data.
The maximum power was obtained when the external resistance
was equal to the internal resistance. The maximum power density
was determined by plotting the power density as a function of the
cell voltage, as shown in Figures 2, 4, and 5.
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