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Electrochemical Characterization of Carbon Nanotube and
Poly (3,4-ethylenedioxythiophene)—Poly(styrenesulfonate)
Composite Aqueous Electrolyte for Thermo-Electrochemical Cells
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Aqueous potassium ferri/ferrocyanide electrolyte has been the standard electrolyte for thermo-electrochemical cells due to
its high seebeck coefficient and high current exchange density. Here, the effect of mixing carbon nanotubes and poly (3,4-
ethylenedioxythiophene)—poly(styrenesulfonate) in aqueous potassium ferri/ferrocyanide electrolyte is characterized using elec-
trochemical impedance spectroscopy. Analysis of the impedance spectra shows a 10% increase in ohmic conductivity and about
5-fold decrease in interfacial charge transfer resistance in the composite electrolyte, which is caused by addition of charge carriers,
interfacial polarization and improved contact at the electrode/electrolyte interface. The enhancement of properties in the composite
electrolyte increases the power of a thermo-electrochemical cell by about 30%.
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In the 1980s, thermo-electrochemical cells (thermocells) along
with other photo-converters were heralded as potential technologies
for solar energy conversion.'~> Recent interest in thermocells has been
sparked by concern over the environmental impact of fossil fuels, the
finite supply of fossil fuels and the need to use these remaining re-
sources efficiently.* More importantly, processes powered by combus-
tion of fossil fuels lose 63.9% of energy in the form of heat,’ making
technologies that scavenge heat an absolute necessity. Additionally,
miniaturization of devices and their low power requirements has de-
veloped a new niche market of utilizing ambient heat as an indigenous
power source. Thermocells convert thermal energy to electrical en-
ergy using a chemical reaction of ions at the electrodes. In contrast,
solid-state thermoelectrics convert a temperature difference to elec-
tric voltage using electrons and holes as charge carriers. Compared
to thermocells, thermoelectrics typically have higher cost along with
material and physical limitations® including lower thermal energy to
voltage conversion.” The recent advance of using multiwall carbon
nanotubes (MWCNTSs)®® and single wall carbon nanotube (SWC-
NTs) combined with reduced graphene oxide (RGO),'" has greatly
reduced the cost of thermocells. Also, with the fabrication of carbon
nanotube aerogel sheet electrodes power as high as 6.6 W/m? has been
reported.'! In addition, an earlier limitation of operating temperatures
above 100°C has also been addressed by use of ionic liquids as the
redox electrolyte.'? The recent developments addressing the costs and
material limitations makes thermocells economically more feasible
and operational to temperatures up to 200°C.

In a thermocell (Fig. 1), a thermo electrochemical force (EMF) is
generated by the free energy difference of products and reactants when
a temperature difference is applied at the electrodes. The products
after being oxidized/reduced migrate to opposite electrodes inside the
electrolyte, meanwhile the electrons generated at the anode due to
the oxidation of ions flow through the external circuit from anode to
cathode. For aqueous electrolyte water molecules carry heat from hot
to cold side.

The influence of temperature on the EMF generated is known as
the Seebeck effect, represented by Seebeck coefficient S.. S, is related
to reaction entropy of the redox reaction by the following relation:

JE(T) AS

Se=——=—

aoT nF
Where E(T) is equilibrium electrode potential, AS is the standard
redox reaction entropy, n is the number of electrons involved in the
reaction and F is the Faraday constant.'>'* A high Seebeck coefficient,
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which gives a high equilibrium potential for a given temperature, is
one of the requirements for a high energy conversion efficiency.?
The other requirement are low ohmic, mass and charge transfer over
potentials.>!> These over potentials are shown as resistances in Fig. 2.
Also, the ratio of the flux of charge carriers to the flux of heat flowing
between electrodes should be as high as possible.* By decreasing
the thermal conductivity of the electrolyte, heat flux is decreased.
This increases the ratio of charge carriers to heat flux and helps in
improving the efficiency of thermocell.

In our previous work, we showed that addition of MWCNTs
to ionic liquid electrolyte can reduce mass transfer resistance and
increase power output.!® However, the viscosity of ionic liquids
is at least an order of magnitude greater than that of water,!”
which decreases the rate of ion diffusion and hence the ohmic
conductivity of the electrolyte.'® The highest ionic conductivity of
ionic liquid is much lower than aqueous electrolyte,'® thus con-
ventional 0.4 M ferri/ferrocyanide ([Fe(CN)g]*~/[Fe(CN)s]*") re-
mains a first choice electrolyte for thermocells. In this paper, we
mix 0.4 M [Fe(CN)]*~/[Fe(CN)¢]*~ with MWCNTSs and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) to
form a novel composite electrolyte. Nanoparticle addition to liquid
electrolyte has been shown to reduce interfacial charge transfer resis-
tance in previous studies.'*??> Carbon nanotubes (CNTs) have been
previously shown to disperse in stabilizers such as polymers>—2
and surfactants.’®?’ Recently PEDOT:PSS has also been shown
to stabilize and disperse CNTs in water. The conjugated polymer
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Figure 1. Schematic of thermocell showing the the flow of heat and electrons,
movement of ions and water molecules for ferri/ferricyanide electrolyte.
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Figure 2. Schematic of over potential represented as resistances. Ry is ohmic
resistance, R is interfacial charge transfer resistance and Ry is mass transfer
resistance.

wraps around CNTs preventing aggregation and settling.’®* Com-
bining the physicochemical properties of conjugated polymer and
long range ballistic electrical conduction of CNTs have already been
used in thermoelectrics,*® dye-sensitized solar cells,*'3? organic thin
film transistors,* organic photovoltaics®® and organic light emitting
diodes** to improve their performance and reduce cost.** In the afore-
mentioned devices the composite is used either as a film or electrode,
but in this work for the first time the composite is dispersed in an
aqueous system having a redox couple [Fe(CN)s]*~/[Fe(CN)g]*~.

We report an increase in ohmic conductivity (decrease in ohmic
over potential) of aqueous redox electrolyte by the introduction of
PEDOT:PSS and MWCNTs. We also report up to a 5 times decrease
in interfacial charge transfer resistance in this composite electrolyte.
We show that for aqueous based thermocells, increases in ohmic con-
ductivity and reduction in interfacial charge transfer resistance with
the new composite electrolyte produce a significant increase in power
output.

Experimental

Materials and preparation.—MWCNTs (US4315) manufactured
from chemical vapor deposition were purchased from US Research
Nanomaterials, Inc. According to product specifications the purity is
greater than 95% (from thermogravimetric analysis and transmission
electron microscopy), the outside diameters are 50-80 nm, the lengths
are 10-20 um and the density is 2.1 g/cm®. PEDOT:PSS (PH1000)
highly conductive homogenized dispersion was purchased from Her-
aeus Clevios. According to product specifications the solid content is
1-1.3%, viscosity is 15-50 mPas, the PEDOT:PSS ratio by weight is
1:2.5 at 20°C and the density is 1 g/cm?. Potassium hexacyanoferrate
(IT) trihydrate and Potassium ferricyanide (III) were purchased from
Sigma Aldrich having a molecular weight of 422.39 g/mol and 329.26
g/mol, respectively.

Mixtures of PEDOT:PSS and water were made by stirring for
30 min. MWCNTs were dispersed at different ratios in PEDOT:PSS
dispersions by 30 min of stirring, 30 min of sonication and then 15
min of stirring. Composites of MWCNT and PEDOT:PSS prepared
in the previous step were dispersed in [Fe(CN)s]*~/[Fe(CN)s]*~ by
30 min of stirring, 30 min of sonication and then 15 min of stirring.
The sonication was done using an ultrasonic bath having a frequency
of 40 kHz and stirring was done using magnetic stirrer at a speed of
1200 rpm. All steps were performed at ambient temperature.

Electrochemical impedance spectroscopy.—Electrochemical
impedance spectroscopy (EIS) and modelling was performed using
the procedure used in our previous work.'® Briefly, two platinum elec-
trodes were used in the electrochemical setup. EIS was performed
using CH instruments model 660E potentiostat in the spectral range
1 MHz-0.02 Hz, with an AC amplitude of 20 mV and DC signal of 0
mV. The collected data was fitted using the software provided by CH
instruments. Randles model was used to compute ohmic resistance,
R, interfacial charge transfer resistance, Ry, Warburg or diffusion
impedance, W, and double-layer capacitance, C4. The Randles equiv-
alent circuit helps in separating the behavior in the bulk solution from
that at the interface. Ry was used to calculate ohmic conductivity, o, of

the electrolyte by calibrating it with 0.1 M and 1 M standard solution
of potassium chloride as shown in our previous work.'3

Cyclic voltammetry.—Cyclic Voltammetry (CV) was performed
using three-electrode cell configuration. The working and counter
electrode were of Platinum while the reference electrode Ag/AgCl. CV
sweeps were performed using CH instrument model 660E potentiostat
for the range —0.3 to 0.7 V using a scan rate 0.1 V/s. For each sample
CV sweep was recorded for temperature range 293 to 353 K, having
5 K increment. CV was used to calculate AS, S, and to observe the
shift in half-wave potential (E,,) with temperature using the method
described previously.3¢37

Thermocell measurements.—A T-shaped cell was used to per-
form thermocell testing for temperature differences (AT) of 20, 40,
60, 80 and 100 K between the heating and cooling blocks. Graphite
electrodes having a cross-sectional area of 0.08 cm? were used as
the two electrodes. The heating block is heated by two Omega 7750
W/m? silicones rubber heaters. The cooling block is maintained at
ambient temperature by the environment. The performance of 0.4 M
[Fe(CN)]*~/[Fe(CN)g]*~ electrolyte was compared with the same
electrolyte with different concentrations of PEDOT:PSS and PE-
DOT:PSS/MWCNT composites. The thermocell testing was done
with a potentiostat by recording open circuit voltage and short cir-
cuit current. The measurements were repeated after 12 hour intervals
to check for stability.

Results and Discussion

Electrochemical impedance spectroscopy.—In order to introduce
MWCNTs and PEDOT:PSS to the aqueous redox electrolyte, a sys-
tematic procedure was followed. First, the PEDOT:PSS dispersion
was added to water and an increase in ohmic conductivity was mea-
sured (Table S1). The increase is ohmic conductivity is seen because
PEDOT:PSS is a conductive polymer having positive and negative
ions. Increasing the amount of PEDOT:PSS increases the number of
ions in distilled water and hence reduces the ohmic resistance R.

The next step was to add PEDOT:PSS to aqueous 0.4 M
Fe(CN)s]3~/[Fe(CN)g]* (Figs. 3 and S1). This increases the ohmic
conductivity, which is attributed to the addition of the ions present in

140 #_
##

—O—
Rct (ohm)

O.(;OO 0.005 0.0‘10 0.890 0.095 0.1‘00
PEDOT: PSS (wt%)

Figure 3. Effect of increasing PEDOT:PSS (wt%) on conductivity and inter-
facial charge transfer resistance of 0.4 M [Fe(CN)g 3~ /[Fe(CN)s]*. o is the
ohmic conductivity of the solution (blue circle), R is the interfacial charge
transfer resistance (orange triangle).

Downloaded on 2016-06-08 to IP 128.61.74.201 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



Journal of The Electrochemical Society, 163 (8) F867-F871 (2016) F869

1.0
| 3:1
0.5+
0.0
IO
P RXKKARARKARARAARL
' S
-0.5 1 |
E ] PEDOT:PSS only (0)
-1.0 4
cg Increasing
; ] MWCNT in PEDOT:PSS
3 -
0o
O 14
A 12
\VAR R
O 21
< 31

2 3 4 &Is 6 7
Log (Freg/Hz)

Figure 4. Frequency dependence of impedance at increasing concentration ra-
tio of MWCNT, O (green) only PEDOT:PSS, MWCNT:(PEDOT:PSS) varying
from 1:4 (wine) to 3:1 (pink).

PEDOT:PSS. However, higher concentration of 0.1 wt% PEDOT:PSS
suppresses the ohmic conductivity, probably because the effect of
increase in number ions is offset by increase in viscosity of the
mixture.'®2%3 In addition, interfacial charge transfer resistance is
decreased significantly (Fig. 3). This shows that increase in conduc-
tive polymer not only increases the bulk transport of redox couple but
also increases the rate of charge transfer at the electrode. This implies
that increasing wt% of conductive polymer improves contact between
the electrode and electrolyte.

The effect of MWCNTSs on the PEDOT:PSS dispersion is shown
in Fig. 4. A gradual increase in conductivity is observed over the en-
tire frequency range for each increment of MWCNT concentration.
For small concentration of MWCNT the spectrum shifted slightly
maintaining its shape, however at higher concentrations of MWC-
NTs the change in spectrum was more significant, especially at lower
frequency. It has been shown that polymer helps disrupt the CNT
hydrophobic interaction with water and also disrupts the CNT-CNT
interaction, which prevents aggregation.’® This behavior helps in dis-
persing CNTs in polymer, forming a composite, which later can
be dispersed in electrolyte. Conjugated polymers have been known
to display good binding with CNTs; in the absence of chemical
functionalization the polymer CNT interaction is solely by van der
Waals forces.**%4! The MWCNTSs were added to a high 3:1 ratio
MWCNT:(PEDOT:PSS). The increase in conductivity shows the cre-
ation of percolated networks and interfacial polarization'® that facil-
itate charge transfer. At a higher MWCNT concentration the spectra
matches that of a resistor (i.e., frequency independent).

Finally, the electrolyte composite of MWCNTSs and PEDOT:PSS
was added to 0.2 M Fe(CN)¢]>~/[Fe(CN)¢]*~ (Tables S2 and S3) and
0.4 M Fe(CN)g]*~/[Fe(CN)s]*~ (Figs. 5 and S2). Ohmic conductivity
of 0.4 M Fe(CN)¢]>~/[Fe(CN)]*~ (Fig. 5) is about 1.7 times greater
than that of 0.2 M Fe(CN)¢]>~/[Fe(CN)¢]*~(Tables S2 and S3). For
both the lean (4 times less than PEDOT:PSS) and rich (3 times more
than PEDOT:PSS) mixtures of MWCNT similar trends of R and o
were observed. A slight increase in ohmic conductivity was observed,
while the decrease in interfacial charge transfer resistance was much
more significant for both mixtures. Lean mixture of MWCNT had a
maximum increase of 8% in ohmic conductivity for 0.00125 wt% of
MWCNT (PEDOT:PSS 0.005 wt%). Also, for the same ratio, about a
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Figure 5. Effect of MWCNT, PEDOT:PSS composite on 0.4 M [Fe(CN Y2~/
[Fe(CN)6]*~. MWCNT:(PEDOT:PSS) 1:4 in 0.4 M [Fe(CN)¢ 1>~ /[Fe(CN)g 1*~
o (blue diamond) and R (pink down triangles), MWCNT: (PEDOT:PSS) 3:1in
0.4 M [Fe(CN)g >~ /[Fe(CN)g]*~ o (brown circles) and R (yellow triangles).
Upper dash dot line is the initial value of R correspond to green solid triangle,
lower dash line is the initial value of o correspond to green solid circle. Both
green solid triangle and green solid circle correspond to 0 wt% MWCNT in
the composite.

5 times decrease in interfacial charge transfer resistance was observed
for 0.015 wt% of MWCNT. As for the rich MWCNT mixture about
10% increase in ohmic conductivity was observed for 0.00375 wt% of
MWCNT and about a 5 times decrease in interfacial charge transfer
resistance for 0.025 wt% of MWCNT. The increase in ohmic conduc-
tivity can be attributed to the addition of ions present in PEDOT:PSS
and the interfacial polarization due to dispersed MWCNT. !

MWCNTs dispersed in PEDOT:PSS added to an electrolyte in-
crease the interfacial area where dipoles can orient and hence in-
creasing the ohmic conductivity.>> Once the temperature difference is
applied at the electrodes, a potential difference is generated at the elec-
trodes causing ions to migrate and charges on MWCNTs to reorient.
Reorientation of charges on the MWCNT helps in the migration of
ions to charged surfaces (interfacial polarization) resulting in increase
in ohmic conductivity. The decrease in interfacial charge transfer re-
sistance implies that nanoparticle addition improves contact between
the electrode and the electrolyte.

Cyclic voltammetry.—Temperature dependent cyclic voltammetry
was performed on 0.4 M [Fe(CN)g]>~/[Fe(CN)]*~ (Figs. 3 and S3a)
and compositions determined in the previous section corresponding to
0.00625 wt% of PEDOT:PSS (Figs. 3 and S3b) lean and rich mixture
corresponding to 0.015 wt% of MWCNT (Figs. 5, S3c and S3d).
The slope of E;, versus temperature (Fig. 6), which corresponds
to S. is —1.5 mV/K for all electrolyte types and the corresponding
AS is —144.7 J K~! mol™!, which is consistent with literature.*>*
Notably, the downward shift E;, suggest increase preference of the
redox couple toward formation of [Fe(CN)¢]*~ (the equilibrium move
to right in the following equation) in sample having carbon nanotube
and polymer composite.3®*

[Fe(CN)s]"™ = [Fe(CN)s ™ + ¢~ 2]
This effect is same as having a higher average temperature in the cell

because as the temperature is increased E,,, decreases.

T-cell thermocell testing.—The performance of thermocells hav-
ing aqueous composite electrolyte was tested in T-cell thermocell
configuration (Fig. 7). The electrolyte composition was based on
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Figure 6. Half-wave potential of 0.4 M [Fe(CN)g*~/[Fe(CN)g]* (green
square), 0.4 M [Fe(CN)g]*>~/[Fe(CN)g]* + 0.00625 wt% PEDOT:PSS (pink
circle), 0.4 M [Fe(CN)s]3~/[Fe(CN)g]* + 0.06 wt% PEDOT:PSS + 0.015
wt% MWCNT (blue triangle up), 0.4 M [Fe(CN)s]*~/[Fe(CN)g]* + 0.005
wt% PEDOT:PSS + 0.015 wt% MWCNT (purple triangle down) as a function
of temperature of isothermal cell.

the enhancement in ohmic conductivity and reduction in interfa-
cial charge transfer resistance after the introduction of polymer and
MWCNT composite. The temperature difference used in the calcu-
lation is the difference in temperatures of the heating and cooling
blocks and not the temperature difference at the electrodes. To pre-
vent leakage from cell, the thermocouple could not be placed at
the electrodes. The temperature difference of the blocks recorded
is higher than what is present at the electrodes due to thermal re-
sistance losses. The higher temperature difference measured at the
heating and cooling blocks results in a V,./AT less than 1.5 mV/K
(Fig. 8a), which is the seebeck coefficient recorded in the previous
section. A power performance comparison for electrolyte having a
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Cold block

Figure 7. Photograph of t-shape thermocell experimental setup to generate
power.

lean (more PEDOT:PSS), rich (less PEDOT:PSS) and no MWCNT
mixture (only PEDOT:PSS) is compared with that of electrolyte with
only 0.4 M Fe(CN)¢]*~/[Fe(CN)s]*~ (Fig. 8). Each of the particle
additions increased the V,./AT compared to pristine electrolyte. (PE-
DOT:PSS):MWCNT 1:3 produced the greatest increase in Vo./AT.
This can be attributed to decrease in interfacial charge transfer resis-
tance of the composite, which helps in increasing the V,..2' The cell
conductance J,./V, has a positive slope because the J;. increase with
each increment of AT is not matched by a corresponding proportion-
ate increase in V.. Comparing the lean and rich mixture, the wt% of
MWCNT was fixed at 0.015 wt% with PEDOT:PSS amount 0.06 wt%
and 0.005 wt% respectively. The lower wt% of PEDOT:PSS improves
the performance, while increasing the wt% of PEDOT:PSS increases
viscosity which counteracts the positive effect of increase in PE-
DOT:PSS ions as the interfacial charge transfer resistance and ohmic
conductivity is same for both mixtures at 0.015 wt% of MWCNT
(Fig. 5). However, for both composites having MWCNTSs, the power
measured is more than without the MWCNTs. The overall increase
in power output is about 1.30 times greater than without the com-
posite for a AT of 40 K for MWCNT rich composite. The highest
power achieved with composite was 0.5 W/m? for a AT of 100 K. The
overall enhancement in performance is a combination of reduction in
interfacial charge transfer resistance, increase in ohmic conductivity
and increase in interfacial polarization.

To test the stability of the enhancement, V. and J. for t-shape
thermocell having rich mixture MWCNT were measured over a 30
day period (Fig. 9). The stable performance suggest that polymer
and carbon nanotube composite electrolyte can be used for long term
operation.

Conclusions

‘We have shown improvements in the electrochemical properties of
the standard 0.4 M Fe(CN)s]*~/[Fe(CN)s]*~ aqueous electrolyte by
introducing polymer and carbon nanotube composite, which increases
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Figure 8. T-shaped thermocell performance using 0.4 M [Fe(CN Y613~ /[Fe(CN)g |* (green squares), 0.4 M [Fe(CN )62~ /[Fe(CN)g]* + 0.00625 wt% PEDOT:PSS
(pink circles), 0.4 M [Fe(CN)g]>~/[Fe(CN)s]* + 0.06 wt% PEDOT:PSS + 0.015 wt% MWCNT (blue triangles up), 0.4 M [Fe(CN)s]>~/[Fe(CN)g]* + 0.005
wt% PEDOT:PSS + 0.015 wt% MWCNT (purple triangles down) as a function of different temperature difference (AT). AT is the temperature difference between
hot and cold block. (a) Voc/AT is the ratio of the open circuit voltage and temperature difference. (b) Jsc/V is the ratio of short current density and open circuit
voltage. (¢) Pcomposite /Pelectrolyte 1S the ratio of the maximum power measured with and without the composite.
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Figure 9. Performance of t-shape thermocell with polymer and carbon nan-
otube composite electrolyte versus time for AT approximately 60 K. Elec-
trolyte composition 0.4 M [Fe(CN)6 1>~ /[Fe(CN)s]*~ + 0.005 wt% PE-
DOT:PSS + 0.015 wt% MWCNT. V. is the open circuit voltage (blue circle),
Jsc is the short circuit current per unit cross-sectional area (orange triangle).

the ohmic conductivity and reduces the interfacial charge transfer
resistance. The improvement in performance is observed by a sys-
tematic study of the effect of introducing first polymer only in the
electrolyte and then introducing polymer: CNT lean (4:1) and rich
(1:3) composites. In the absence of chemical functionalization the in-
teraction between CNTs and polymer is through van der Waals forces,
this interaction prevents CNT-CNT agglomeration and helps disperse
CNTs in the polymer. Lean and rich composite dispersed in electrolyte
were tested in t-shape thermocell, with rich CNT composite having the
maximum power enhancement. The enhancement is attributed addi-
tion in number of ions present in PEDOT:PSS, interfacial polarization
and improve contact at the electrode/electrolyte interface.
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Electrochemical impedance spectroscopy fitting parameters

Table S1: Fitting parameters for electrochemical impedance spectra for increased wt% of PEDOT:PSS in
distilled water. The fitting was done using Randles equivalent circuit. Ry is the ohmic resistance; R, is the
interfacial charge transfer resistance; W is the Warburg impedance; C is the double layer capacitance; and

o is the ohmic conductivity of the solution. Distilled water conductivity was measured with Fisher

scientific traceable expanded range conductivity meter.

PEDOT:PSS wt% | Ry(Q) Ru(Q) wW(Qs?) | C(@Q's) | o(S/m)
0 N/A N/A N/A N/A 1.30E-04
0.025 2.01E+04 | 1.00E-03 | 2.42E-06 | 8.96E-07 | 1.65E-02
0.05 1.80E+04 | 1.00E-03 | 2.47E-06 | 6.13E-07 | 2.67E-02
0.075 1.32E+04 | 1.00E-03 | 2.52E-06 | 4.96E-07 | 3.65E-02
0.1 1.05E+04 | 1.00E-03 | 2.50E-06 | 3.96E-07 | 4.60E-02
0.125 8.63E+03 | 1.00E-03 | 2.52E-06 | 3.44E-07 | 5.57E-02
0.15 7.42E+03 | 1.00E-03 | 2.53E-06 | 3.14E-07 | 6.49E-02




Table S2: Fitting parameters for electrochemical impedance spectra for increased wt% of PEDOT:PSS,
CNT composite. The composition of MWCNT:(PEDOT:PSS) 1:4 was added to 0.2 M Fe(CN)¢]*/
[Fe(CN)6]4'. The fitting was done using Randles equivalent circuit. Ry is the ohmic resistance; R is the
interfacial charge transfer resistance; W is the Warburg impedance; C is the double layer capacitance; and

o is the ohmic conductivity of the solution.

PEDOT:PSS wt% | MWCNT wt% | Ry(Q) | Ra(Q) | W(Qs™®) [ C(QTs) | o(S/m)
0 0 47.68 | 14.75 | 0.0134 | 2.03E-06 | 10.09
0.0025 0.000625 | 46.57 | 7.658 | 0.0135 | 1.80E-06 | 10.33
0.0075 0.0001875 | 46.46 | 7.718 | 0.0135 | 1.81E-06 | 10.36
0.015 0.00375 | 46.91 [ 7.68 |0.0134 | 1.77E-06 | 10.26
0.02 0.005 4728 | 7.816 |0.0133 | 1.79E-06 | 10.18
0.03 0.0075 482 [4.596 |0.0133 | 1.53E-06 | 9.98
0.06 0.015 4824 [ 48 |0.0131 | 1.46E-06 | 9.97




Table S3: Fitting parameters for electrochemical impedance spectra for increased wt% of PEDOT:PSS,
CNT composite. The composition of MWCNT:(PEDOT:PSS) 3:1 was added to 0.2 M Fe(CN)¢]*/
[Fe(CN)6]4'. The fitting was done using Randles equivalent circuit. Ry is the ohmic resistance; R is the
interfacial charge transfer resistance; W is the Warburg impedance; C is the double layer capacitance; and

o is the ohmic conductivity of the solution.

PEDOT:PSS wt% | MWCNT wt% | R(Q) | Ru(Q) | W(Qs®) | C(Q's) | 6(S/m)
0 0 47.68 | 14.75 | 0.0134 | 2.03E-06 | 10.09
0.0025 0.0075 46.64 | 13.32 | 0.0137 | 1.19E-06 | 10.32
0.0075 0.0225 46.59 | 10.23 | 0.0137 | 1.45E-06 | 10.33
0.015 0.045 46.33 | 10.47 | 0.0136 | 1.42E-06 | 10.39
0.02 0.06 46.12 | 10.67 | 0.0136 | 1.14E-06 | 10.43
0.03 0.09 46.24 | 10.86 | 0.0135 | 1.40E-06 | 10.41
0.06 0.18 46.86 | 11.75 | 0.0132 | 1.34E-06 | 10.27




Figure S1: Electrochemical impedance spectra of increasing PEDOT:PSS (wt%) in 0.4 M [Fe(CN)]*™
/[Fe(CN)]*. Inset shows an enlarge scale
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Figure S2: Electrochemical impedance spectra of increasing MWCNT (wt%) on 0.4 M [Fe(CN)e]>
/[Fe(CN)¢]* using MWCNT:(PEDOT:PSS) 1:4 composite(a) , MWCNT: (PEDOT:PSS) 3:1 (b). Insets
show an enlarge scale
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Cyclic Voltammetry

Figure S2: Cyclic Voltammetry of 0.4 M [Fe(CN)¢]*/[Fe(CN)s]* (a), 0.4 M [Fe(CN)¢]*/[Fe(CN)e]* +
0.00625 wt% PEDOT:PSS (b), 0.4 M [Fe(CN)s]*/[Fe(CN)s]* + 0.06 wt% PEDOT:PSS + 0.015 wt%
MWCNT (c), 0.4 M [Fe(CN)s]*/[Fe(CN)s]* + 0.005 wt% PEDOT:PSS + 0.015 wt% MWCNT (d) as
function isothermal cell temperature 20 °C (black), 30 °C (red), 40 °C (blue), 50 °C (magenta), 60 °C
(olive), 70 °C (navy), 80 °C (violet). As temperature is increased peaks shift to the left and current
increases. The half-wave potential also shifts to left (decreases) for (b), (c), (d) compare to (a) as shown in
Figure 6 of main text.
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Calculating Seebeck coefficient

Cyclic Voltammetry was performed using three-electrode cell configuration as described in main text. All
potentials were recorded with reference to Ag/AgCl reference electrode (Figure S3). Anodic peak (E,.)
and cathodic peak (E,.) potentials were obtained using the software provided by CH instrument. Half-
wave potential (E,) is determined as follows:

Epat+ E
Eijp =——— [

Half-wave potential was measured versus temperature and plotted as shown in Figure 6. The slope of the
graph gives the Seebeck coefficient and can be shows as follows:

By, = (Ey2dr,
T, — T,

Se [2]

Where (Eq/2)t, and (Eq /)T, are half-wave potential measured at temperatures T, and T, respectively.



