RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

INTERFACES

www.advmatinterfaces.de

Interfacial Effect Boosts the Performance of All-Polymer

lonic Thermoelectric Supercapacitors

Saeed Mardi, Dan Zhao, Klas Tybrandt, Andrea Reale, and Xavier Crispin*

lonic thermoelectric supercapacitors (ITESCs) have recently been developed
for converting low-grade waste heat into electricity. Until now, most reports of
ITESCs have been focused on the development of electrolytes, which then have
been combined with a specific electrode material. Here, it is demonstrated that
the electrode is not only critical for electrical energy storage but also greatly
affects the effective thermopower (S.g) of an ITESC. It is shown that the same
ion gel can generate a positive thermopower in an ITESC when using gold
nanowire (AuNW) electrodes, while generating a negative thermopower when
using poly(3,4-ethylendioxythiophene):polystyrene sulfonate (PEDOT:PSS) elec-
trodes. The achieved negative sign of the S ¢ could be attributed to the Donnan
exclusive effect from the polyanions in the PEDOT:PSS electrodes. After
examining the thermovoltage, capacitance and charge retention performance
of the two ITESCs, it is concluded that PEDOT:PSS is superior to AuNWs as
electrodes. Moreover, a new strategy of constructing an ionic thermopile of
multiple p- and n-type legs is achieved by series-connecting these legs with
same electrolyte but different electrodes. Using interfacial effect at ionic gels/
PEDOT:PSS electrode interface, an enhanced thermoelectric effect in ITESCs is
obtained, which constitutes one more step towards efficient, low-cost, flexible,
and printable ionic thermoelectric modules for energy harvesting.

along the temperature gradient, a new
class of materials, ionic thermoelectric
materials, has recently emerged. In these
materials, the thermodiffusion of ions
generates a thermovoltage that is orders of
magnitude higher than that of classic elec-
tronic thermoelectric materials exposed to
the same temperature gradient. Electro-
lytes are today scrutinized as thermoelec-
tric materials due to their low cost, low
thermal conductivity, and high thermal
and electrical stability.’) Another major
benefit is that the operating temperature
is below 250 °C, which includes 50% of
all generated waste heat.[’! The ions that
thermodiffuse along the thermal gradient
are not able to pass into the electronic
circuits, and therefore accumulate at the
electrode/electrolyte interface, forming
an electric double layer. When thermally
charging ideal supercapacitors, the stored
electrical energy depends quadratically on
the thermo-voltage:

1. Introduction

Thermoelectric materials are attractive for converting heat
to electricity and vice versa, and have enabled applications in
bioelectronics,!! temperature and humidity sensors,” energy
harvesters,l®l and refrigeration.! Although most thermoelec-
tric materials are based on the diffusion of electrons and holes
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where C is the capacitance of the device and Ve, is the gen-
erated thermo-voltage which equals to Vipermo = —S;AT. Defined
as a ratio between the thermo-voltage and temperature dif-
ference, a large ionic Seebeck coefficient (S;) leads to a high
amount of stored energy. The charging efficiency of an ionic
thermoelectric material operated in an ITESC, without consid-
ering the thermal inertia of the material, is related to the ionic
thermoelectric figure of merit:
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in which o; is the ionic conductivity, k is the thermal conduc-
tivity, and T is the absolute temperature. In order to improve
the performance of ITESCs, numerous approaches have been
developed to increase the ionic Seebeck coefficient and ionic
conductivity./®) Among the typical ionic thermoelectric
materials, polyelectrolytes, ionic liquid-based electrolytes, and
their hybrids have attracted significant attention due to their
high ionic Seebeck coefficient and decent ionic conductivity.'!

So far, most researchers have focused on developing
novel electrolytes with promising ionic Seebeck coefficient
using nonporous metallic electrodes.®'? However, due to
the small capacitance of the electric double layer at a planar
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electrode—electrolyte interface, their applications have been
limited to the sensors and thermopiles. In a practical ITESC,
the electrode material is critical because a large capacitance can
greatly enhance the number of accumulated charges at the elec-
trode/electrolyte interface, i.e., the stored electrical energy. So
far, carbon materials such as nanoporous carbon*¥l and carbon
nanotubes”! and conducting polymers like polyanilinel™ and
PDAQ-BC™! have been investigated as electrodes in ITESCs.
In our recent work, we discovered that the ionic-electronic
mixed conductor based on the polymer blends poly(3,4-ethy
lendioxythiophene):polystyrene sulfonate (PEDOT:PSS) can
provide an additional contribution as electrodes in ITESCs.!!
PEDOT is a p-doped n-conjugated polymer that conduct elec-
tronic charge carriers, while PSS is an ionic conductor trans-
porting cations. PEDOT:PSS acts as an electrode by connecting
the electrolyte to the external circuit through its electronic con-
duction. On that study, a thermoelectric device composed of
two PEDOT:PSS electrodes and an ionic liquid displays a ther-
moinduced voltage which is affected by the composition of the
electrode while keeping the same electrolyte. More especially,
the thermoinduced voltage is enhanced with an increasing
concentration of PSS in the electrode. This suggested that one
origin of the thermo-voltage is interfacial. Since the highly
negatively charged PSS selectively facilitates the transport of
cation and excludes the entry of anions (Donnan exclusion); we
proposed that an extra temperature-dependent potential step
at the PEDOT:PSS electrode/electrolyte interfacel”) leads to a
different voltage drop at the cold and hot sides; thus, resulting
in an additional open-circuit voltage contribution when a tem-
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electrode/electrolyte interface to maximize the total open-cir-
cuit voltage generated by AT has yet not been demonstrated for
full energy harvesting in ITESCs.

In this work, we demonstrate that the temperature-dependent
interfacial effect between PEDOT:PSS and an ion gel can con-
tribute to charge an ITESC together with the ionic Seebeck
effect. With AuUNW electrodes and the same ionic liquid (IL)
electrolyte, the thermo-induced voltage is the opposite of that
from PEDOT:PSS electrodes. Hence, p- and n-type ionic ther-
moelectric legs can be achieved by choosing different elec-
trodes with the same electrolyte. This finding is interesting and
emphasizes the essential role of the electrode/electrolyte inter-
face in the overall thermovoltage and thermoelectric charging/
discharging. We demonstrate the surprising effect that for the
same electrolyte composition, the sign can be changed by the
nature of the electrode. Hence, a thermopile of p- and n-type
legs electrically connected in series and thermally in parallel
can be designed in a new way by considering the nature of the
electrodes.

2. Result and Discussion

2.1. Supercapacitor Electrodes and Electrolytes

The electrolytes considered in this study are a series of ion gels
containing different amounts of the IL l-ethyl-3-methyl-1-H-
imidazolium bis(trifluoromethansulfonyl)imide (EMIM-TESI).
The ion gel is composed of the copolymer of Poly(vinylidene

perature gradient is applied. The strategy of engineering the  fluoride-co-hexafluoropropylene) (PVDF-HFP) as a matrix
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Figure 1. a) The chemical structure of ion gel used in this study. b) The chemical composition of the PEDOT:PSS electrode. Top view morphologies of

c) AuNWs (SEM image) and d) PEDOT:PSS (AFM image).
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Figure 2. Schematic of the a) vertical and c) lateral structure devices. b) The ionic conductivity of the ion gel electrolytes, measured with PEDOT:PSS
electrodes, as a function of W, /Wpypr.1rp. d) The corresponding effective thermopower of the different ion gels and PEDOT:PSS or AuNW electrodes.
Inset: S;, Agpepor and Ay, represent the ionic Seebeck coefficient measured with carbon electrodes, the interfacial potentials of PEDOT:PSS and

AuNW electrodes, respectively.

and EMIM-TFSI as the electrolyte (Figure 1a). The copolymer
includes two phases, the crystalline PVDF segments with
the monomer —(CH,—CF,),— that provide the mechanical
strength of the layer; and the amorphous HFP segments
with the monomer —(CF,—CF(CF3)),— that can easily absorb
the IL. These gel electrolytes have several advantages such as
being water-free, nonvolatile, without any liquid leakage, high
stability up to 300 °C, and solution processability.’l We sys-
tematically varied the weight ratio of the IL and the polymer
matrix: Wi/ Wpypr.nep of 0.4, 1, 2 and 4. As expected, the ionic
conductivity of the electrolytes increases with the amount of
EMIM-TFSI (Figure 2b): 0.34 mS cm™ (W / Wpypr.iare = 0.4),
0.60 mS cm™ (W / Wpypp.yep = 1), 1.65 mS ecm™ (Wi / Wpypg.
arp = 2), 2.34mS cm™ (W) Woypp.uee = 4) (more details on the
charge transport of the electrolytes can be found in Note S1 and
Figure S1, Supporting Information).

The electrodes considered in this study are layers com-
posed of either PEDOT:PSS or AuNWSs. The scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM)
images of AuNWs and PEDOT:PSS electrodes are depicted in
Figure 1c,d, respectively, clearly displaying that the morphology
scale of the conducting domains in AuNWs is about =400 nm,
while it is about =20 nm in PEDOT:PSS. The SEM image of
AuNWs shows the compact structure of gold nanowires leading
to low sheet resistance (less than 1 Q/0). The PEDOT:PSS
film consists of the conducting PEDOT-PSS cores surrounded
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by an insulating PSS shell (Figure 1b). The topography of
PEDOT:PSS film illustrates the particles and elongated features
on the surface. According to literature, the particles and elon-
gated features represent the conducting parts and insulating
domains of PEDOT:PSS, respectively.!'8-20]

Simple vertical supercapacitor structures are composed of
the ion gel between two electrodes of either PEDOT:PSS or
AuNWs (Figure 2a). The ability of those electrodes to store
charges is investigated by the cyclic voltammetry (CV) and
galvanic charge-discharge (GCD) techniques (Figure S2, Sup-
porting Information). The areal capacitance of PEDOT:PSS
electrodes (8.0 mF cm™ at a current density of 24.5 HA cm™) is
higher than AuNW electrodes (0.75 mF cm™ at 14.3 pA cm™)
(Note S2, Supporting Information). Although the two materials
are very different, we believe that the difference in capacitance
is most likely due to their different morphologies.

Conducting polymers, like PEDOT, are electrochemically
active. PEDOT can be oxidized and carrying positive elec-
tronic charges (holes) on the 7m-electron system of the polymer
(also called p-doped) that are balanced by negative sulfonate
anions of PSS. The oxidized PEDOT:PSS can transport elec-
tronic charge carriers and thus conduct electricity. The PEDOT
polymer chains form small conducting nanoaggregates that can
be considered as a nanoconductor as long as the applied elec-
trochemical potential to PEDOT does not trigger its reduction
leading to neutral and non-conducting PEDOT chains.?!l In
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the voltage range used in the ITESC device, PEDOT is always
highly conducting, such that the charge storage mechanism is
based on the formation of electric double layers at the PEDOT
aggregate-electrolyte interface,] thus a rather similar phenom-
enon found in supercapacitor with Au nanowires embedded
in an electrolyte. Note that both with PEDOT:PSS and AuNWs
of lowest IR drop, the CV looks like an ideal capacitor with a
square box shape I = —-C dV/dt, with C the capacitance and dV/dt
the scan rate (Figure S4a, Supporting Information). The galva-
nostatic charge—discharge is also characterized by nearly trian-
gular shape with small IR drops which also features an ideal
capacitive character found with electric double layer formed at
electrode—electrolyte interface. Hence, since the AuNW surface
has a porous structure with object sizes larger than PEDOT:PSS
nanodomains, the electric double layer capacitor built at the
interface between the conducting materials and the electrolyte
is larger in PEDOT:PSS than in the AuNW electrodes. Note that
the capacitance retention of the PEDOT:PSS device is stable
(Figure S3, Supporting Information) and the IL content in the
electrolytes does not have a significant effect on the capacitance
(6.7 mF cm™2, 70 mF cm™2, and 74 mF cm™ at 16.5 + 1 pA cm™
for different Wi/ Wpypr.ppp, respectively of 0.4, 1 and 2) (Figure
S4b, Supporting Information). Of course, since the IL concen-
tration has an impact on the ionic conductivity (Figure 2b), it
also leads to a variation in ionic resistance in the device and
the measured IR drop in the GCD curves (13.9, 8.9, 5.0 mV for
Wi/ Wpypr.nrp respectively of 0.4, 1 and 2, Figure S4b, Sup-
porting Information).

2.2. Contribution to the Thermoinduced Open-Circuit Voltage

We now turn to the measurement of the thermoelectric prop-
erties for the lateral device illustrated in Figure 2c. A temper-
ature gradient is applied between the two electrodes and the
open-circuit voltage is measured. These devices are labeled as
PEDOT:PSS 0.4, PEDOT:PSS 1, PEDOT:PSS 2, PEDOT:PSS
4, AuNWs 0.4, AuNWs 1, AuNWs 2, and AuNWs 4, wherein
the numbers refer to Wi/ Wpypr.prp- The nearlinear fitting of
thermovoltage with temperature difference for both systems
indicates that the output thermovoltage is proportional to
the temperature difference in the studied temperature range
(see Figure S5, Supporting Information). The slope of the
fitted linear relationship is the effective thermopower (S.g)
which is presented in Figure 2d for the different electrolyte
gels. Here, we introduce the “effective thermopower” as a
terminology to speak about the voltage divided by the temper-
ature gradient; and this voltage can have other contributions
on top of the ionic Seebeck effect based on the thermodiffu-
sion of ions in electrolytes triggered by the Soret effect. When
more IL is used in the composition of the ion gel, the effec-
tive thermopower of PEDOT:PSS electrodes becomes more
negative and saturates at the ratio of 1:1; while for the AuNW
electrodes, it becomes less positive and saturates at the same
ratio. However, for the ion gels with lower IL content, the low
conductivity could limit the ionic thermodiffusion. From the
evolution of the potential for PEDOT:PSS electrodes (shown
in Figure S6, Supporting Information), we observed that the
time needed to establish the thermo-voltage is reduced for
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higher IL concentration at the same temperature difference.
The sign of the effective thermopower using high IL content
is opposite for different electrodes: negative for PEDOT:PSS
electrodes (S;¢ = -3.3 mV K7Y) and positive for AuNWs
(Se = +1.0 mV K. These findings imply that the overall
thermo-voltage does not only originate from the thermodiffu-
sion of ions in the bulk electrolyte, but also from the additional
interaction of ions with the electrodes, which is different in
PEDOT:PSS and AuNWs.

For an ionic thermoelectric material, the thermodiffusion
of ions along the temperature gradient generates a potential
difference (AV) between the hot and cold sides (as shown in
Figure 3a-iii,b-i). The thermo-voltage is proportional to the
ionic Seebeck coefficient (S;) and to the corresponding tempera-
ture difference (AT).I!

In Figure 3a-ii, the anions thermodiffuse to the cold side
more than the cations leading to a lower potential at the cold
side compared to the hot side (Figure 3b-i). In such circum-
stances, the ionic Seebeck coefficient is negative. To probe
the ionic Seebeck effect induced thermovoltage, we chose low
porosity carbon electrodes because they are not electrochemi-
cally active in the potential range used for the ITSECs, and do
not promote any chemisorption. For that reason, negligible spe-
cific interfacial effects are expected, and the measured thermo-
voltage should provide the ionic Seebeck coefficient of the bulk
electrolyte. For Wi/ Wpypr.prp of 4, the measured Seebeck coef-
ficient of the ion gel is S; = —1.4 mV K™! (Figure S7, Supporting
Information). This means that there is an additional interfa-
cial voltage contribution A¢prpor = —1.9 mV K and an oppo-
site large contribution A¢,, = 2.6 mV K! for PEDOT:PSS and
AuNWs, respectively (Figure 2d).

When one type of ion interacts with the electrodes, an inter-
facial voltage drop at the electrode/electrolyte interface could
have an impact on the resulting thermovoltage:

AV =—SAT +A¢; where Ag = (¢, — o) @)

where @y (¢c) represents the electrode potential at the hot (cold)
temperature. At this stage, more research is needed to truly
understand those interfacial contributions, but we can elabo-
rate on some fundamental differences between PEDOT:PSS
and AuNW electrodes. As illustrated in Figure 3a-ii,iv, in
PEDOT:PSS electrodes that contain PSS polyanions, the
Donnan exclusion effect from the negatively charged PSS
mainly allows cations to diffuse into the electrodes, thus repel-
ling the anions of the IL accumulated by the ionic Seebeck
effect. This results in the potential step at the interface dem-
onstrated previously.'%l It is also possible that the contact of the
ion gel with PEDOT:PSS triggers some internal reorganization
in PEDOT:PSS and PVDF-HFP to minimize the surface energy,
thus resulting in an interfacial dipole. We thus propose a poten-
tial profile in the device under the temperature gradient as
illustrated in Figure 3b-ii, where both the ionic Seebeck effect
and Donnan exclusion interfacial effect would add their contri-
bution to enhance the total thermovoltage.

For AuNW surfaces, we see the opposite interfacial potential
drop, illustrated in Figure 3a-vvi. The difference between anion
and cation in adsorption/desorption dynamics on a metal elec-
trode could add an additional term to the thermovoltage.®! Note
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Figure 3. a) The schematic of the ion distributions before and after temperature gradient exposure in the devices with different electrodes: carbon (i,ii),
PEDOT:PSS (iii,iv), and AuNWSs (v,vi) b) the variation of potential profile with temperature gradient within the electrolyte and at the interfaces of carbon
(i), PEDOT:PSS (ii) and AuNWs (iii) electrodes. ¢y and ¢c represent the magnitude of electrode potentials at hot and cold temperatures, respectively.

that our recent study shows that the water concentration gradient
along the temperature gradient could also play a role in deter-
mining the ion distribution at the electrode/electrolyte interface.?!
In this work, we indeed found a similar effect for the AuNW elec-
trodes: when decreasing humidity from 35% (room humidity,
used for all the measurements unless specified) to 10%RH, the
effective thermopower of the AuNW electrodes changes from posi-
tive to negative (shown in Figure S8a,b, Supporting Information).
On the contrary, the humidity effect is negligible with PEDOT:PSS
and carbon electrodes (Figure S8c—f, Supporting Information,
respectively). In the PEDOT:PSS and carbon electrodes, reducing
the humidity from the measurement chamber leads to the
decrease of the thermovoltage. The higher thermovoltage at higher
humidity might be due to the diffusion of water molecules into
the electrolyte which generates a potential in addition to the ther-
modiffusion of ions.?*l A recent report mentions that a change
in water concentration in LiTFSI can strongly affect the struc-
ture of the electric double layer at the Au/electrolyte interface.l**
Thus, regardless of the origin of the interfacial potential on the
gold surface, the overall potential profile is shown in Figure 3b-iii.
More in-depth investigations are necessary to nail the details of
what is happening at the interface and the effect of temperature.
However, from our observation, the humidity level mostly affects
the ion absorption behavior at the interface between AuNWs and
the ion gels, and less with PEDOT:PSS electrodes, possibly because
it is highly hydroscopic and could capture water in its bulk.

Adv. Mater. Interfaces 2022, 2201058 2201058 (5 of 9)

To further reveal the presence of an interfacial potential con-
tributing to the effective thermopower, we made an asymmetric
device of AuNWs-PEDOT:PSS (with similar electrode areas). If
there is no difference between the interfacial potential drop at
the AuNWs/ionic liquid interface or PEDOT:PSS/ionic liquid
interface, we should only measure an extra-voltage of the order
of 20-30 uV K corresponding to the difference between the
Seebeck coefficients of the two electrode materials.?>! But if
there is a significant difference in the interfacial dipole at those
interfaces, an extra thermovoltage will be measured and should
be asymmetric with the direction of the thermal field. This is
indeed what is observed in Figure S9 (Supporting Informa-
tion). Heating up the PEDOT:PSS electrode results in S.g of
-3.4 mV K! (Figure S9c, Supporting Information) while when
the temperature gradient is reversed (Figure S9d, Supporting
Information), the thermovoltage is —3.0 mV K% The 0.5 mV K!
difference originates from the non-identical interfacial drop
contribution due to the different nature of the electrodes as pre-
sented in the model of Figure 3.

2.3. Thermoelectric Charging of the ITESCs
Because of the superior capacitance, low self-discharge

behavior, and weak humidity effect of PEDOT:PSS electrodes
compared to AuNW electrodes, we focus on the PEDOT:PSS

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a) The schematic procedure of thermally charging and discharging, i) applying a temperature difference across the device to induce a thermo-
voltage, ii) the loading of an external resistance and the charging of the device, iii) cooling and removal of the external resistance to reach equilibration,
and iv) discharging by loading the resistance. Thermally charging-discharging behavior of b) ITESC-PEDOT:PSS with different AT and R,y,q =1 kQ. The
c) charge and d) electrical energy stored in the capacitor during charging and discharging for different values of Ri,,q and AT.

electrodes and demonstrate an all-polymer ITESC with thermal
charging and discharging. As shown in Figure 4a, the working
principle consists of a series of operation steps: First, a tem-
perature difference is applied between the electrodes to induce
a thermovoltage. Second, an external resistance (Ryy,q) is con-
nected, which allows the electrons to flow from one electrode
to the other driven by the thermovoltage. Hence, the superca-
pacitor is charged. In the third step, the temperature difference
goes to zero to remove the internal thermoelectric potential
generated in the electrolyte. As the device is kept in open cir-
cuit, the accumulated charges at the electrodes upon charging
are maintained and govern the electric potential difference
across the device. In this step, if there is no leakage or self-
discharge, the obtained potential should be equal but opposite
in sign to the initially thermal induced open-circuit voltage. In
the last step, the external resistance is loaded again to discharge
the device. Figure 4b shows the thermal charging behaviors of
ITESC-PEDOT:PSS with different AT and the load resistance of
1kQ (the graphs with other load resistances, R =10 and 100 kQ,
can be found in Figure S10a,b, Supporting Information, respec-
tively). The identical shape of the thermovoltage in step i) and
the open-circuit voltage of the charged ITESC in step iii) con-
firms the absence of self-discharge phenomenon and thus the
good charge storage ability of the all-polymer ITESC. Figure S11
(Supporting Information) displays that the charged open-cir-
cuit voltage is maintained for more than 50 hours without sig-
nificant decay. For the sake of comparison, it is also possible
to compare the electrical charging with the thermoelectric
charging, the rather similar discharge curves obtained for
both charging methods is another evidence of the good ITESC

Adv. Mater. Interfaces 2022, 2201058 2201058 (6 of 9)

operation (Figure S12 and Note S3, Supporting Information).
The similarity of the discharging behaviors proves that thermo-
electric charging is equivalent to an external power supply of
the same potential.

By integrating the charging and discharging currents from
Equations S1 and S2 in Note S4 (Supporting Information),
we can calculate the amount of transferred charge of ITESC-
PEDOT:PSS. Figure 4c displays the transferred charges during
the charging and discharging processes for different values of
Rjpaq With increasing AT. The fact that both the charge obtained
during charging (Qcparging) and the charge released upon dis-
charging (Qgischarging) are close to each other indicates that the
device has good charge retention. The charge per area increases
linearly with the applied temperature gradient according to:

Qd’larging = C‘/charging = Cseff AT (4)

The Faraday efficiency of the ITESC-PEDOT:PSS is between
96% and 99% for all the resistances and temperature gradi-
ents. Note that we made an ITESC device based on the AuNW
electrodes, but due to the self-discharge phenomena, its per-
formance was not good. As shown in Figure S10c (Supporting
Information), for gold electrodes at AT = 10.1 K, Qcparging PET
unit is 26.1 uC cm™ while the discharge releases less than
half (Qgischarging/A = 12.01 uC cm™2); resulting in a Faraday effi-
ciency of only 47%. The self-discharge phenomena for EDLCs
could come from three main processes: charge redistribution,
faradaic reactions at surface that induce charge transfer reac-
tions at the electrodes, and ohmic leakage.l?®! Considering the
similarity of the electrolyte, and the fact that carbon and gold

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) The schematic of ITESC device with a loading resistance for continuous power generation, b) the generated currents of ITESC-PEDOT:PSS
corresponding to different load resistances. When the device is subjected to a temperature difference, it produces current and the electrical energy can
be delivered from that. After the removal of the temperature gradient, the electrical current flows in the inverse direction.

electrode are not forming dendrites, the ohmic leakage current
could not be the origin of the extra self-discharge with gold
electrodes. As a proposed mechanism, the faradaic reactions
might occur due to the reduction of the dissolved oxygen in the
ionic liquid at the negatively biased Au NWs electrode.?28l In
contrast, PEDOT:PSS does not provide electrocatalysis for the
fully reduction of oxygen into water.?’l Moreover, the negatively
charged PSS shell in PEDOT:PSS might function as an insu-
lator layer that block the electron transfer at the interface and
reduce the rate of faradic reaction.l’% These results again show
the superiority of PEDOT:PSS electrodes compared to AuNWs.

The stored and released energy during charging and dis-
charging are calculated from Equations S3 and S4 in Note S4
(Supporting Information), respectively. Figure 4d displays the
stored electrical energy per area with PEDOT:PSS electrodes, it
increases quadratically with AT as expected from Equation (1).
Considering the capacitance and effective thermopower, we
could conclude that the interfacial potential in addition to the
ionic Seebeck potential can be used to charge the device (more
details can be found in Note S4, Supporting Information). The
stored energy during charging with PEDOT:PSS electrodes is
extrapolated to be about 11.2 pj cm™ for AT = 10.1 K while it is
only 0.157 uJ cm™ for AuNW electrodes at the same tempera-
ture gradient (calculated from Figure S10c, Supporting Infor-
mation). The stored energy in PEDOT:PSS electrodes indicate
that these materials could harvest and store energy efficiently
when compared with similar systems such as PEO-NaOH/CNT
(1.35 wJ cm™ for AT = 4.5 K),) Pt/EMIM-TFSI (5 n] cm2 for
AT = 20 K),®! ion exchange membrane on activated carbon
(AC)/NaCl H,0 (0.2 w cm™2 for AT = 30 K),BY and HEC-EMIM
ES/AC (1.75 uJ cm~2 for AT = 11.5 K).32

Because of the zero AT requirement in steps (iii) and (iv)
in the operation principle, to be able to distinguish charging
and discharging unambiguously (see Figure 4a), the ITESC is
especially suitable for energy harvesting from intermittent heat
sources, but there is no need for its function to be stopped
at each of the four steps. Figure 5a is a functional mode of
operation of this device: different from the four steps of the
thermal charging—discharging process which we used to ana-
lyze the device performances; the external resistance is here
connected to the thermoelectric device constantly. Figure 5b
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shows the generated currents in the ITESC-PEDOT:PSS with
three different load resistances (100 kQ, 10 kQ, and 1 kQ) at
AT = 5.5 K. The corresponding potential evaluation is also
shown in Figure S13 (Supporting Information). The increase
of the resistance diminishes the rate of the charging and dis-
charging process and there should be an optimum for power
generation. The possible application of this structure is to con-
tinuously charge a larger battery or supercapacitor when there
is an intermittent temperature gradient. For instance, during
daylight where there is a temperature difference, the device
produces the current whereas, during the night where there is
no temperature difference the device produces a similar current
in the opposite direction. Another possible application could be
for the powering of wearable devices where temperature fluc-
tuations occur either by removing the wearable ITESC from the
body contact (hot side) or tracking the outside temperature vari-
ation (going in and out in wintertime).

2.4. Thermoelectric Complementarity Induced by the Electrode/
Electrolyte Interface

In this part, we take advantage of the opposite sign of effec-
tive thermopower generated from PEDOT:PSS and AuNW elec-
trodes to demonstrate a simple thermopile. The uniqueness
in this thermopile is that the p- and n-type legs are composed
of the same thermoelectric ion gel, but it is the nature of the
electrodes that drives the change in the thermo-voltage. This
underlines the importance of interfacial effect in ITESC which
can thus be a new strategy to consider for performance optimi-
zation. As shown in Figure 6a, the p-leg is made of the AuNW
electrodes; while the n-leg is made of the PEDOT:PSS elec-
trodes; both are connected thermally in parallel and electrically
in series with silver paste. Unlike most p—n thermoelectric gen-
erators, which require thermoelectric materials to have opposite
Seebeck coefficients, here, we take the advantage of the thermo-
voltage determined by different interfacial effects and keep the
same ionic thermoelectric material. As shown in Figure 6D, the
potentials of the p- and n- legs follow the temperature differ-
ence (Figure 6¢), but with different signs. The potential of the
two connected legs is the sum of the two individual legs. From
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Figure 6. a) The schematic of measurement set up and the series connection of p and n-type elements. Time-dependent variation of b) thermo-
voltage and c) temperature difference corresponding to PEDOT:PSS, AuNW:s electrodes and their series connection. For these measurements, the

WiL/Wevpr.nep is 4.

the linear fitting in Figure S14 (Supporting Information), the
effective thermopower of the n-leg, p-leg, and combined legs
are 110, 3.35, and 4.36 mV K\, respectively. The comparison
of voltages between different electrodes confirms that the series
connection of two elements creates a p—n ionic thermocouple.
The same strategy can be used to design ionic thermopiles as
ultra-sensitive temperature or heat flux sensors.['?!

3. Conclusion

In summary, the performance of ITESCs composed of
PEDOT:PSS and AuNW electrodes and nonaqueous polymer
electrolyte gel have been investigated and compared. We found
out, the electrode/electrolyte interfacial effect has an impor-
tant role not only for the energy storage, but also for the sign
and magnitude of the thermovoltage. Our results confirm that
the sign of the effective thermopower can be tuned by using
different electrode materials, which is an important supple-
ment for developing p- and n-type thermoelectric legs. The
effective thermopower, capacitance, and charge retention for
PEDOT:PSS device is superior compared to AuNW device
using the same electrolyte. We believe that this study will pro-
vide guidance for the future development of ITESCs and efhi-
cient ionic thermoelectric modules. Given the simplicity of
our approach, a similar strategy seems appropriate to fabricate
flexible and large area modules.

4. Experimental Section

Materials: Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP, Mn = 130 000) (Sigma-Aldrich), 1-ethyl-3-
methylimidazolium bis(trifluoro-methylsulfonyl)imide ([EMIM] [TFSI])
(Sigma-Aldrich), PEDOT:PSS aqueous solution (Clevios PH1000 from
Heraeus Holding GmbH), (3-Glycidyloxypropyl) Trimethoxysilane
(GOPS)  (Sigma-Aldrich), descriptiondimethyl sulfoxide (DMSO)
(Sigma-Aldrich), aqueous-based  colloidal  graphite  dispersion
(Bonderite L-FG ADAG, Ladd Research Industries), gold(lIl) chloride
solution (Sigma-Aldrich), hydroxylamine (Sigma-Aldrich), titanium
dioxide NWs (Novarials, Novawire-TiO-100-RD), poly(dimethylsiloxane)
(PDMS) (Sylgard 184, Dow Corning).

The Fabrication and Characterization of Electrodes: The commercial
aqueous dispersion of PEDOT:PSS including 0.1wt% of silane crosslinker
GOPS and dimethyl sulfoxide were mixed. The ratio of DMSO and
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PEDOT:PSS/GOPS was 0.1 and 3%v/v, respectively. The solutions were
stirred for a few hours at room temperature. For the fabrication of planar
devices, the substrates were patterned by Kapton tape. The PEDOT:PSS
electrodes were prepared by drop-casting the solutions on patterned
glass substrates. Finally, the films were annealed at 140 °C for 30 min
on a hot plate. The preparation process and transferring of AuNWs onto
glass have been already reported.*® Briefly, Gold chloride solution was
reduced by hydroxylamine onto titanium dioxide NWs which formed
gold coated TiO,-NWs (AuNW, diameter =400 nm). AuNW suspension
was filtered through a filter membrane, resulting in an AuNW film on top
of the membrane. The patterned AuNWs were transferred onto PDMS
on glass. After preparing the electrodes, ion gel was drop-casted on
them.

The morphology of AuNWs was investigated with a scanning
electron microscope (SEM, ZEISS Sigma 500 Gemini). The morphology
of PEDOT:PSS was characterized by an atomic force microscope
(AFM Dimension 3100) with a silicon probe (resonance frequency of
280 kHz).

The Preparation of the lon Gel: The ion gels were prepared by mixing IL
and acetone solution of co-polymer (PVDF-HFP, Wpypr.rirp/ Wacetone = 1:7)
with different weight ratios. Then it was stirred for 30 min at room
temperature. For making the samples, the solution was drop-casted on
the electrodes, and dried at 60 °C on a hot plate for 15 min.

Thermoelectric Measurement: The potential difference between
the two electrodes was measured with a nano voltmeter (Keithley
Instruments, Inc.,, model 1282 A), connected to the cooling and
heating Peltier elements to generate a temperature difference across
the edges of the electrodes. The temperature difference was detected
and measured using two thermocouples and Keithley 2400 multimeter,
respectively. Thermoelectric measurements throughout this study were
performed under ambient humidity of =40% unless otherwise stated.
To study the effect of humidity on the thermo-voltage, the humidity was
reduced to less than 10% by purging the nitrogen gas into the sealed
chamber.

Electrochemical Characterization: The electrochemical properties of
AuNW and PEDOT:PSS assembled vertical devices were investigated
by cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS) with a Biologic SP-200
potentiostat. The areal (C,) was calculated from galvanostatic charge/
discharge curves based on the following equations:

a2
Ca= A(dV/dt) ©)

where 4 is the discharge current, A is the area (25 mm?), d is the average
thickness, dv/dt is an average derivative of the discharge voltage. The
EIS measurements were performed using an ac voltage amplitude of
10 mV while sweeping the frequency from 100 kHz to 100 mHz. The
ionic conductivity (Gioni) Was calculated from
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where Z”is the real part of impedance when the phase angle is near to
zero, L and A are the distance between the two electrodes, and the area
of the electrodes, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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