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ABSTRACT

Low-grade thermal energy harvesting presents great challenges to traditional thermoelectric systems
based on the Seebeck effect, the thermogalvanic effect, and the Soret effect due to fixed temperature
gradient and low voltage output. In this study, we report an ionic thermoelectric system, essentially a su-
percapacitor (SC) containing an ionic liquid (IL) electrolyte and activated carbon electrodes, which works
on the thermocapacitive effect and does not require any fixed temperature gradient, rather it works
in a homogeneously changing temperature. A systematic investigation is carried out on SCs containing
two different ILs, 1-Ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl), EMIm TFSI, and 1-Ethyl-3-
methylimidazolium acetate, EMIm OAc. A high voltage output of 176 mV is achieved for EMIm TFSI con-
taining SC by exposing just to 60 °C environment. Moreover, a large voltage of 502 mV is recovered from
the SC upon subjecting to heat after one electrical charge/discharge cycle. A system containing two SCs
in series demonstrates a significant voltage of 947 mV. The observed performance difference between the
two ILs is rationalized in terms of the extent of asymmetry in the interfaces of the electrical double layer
that essentially originates from different diffusivity of individual ions. The mechanism can be applied
to a plethora of ILs to exploit low-grade heat to store electricity without a fixed temperature gradient,
opening up the possibility to merge different scientific communities and enrich this rising research field.
© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

There are commonly three methods to convert heat into elec-
tricity: (I) Mechanical heat engines [2], where the thermal energy

Thermal energy is an omnipresent energy resource that is gen-
erated as a byproduct of various industrial processes as well as
non-industrial sources such as power plants and heat pumps. The
majority of this energy is unused and stays in the surroundings as
waste heat; in fact, 63% of the waste heat emerges or is readily
available at a temperature below 100 °C [1]. Generally, the heat in
this temperature range is defined as low-grade thermal energy. Re-
covery of this waste heat holds enormous prospects, not just lim-
ited to improving energy and fuel efficiency of related processes,
but also extended to capturing energy from abundant resources
like solar-, geo-, and ocean thermal energy.

* Corresponding author.
E-mail address: mhaque@chalmers.se (M. Haque).
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transforms into mechanical work that is successively utilized to
drive an electric generator. This method is impractical to apply to
a distributed heat source; (II) Thermoelectric engines or thermo-
electric generators that convert heat directly into electrical current
[3] based on the Seebeck effect; (III) Ionic thermoelectric systems,
which are based on either thermogalvanic and/or ionic thermodif-
fusion effect - also known as the Soret effect [4]. The thermoionic
systems are receiving increased attention owing to their capabil-
ity of producing a large voltage output from a small temperature
gradient [5] compared to other technologies and devices (thermo-
electrics).

When a cell containing redox-electrolyte is retained in a fixed
temperature gradient, a thermovoltage arises, proportional to the
reaction entropies of the redox couples in the electrolyte near the
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Table 1

Working mechanism and performance metric of the different thermoelectric systems.
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Thermoelectric systems Device

Underlying physics

Thermoelectrics
Thermocell
Thermoionic capacitor

Solid-state thermoelectric generator
Ionic-thermoelectric system
Ionic-thermoelectric system

Seebeck effect
Thermogalvanic effect
Soret /thermocapacitive effect

Mechanism Operation mode
Diffusion of electrons or holes Continuous
Temperature-dependent redox reaction  Continuous

Diffusion of ions Intermittent

hot and the cold side. This phenomenon is known as thermogal-
vanic effect, and the device is called thermocell. On the other hand,
the ionic thermodiffusion effect does not involve any redox ac-
tivity, but rather relies on the net amount of entropy carried by
thermodiffusive ions driven by the temperature gradient. If the
thermal mobility of cations and anions are different, a local net
ionic charge carrier concentration develops, resulting in an electri-
cal field. The corresponding device is a thermoionic capacitor. In an
electrochemical cell, this electrical field creates a potential differ-
ence between the hot and cold electrodes of the cell [4,6]. Table 1
compares the mechanisms and operation mode of various thermo-
electric systems [7].

Producing a fixed temperature gradient between two electrodes
in an electrochemical cell is the most typical approach to create
different thermal responses in the two interfaces of an ionic ther-
moelectric system, however, presenting drawbacks in extra energy
consumption and high device volume. In essence, to maintain the
fixed temperature gradient the two electrodes are kept quite far
from each other, which increases the internal resistance of the
system and adversely affects the power performance [8]. Shorten-
ing the distance between the electrodes could improve the per-
formance, but it would require additional energy to maintain the
temperature gradient. Alternatively, if the two interfaces hold in-
herently dissimilar characteristics, it is possible to create a differ-
ence in the thermal response without a fixed temperature gradient,
relying instead on a uniform change in temperature [8,9]. Thermal
charging without the need to maintain a fixed temperature gradi-
ent is significantly advantageous from a design perspective since it
is very difficult to maintain a fixed temperature gradient at a low-
grade waste heat regime [7]. If maintaining the temperature gra-
dient is not the concern, then the distance between the electrodes
could also be minimized. Consequently, the structure of the device
would be the same as a supercapacitor (SC) consisting of porous
carbon electrodes and ionic electrolytes [10].

Theoretically, even though the thermogalvanic effect can also
contribute to thermal energy conversion due to the surface func-
tional groups, the thermoionic effect is most predominant in
carbon-based SC upon temperature change. When an electrolyte is
confined within a porous electrode, both the cations and anions
are under the influence of different force fields, and they exhibit an
anisotropic structure that leads to a net interface potential without
any external electrical bias [11,12]. The ionic structures and behav-
ior in the interfacial double layer are strongly influenced by tem-
perature [13,14], and an increased output voltage can be achieved
with increasing temperature. Besides, non-uniform pore distribu-
tions in high surface area carbon materials, which often include
branched pores with different diameters, result in different relax-
ation processes over the surface. Therefore, a significant portion
of the charge stays unused in a typical electrical charge/discharge
cycle due to the difference in kinetics between the fast move-
ment of free electrons and the slower movement of counterions
at the interface. At the end of discharge, this unused charge slowly
increases the open-circuit voltage [15]. When the device is sub-
jected to a high-temperature environment, the unused charge can
be harvested faster by increasing the movement of counterions
and the extent of voltage rise will be significantly higher. To sum
up, SCs containing porous carbon electrodes and ionic liquid (IL)
electrolytes with different properties of cations and anions have a

great potential of utilizing low-grade waste heat to store electri-
cal energy in a homogeneously varying temperature. ILs are par-
ticularly suitable for this type of device due to their high ther-
mal and electrochemical stability, high ion density, and very low
flammability [16,17]. Essentially, they are organic salt solely com-
posed of bulky, asymmetric organic cations and weakly coordinat-
ing small inorganic or organic anions. Due to this unique combina-
tion of large cation and charge-delocalized anions, they stay liquid
at temperatures below 100 °C [18]. By combining different ratios
of cations and anions [19] the physical and chemical properties of
ILs can be tuned virtually in an unlimited way, which is an attrac-
tive feature for an electrolyte. Among different ILS, imidazolium-
based ILs have exhibited an outstanding electrochemical perfor-
mance due to their relatively high ionic conductivity and low vis-
cosity [20,21]. Owing to these unique features ILs are also utilized
in polymer electrolytes to overcome their intrinsic low conductiv-
ity in a wide range of temperatures where ILs act as plasticizer
[22,23]. Most importantly, as they are solvent-free unlike organic
or aqueous electrolytes, they are perfect candidates to study the
ionic interactions that result in asymmetry in the electrical dou-
ble layers, which is necessarily responsible for dissimilar interfacial
properties that facilitate voltage output in an ionic thermoelectric
system.

In this study, we investigated SCs consist of activated carbon
electrodes and two different IL electrolytes, namely: 1-Ethyl-3-
methylimidazolium bis (trifluoromethylsulfonyl) imide, EMIm TESI,
and 1-Ethyl-3-methylimidazolium acetate, EMIm OAc from room
temperature to 60 °C. The study reveals that due to a substan-
tial difference in the self-diffusion coefficient of [EMIm]* in EMIm
TFSI compared to [EMIm]* in EMIm OAc, a larger voltage out-
put can be achieved with the device containing EMIm TESI elec-
trolyte compared to the device containing EMIm OAc electrolyte.
When the devices are subjected to heat at the end of the electri-
cal charge/discharge cycle, a significant increase of voltage rise can
be observed, which opens the possibility to assign a parallel life to
SCs.

2. Experimental
2.1. Materials and assembly of coin cell devices

Activated carbon electrodes were prepared using a high sur-
face area activated carbon powder (Kuraray®, YP-80F), conduc-
tive agent carbon black, and polytetrafluoroethylene (PTFE) binder
(60 wt. % in H,0) in a weight ratio of 80:10:10. The as-prepared
electrode materials contain an even distribution of micropores
and mesopores with a surface area of 1565 + 30 m2 g~!. The
elemental analysis demonstrates that the activated carbon pow-
der contains 94.1 at.% carbon along with 5.90 at.% oxygen with
some acidic surface oxygen functional groups such as phenol
and ethers, carbonyl, carboxyl, and lactones. The detailed elec-
trode preparation and material characterization regarding sur-
face morphology, surface area, and elemental composition can be
found in our previous article [21]. The individual electrode pel-
let was approximately 3.18 mg cm~2 in mass loading (2.5 mg
in mass with a geometrical area of 0.785 cm?2), and 100 pm in
thickness.
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A commercially available glass fiber sheet (GF, Whatman®) with
200 pm thickness and a diameter of 16 mm was used as the sepa-
rator.

1-Ethyl-3-methylimidazolium bis (trifluoromethylsul-
fonyl) imide 97% (EMIm TFSI, Sigma Aldrich) and 1-Ethyl-3-
methylimidazolium acetate 97% (EMIm OAc), Sigma Aldrich) were
used as electrolyte solutions without any further purification.

Symmetric two-electrode devices were prepared with the
above-mentioned materials in a CR2025 coin cells consisting of
a SS304 stainless steel casing, an O-ring sealant, a stainless steel
spring spacer, and a stainless steel current collector. Two devices
were prepared without any activated carbon, but rather stainless
steels were used as active electrodes in combination with both the
ILs. Electrochemical measurements were carried out 24 h after cell
assembly, in order to provide enough time for electrolyte adsorp-
tion. Approximately 100 pL of electrolyte was injected into each
device.

2.2. Conductivity measurements of ionic liquid

The conductivity measurement was carried out using a Broad-
band Dielectric spectrometer from Novocontrol GmbH at different
temperatures, 25, 35, 45, and 60 °C. The ILs were placed in a cell
containing two stainless steel electrodes with a diameter of 5 mm.
The thickness of the samples was controlled to be 3.1 mm using
a PTFE spacer. The measurements covered a wide frequency range
from 10-! to 107 Hz. The temperature was controlled using a ni-
trogen gas cryostat with stability of +0.5 °C and the samples were
equilibrated for 600 s at each temperature.

2.3. Viscosity and density measurements of ionic liquid

The viscosity measurements were conducted in TA instrument
Rheometer DHR3 model equipped with a Peltier heating plate in
the same temperature range as the conductivity measurements.
Cone and plate geometry with a ¢ = 40 mm, angle of 1°, and a
truncation gap of 26 pum were selected for the experiments. All the
measurements were conducted in an open-air environment.

2.4. Pulsed-field gradient NMR spectroscopy

The self-diffusion coefficients for the ILs at different temper-
atures were studied using an AVANCE III HD Bruker NMR spec-
trometer, operating at 14.1 T, equipped with a diff30 probe. The
diffusion coefficients were analyzed at 298.0, 308.0, 318.0, and
333.0 K. Each temperature was calibrated using pure methanol or
pure ethylene glycol prior to the experiments.

Self-diffusion coefficients for both anion and cation of the two
ILs were obtained using 'H and '°F 5 mm coil insets, respectively.
The specific parameters were individually set for each sample. For
the 'H experiments, a 16 us 'H-pulse, 0.4 s acquisition time, 5-
12 s recycle delay, and 40 kHz spectral width, were used. For the
I9F experiments, a 14 ps 19F 90 degree-pulse, 2 s acquisition time,
2 s recycle delay, and 7 kHz spectral width were used. The chem-
ical shifts were calibrated using tetramethylsilane as an external
reference.

For the diffusion experiments, a double stimulated echo (diffD-
ste) was used in order to handle the convection in the ILs at high
temperatures. The measurements were conducted using 16 scans
at 16 gradient steps. The parameters for both 'H and 1°F were opti-
mized to obtain full attenuation of the signal, including A=100 ms,
8 = 1-2 ms, and linear increments of g to gmax of 200-600 G/cm.
Correct calibration of the gradient amplifier was verified by obtain-
ing the self-diffusion coefficient of HDO trace in a standard sam-
ple of pure D,0 [24]. The self-diffusion coefficients (D) of the indi-
vidual ions were estimated by fitting the Stejskal-Tanner equation
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[25] to the signal integral intensity attenuation data according to

I =loexp{-D(rgd)*(A —8/3)} (1)

where [ is the signal intensity, I the signal intensity at zero gra-
dient, A the diffusion delay, § the gradient pulse duration, y
the gyromagnetic ratio of the nucleus studied, and g the gradient
strength. Least-squares fitting of parameters Iy and D with nonlin-
ear dependence using the Levenberg-Marquardt method was ap-
plied [26].

2.5. Measurement protocol

2.5.1. Thermovoltage measurement

Open circuit voltage (OCV), or voltage output, was monitored in
two periods: the first period is to observe the voltage rise, and the
second period is to observe the change of achieved voltage. After-
ward, the devices were electrically discharged to 0 V at RT with a
constant current. Four different conditions were applied to observe
the extent of voltage output. In the first condition, the devices are
shorted for 15 mins to ensure that they are fully discharged to 0 V,
then exposed to 60 °C followed by bringing them back to RT. The
second condition involves one electrical charge/discharge cycle at
RT, prior to high-temperature exposure. The third and fourth con-
ditions are analogous to the previous two, but instead of exposing
the devices to the high-temperature environment, they were kept
at RT throughout the measurement period in order to identify the
influence of heat on the observed voltage output.

After the initial scrutiny, two devices containing EMIm TFSI
and AC electrodes were connected in series, and voltage rise
was recorded upon applying the second condition mentioned
above. OCV was monitored for a period of 5300 s during high-
temperature exposure followed by 3600 s while returning to RT.

The devices were subjected to heat by placing them in a DZF-
6020 oven (temperature fluctuation +1 °C). The temperature was
further monitored by a UT61B Modern Digital Multimeter coupled
with a thermal sensor connected to the devices. The sensor accu-
racy is £1.2 % in a temperature range of -40 to 1000 °C.

2.5.2. Electrochemical measurement

Electrochemical characterizations of the devices were carried
out by cyclic voltammetry (CV), Galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS) at both
RT and 60 °C. Additionally, single frequency EIS was conducted
to the device containing AC electrodes with a fixed frequency of
500 mHz for 3 h in the high-temperature environment, in order to
monitor the change of the impedance of the devices.

All electrochemical measurements were conducted using a
Gamry Reference 3000AE Galvanostat/Potentiostat workstation
with a current accuracy (£10 pA +£0.3 %) and voltage accuracy of
(£1 mV £0.3 %) of reading.

The values of capacitance were calculated from both CV and
GCD plots according to:

JEAVI il de

Cscv =4 x 1000 x S T AV

(Fg™) )

It
Cs,GCD:4XnZ d

(Fg™) (3)

where C; ¢y is the specific capacitance from a CV plot, i (A) is the
current response as a function of time t (s), AV is the working
voltage range, vs (mV s~1) is the scan rate, Cs,cp is the specific ca-
pacitance from a GCD plot, I; is the discharge current, t, is the dis-
charge time, V; is the voltage range excluding internal resistance
(IR) drop, and m is the total mass of both electrodes (each elec-
trode had approximately the same mass). The factor of 4 modifies
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Fig. 1. Thermal and electrical characterization of devices containing AC electrodes and IL electrolytes: voltage output (a;) EMIm TFSI, (b;) EMIm OAc with different condi-
tioning, CV (a,) EMIm TFSI, (b,) EMIm OAc with a scan rate of 20 mV s~', GCD (a3) EMIm TFSI, (b3) EMIm OAc with a constant current of 10 mA g='.

the device capacitance (normalized to the mass of two electrodes)
to the capacitance of a single electrode.

Power density and energy density of the devices were calcu-
lated from GCD measurements according to:

Cr= 82 (rg) (4)

C;- V2

E= 3.6

X

(Whkg™1) (5)

N —

Pavg = 3600 x £ (Wkeg™) (6)
tq

where C; is the specific device capacitance from GCD measure-

ments, E is the energy density and, Py is the average power den-

sity of the device. The numbers 3.6 and 3600 are unit conversion

factors.

3. Results and discussions

3.1. Thermal and electrical capacitive properties of porous AC
electrode containing devices

Fig. 1 demonstrates the thermal and electrical capacitive prop-
erties of both devices containing EMIm TFSI and EMIm OAc IL elec-
trolytes. Systematic conditioning is applied to the devices in or-
der to understand the thermal charging behavior such as (i) spon-
taneous voltage rise at RT, (ii) voltage rise after one electrical
charge/discharge cycle at RT (termed RTac-cycle), (iii) voltage rise
at the high-temperature environment, and (iv) voltage rise at high-
temperature environment after one RT,-cycle, see Fig. 1 (a;) and
(b1).

A spontaneous voltage rise until 3600 s can be noticed for
both the devices at RT, 59 and 8 mV for EMIm TFSI and EMIm
OAc, respectively. When the devices have gone through one electri-
cal charge/discharge cycle, RT,c-cycle, an increased voltage rise of

132 mV (EMIm TFSI) and 47 mV (EMIm OAc) can be noticed. Volt-
age rise further increases when the devices are exposed to heat,
176 mV (EMIm TFSI) and 61 mV (EMIm OAc). A maximum volt-
age output is achieved when the devices are exposed to heat after
the RT,cc-cycle, 300 mV and 94 mV for EMIm TFSI and EMIm OAc,
respectively.

When a porous electrode is incorporated into the system, ILs
wet the micropores, and spontaneous adsorption of ions takes
place without any external bias [27]. Depending on the nature of
cations, anions, and their interaction with each other, different ad-
sorption rates occur in the positive and negative electrodes, cre-
ating a potential difference between the two interfaces. Therefore,
the observed voltage rise at RT for both the devices is quite reason-
able, noticed in several other studies [15,28] as well. When heat is
applied to a system containing an IL, valid to any electrolyte solu-
tion, several thermal modifications can occur such as a change in
the volume (due to solvent expansion), chemical potential, viscos-
ity, ionic conductivity, etc. [7]. Apart from these modifications, one
very important phenomenon occurs which is the development of
concentration gradients of the ions due to local non-homogeneity
in the electrolyte solution. Depending on the relative motion be-
tween cations and anions, governed by their migration properties,
ion density increases quite significantly near the interfaces and
amplifies the adsorption rate. Consequently, the electrochemical
potential of the interfaces increases and exhibits increased voltage
output compared to the voltage output from the spontaneous in-
terfacial potential at RT, which is quite clear in Fig. 1 (a;) and (by).

When the devices go through one RT,c-cycle and are exposed
to heat, the observed voltage output is significantly higher than
the previous two conditions, although the origin of such a high
voltage still lies in the interfacial properties. An effective represen-
tation of the interface containing porous electrode was realized in
terms of a RC transmission line model, originally proposed by de
Levie [29]. According to the model, the interface can be thought of
as an equivalent circuit consisting of different resistors (R) and ca-
pacitors (C) associated with the diverse branches of the pores con-
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taining different (RC) time constants. A mathematical evaluation
of the model showed that the potential and current distribution
throughout the porous electrode do not proceed evenly, mostly
due to IR drop in the electrolyte solution within the pores. Con-
sequently, faster charge storage or release occurs at the mouth of
the pores compared to the base of the pores, leaving a gradient of
potential distributed along the pore walls that does not participate
during the RT,¢-cycle and stays “unused”. Therefore, even though
by definition at the end of discharge the devices should hold zero
voltage, they exhibit a voltage rise, known as the “voltage rebound
effect” [15]. This voltage rebound effect largely originates from the
movement of the charge carriers from the base of the pores that
were “unused” during the initial RT,c¢-cycle to the tip of the pores
in the open-circuit configuration [28]. The extent of voltage rise
when the devices are exposed to heat after the RT,c-cycle is sig-
nificantly higher (almost three times) compared to the voltage rise
at RT after the RT,c¢-cycle. As the increase of ionic conductivity in
high temperature is significant compared to the decrease of electri-
cal conductivity of carbon electrodes, electrolyte ions play a domi-
nant role in the observed voltage rise.

It can also be noticed that the voltage increase for the heat-
exposed devices is quick in the beginning (over the first 1800 s)
and then reaches a saturation (at the end of 1800 s) due to equi-
librium of thermal diffusion and mass diffusion in the system. The
equilibrium condition retains even if the devices are removed from
the high-temperature environment (after 1800 s) because at this
point the ions are held electrostatically in the interface. On the
other hand, OCV keeps on rising for the devices at RT albeit at
a slower rate, indicating that the voltage output is going to be
significantly smaller compared to the heat-exposed devices, and
a considerably longer time will be needed to reach an equilib-
rium. This further illustrates the influence of heat to recover a
faster and larger voltage output. Owing to the high thermal sta-
bility of ILs, temperature exposure is not just limited to 60 °C but
could easily be extended to over 100 °C. Generally, with tempera-
ture increase, the dielectric properties of liquid electrolytes reduce
due to increased thermal motion of the electrolyte ions. There-
fore, the real capacitance decreases with increasing temperature.
However, at the same time with increasing temperature, the resis-
tance decreases as well. Consequently, more equivalent capacitance
is gained (due to lowered resistance/increased ionic conductivity)
than is lost by thermal agitation of electrolyte ions [30]. Because
of this advantageous trade-off, improved capacitive performance at
a temperature over 120 °C is observed in a previous study con-
taining EMIM OAc electrolyte [21]. Unfortunately, in the current
study, the temperature exposure is only limited to 60 °C due to
the thermal instability of the encapsulated coin cell components,
particularly the plastic gasket rings that maintain the separation
between the two electrodes. However, if the devices are exposed at
an even higher temperature, for instance at 100 °C, the voltage out-
put would be larger and faster. Thermodynamic force originating
from the high temperature exposure drives the system out of equi-
librium and hence initiates the thermodiffusion of ions. Eventually
the system reaches to a steady state with a force-balanced inter-
play between the thermal diffusion and resultant electropotential
gradient [4]. With increasing temperature, the extent of thermal
diffusion, electropotential gradient will be larger and the steady-
state will be reached faster as observed in both thermocell (ther-
mogalvanic effect) [31] and thermoionic capacitor (capacitive ef-
fect) [32].

Generally, SCs suffer from self-discharge dictated by both elec-
tronic and ionic charge redistribution associated with the RC time
constant in addition to the electrolyte ion diffusion [33]. However,
as can be seen within the timeframe of these experiments, ther-
mally charged devices do not suffer from self-discharge most likely
due to a combination of relatively lower nominal voltage and re-
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duced RC time constant [34]. To verify the extent of self-discharge
for a longer period, an additional measurement has been carried
out on the device containing EMIm TFSI as can be seen in Fig. S;.
After thermal charging for 4 h device was taken out from the high-
temperature environment and self-discharge was monitored at RT
for additional 4 h, where voltage decay was insignificant at the end
of the measurement.

After temperature exposure, the devices are discharged electri-
cally with a constant current of 10 mA g1 at RT in order to study
the capacitive performance, Fig. 1 (a;) and (bq). Capacitive perfor-
mance is also investigated with typical electrochemical measure-
ments such as CV (Fig. 1 (a3) and (b,)) and GCD (Fig. 1 (a3) and
(b3)) on the same devices within a voltage window of 500 mV
with a scan rate of 20 mV s~! and 10 mA g !, respectively, at
both RT and 60 °C. The linear charge/discharge curve from GCD,
the rectangular shape of the CV, and the linear discharge curve
of the thermally charged devices are typical signatures of capac-
itive behaviors [35]. The capacitance calculated from the GCD for
EMIm TFSI containing devices at both RT and 60 °C is 50 and 52
F g1, which is very similar to the capacitance from the thermally
charged device (EMIm TFSI, RTat—60 °C—RT), 47 F g~! (values
from the other conditionings are comparable). The capacitance of
EMIm OAc-containing devices at RT and 60 °C is 44 and 47 F g71,
which is also very close to the capacitance value from the ther-
mally charged device (EMIm OAc, RTa¢—60 °C—RT), 43 F g1 (val-
ues from the other conditionings are comparable). This demon-
strates that thermally and electrically charged devices inherit a
similar electrochemical signature.

The energy density is directly proportional to the square of the
voltage, thus a high voltage output is desirable. In this regard, the
voltage output for EMIm TFSI containing devices is significantly
higher at each conditioning compared to the devices containing
EMIm OAc. Both the devices have the same structure and com-
ponents including electrodes and separator, therefore the observed
difference originates either from the interactions among ions in
the electrolytes or from the interaction of the electrolytes with
the porous carbon electrodes. Generally, carbon materials have
different surface functional groups attached to them, originating
from the pristine source of the materials or different carboniza-
tion conditions [36]. Often, surface functional groups contribute
to the charge storage by surface-confined redox reaction, which is
temperature-dependent and may reflect the kinetics of the ther-
mally induced charge storage [9] beside the ion confinement in
the micropores. Therefore, in the next section, we investigate the
performance of the devices with non-porous electrodes in order to
verify the electrolyte contribution to the observed difference in the
voltage output.

3.2. Thermal and electrical properties of electrolytes in non-porous
electrode containing devices

Fig. 2 demonstrates the voltage rise of the devices contain-
ing flat stainless steel electrodes in combination with the two ILs,
EMIm TFSI and EMIM OAc. The flat surface should exclude the ion
confinement effect and contribution from the surface functional
groups that generally occur in the porous electrodes. Similar con-
ditioning as for the carbon electrode-containing devices is applied
to these sets of measurements. As can be seen from Fig. 2 (a;)
and (bq), the trend of the voltage rise with different condition-
ing is very similar to the previous measurements, although the
voltage saturation occurs much earlier for the devices exposed to
heat with the RT,¢-cycle. When the devices are removed from the
heat, the output voltage decreases to some extent as the ions try
to reach a new equilibrium. Most likely, given enough time, the
voltage will eventually reduce to a similar voltage as OCV at RT.
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tioning, CV (ay) EMIm TFSI, (b,) EMIm OAc with a scan rate of 20 mV s~', GCD (a3) EMIm TFSI, (b3) EMIm OAc with a constant current of 30 pA.

The fast voltage saturation is reasonable: as the surface area
of the stainless steel electrode is significantly lower than the AC
electrode, the electrochemical potential gradient will act on much
earlier than the AC electrode-containing devices. During the heat-
ing period, the voltage stays relatively constant for the EMIm TFSI
device once it reaches the maximum, whereas it starts dropping
immediately for EMIm OAc-containing device. This gives a hint of
how the transport properties of these two electrolytes may be dif-
ferently influenced by temperature. However, when we compare
the electrical performance, as can be seen from the CV Fig. 2 (ay),
(by), and GCD Fig. 2 (a3), (bs), the capacitive signature and per-
formance of the devices are very similar at both RT and 60 °C. The
stored charge with the stainless steel electrode is insignificant (due
to very low surface area) compared to the AC electrode contain-
ing devices, but the observed higher output voltages for EMIm TFSI
device compared to EMIm OAc device confirms that the achieved
thermovoltage is independent of the electrodes and, needless to
say, that interface with high surface area is still desirable.

3.3. EIS behavior of the devices containing AC electrodes, and
dynamic properties of ILs

Fig. 3 (a;) and (ay) is a typical representation of the Nyquist
plot at both RT and at 60 °C. EIS has been carried out in a wide
frequency range of 10 mHz to 100 kHz with an (alternating cur-
rent) ac perturbation of 10 mV. Unlike the CV and GCD technique,
EIS is non-invasive and therefore can provide a detailed mapping of
the electrolyte transport in the device. The first intersection point
of the semicircle at the highest frequency region is essentially the
equivalent series resistance (ESR), which primarily originates from
the bulk electrolyte. The second intersection of the semicircle is
interfacial resistance (R;,), related to the interface but still mostly
dictated by the electrolyte. At this high-frequency range, the cur-
rent response is completely in phase with the perturbation volt-
age and the system behaves in a purely resistive way because the

electrolyte ions are not able to move through the EDL at such a
high rate. In the mid-frequency region, the resistance of the inter-
face exhibits a line with a 45° slope, which is associated with the
charging of EDL. It is from this region that the charging of different
RC elements of the porous network of the carbon electrodes can be
realized. As sequential charging occurs from the pore mouth to the
pore base, charging in this region is termed asynchronous charg-
ing [30]. At the point (frequency) where the 45° slope changes
to 90°, asynchronous charging transforms to synchronous charging,
and the system starts behaving in a capacitive way. Eventually, at
the lowest frequency range, the current is ideally completely out of
phase (-90°) with the perturbation voltage and the system behaves
in a purely capacitive way. The transition frequency, where the 45°
slope changes to 90°, is known as knee frequency and can give
a qualitative measure of electrolyte diffusion to the porous elec-
trodes [37].

As can be seen from Fig. 3 (a;) and (a;), the ESR and R;;; values
at RT are 0.95 and 2.31  cm? for EMIm TESI containing device,
and 1.02 and 2.49 © cm? for EMIm OAc containing device. These
values reduce at 60 °C for both the devices, specifically to 0.31 and
0.60 © cm? for EMIm TFSI and 0.33 and 0.70  cm? for EMIm
OAc. There is a difference in the values at RT, but the difference
becomes marginal at 60 °C.

In general, the dynamics of ILs are largely dependent on the
particular chemical structure of the ions that promote different
interactions such as electrostatic, van der Waals interaction, hy-
drogen bonding, and w-7 stacking. The cumulative effect from all
these interactions leads to specific microstructures in the form of
ionic aggregates, or clusters in nanodomains that define the over-
all ionic mobility. For instance, an increasing number of carbons in
the alkyl chains and larger cation size induces a stronger van der
Waals interaction, which limits the mobility of the charge carriers,
thereafter frictional forces among ions, aggregates, and clusters re-
sult in an enhanced viscosity [38]. The size and shape of the anions
also play a significant role, for instance, ILs containing large anions



M. Haque, I. Abdurrokhman, A. Idstrom et al.

Electrochimica Acta 403 (2022) 139640

— RT —_— 60°C
(a1) EMIm TFSI (az) EMIm OAc
f 1
1001 r 5 100 6 252 mHz
NE 4] 504 mHz “‘E 51
5] 2 4
f& 3 9 3 999 mHz
N 50 N 50
. .| . S
11 1.
0 0-
0 0'123‘456' 0 0,123.4567,
0 50 100 150 0 50 100 150
Z' (Q cm?) Z' (Q cm?)
b1) EMIm TFSI -
m
~ 80 (by) N
£
v} r6
L
60 1
E —C 1D
(U]
g Z 4
© 40
ny E
(o}
S 204 2
T 1
8
. (b2) EMIm OAC
\‘1 80' .7
€
v r6
(V18
60 1
£ e
(]
|9}
c .f F4
© 40
5 3
o B
8 201 2
T T T T T T 1
0 2000 4000 6000 8000 10000
Time (s)

Fig. 3. EIS of both the devices at RT and 60 °C (a;) EMIm TFSI, (a;) EMIm OAc, Single frequency EIS at 500 mHZ (b;) EMIm TFSI, (b,) EMIM OAc during the heating from RT

to 60 °C.

possess low charge density reducing the interactions among the
ions and attribute to low viscosity. The symmetric shape of the
anions provides an even charge distribution that forms more in-
teraction with neighboring ions and hence increases the viscosity
[39]. However, increasing temperature changes the rotational and
translational energies of the ions and reduces the aggregation of
molecules by improving ion mobility and reducing hydrogen bond-
ing [40]. Therefore, viscosity decreases significantly with increasing
temperature. Similarly, a decrease in resistance or increase in con-
ductivity with temperature is also a known phenomenon, although
absolute values can differ to some extent due to impurity or the
measurement setup, the trend remains the same [38,41]. We have
carried out the ionic conductivity and viscosity measurements of
both EMIm TFSI and EMIm OAc ILs in the temperature range of
25-60 °C. The results are listed in Table 2.

It can be seen that viscosity decreases and ionic conductivity
increases with temperature, and the difference between the two
ILs becomes smaller at 60 °C. The trend of these values is consis-
tent with the impedance behavior of the devices.

Since the ionic conductivity of the two electrolytes is similar
at elevated temperatures, the significant difference between the
voltage output of the two devices cannot be justified by the high-

Table 2
Viscosity and ionic conductivity of the studied ILs in a temperature range of
25 °C to 60 °C.

Viscosity (mPa. s) Tonic conductivity (mS cm~1)

Temperature EMIm TFSI EMIm OAc EMIm TFSI EMIm OAc
25 °C 31.35 65.60 3.19 2.25
35 °C 22.50 34.00 4.21 3.06
45 °C 17.05 21.02 5.33 5.10
60 °C 11.95 13.45 8.07 7.94

frequency impedance characteristics but must find explanations in
the low-frequency region, starting from the knee frequency. It can
be seen from Fig. 3 (a;) and (a,) that at RT the knee frequency for
EMIm TFSI containing device is twice that of EMIm OAc containing
device. At 60 °C, the knee frequency increases for both the devices,
but the difference between the devices remains the same. The dif-
fusion of the electrolyte ions is directly proportional to the knee
frequency according to the equation [42,43], D = wR?%, where o is
the knee frequency, R is the characteristic distance ions travel (in
this system, R is the thickness of the electrodes, which is similar
for both the devices). From the equation, it is seen that the higher
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the knee frequency, the higher the diffusion rate [37]. Therefore,
it is reasonable to state that the device containing EMIm TFSI has
a higher electrolyte diffusion rate than the EMIm OAc-containing
device.

The OCV was measured while the devices were being heated
up in a 60 °C environment. Therefore, to correctly interpret the ob-
tained results, it is essential to find out how the impedance char-
acteristics change during the heating period, especially the influ-
ence of diffusion on capacitance and resistance. Fig. 3 (b;) and
(b,) demonstrate EIS measurements with a single frequency of 500
mHz for a 3 h period while devices were being heated up. The
frequency of 500 mHz is chosen because it is closest to the knee
frequency (504 mHz) of EMIm TFSI containing device at RT. It is
worth pointing out that the knee frequency of 504 mHz, as well
as the other knee frequencies, has been selected visually and there
might be some uncertainty regarding the values. Observing the EIS
with 500 mHz (diffusion region in these systems) in both the de-
vices will provide not only the information regarding changes of
the impedance characteristics but will also minimize the uncer-
tainty regarding the visual selection of the knee-values. It can be
seen from Fig. 3 (b;) and (b,) that for both the devices capaci-
tance increases and resistance decreases over time. The changes
are abrupt in the beginning and reach equilibrium by 2000 s. The
resistance decreases from 5.27 to 1.65 © c¢cm? and 7.47 to 3.12 Q
cm? while capacitance increases from 22.83 to 77.31 F ¢! and
14.28 to 50.06 F g~! for EMIm TFSI and EMIm OAc containing de-
vices, respectively. These results validate that the high diffusion
rate of EMIm TFSI positively contributes to the impedance perfor-
mance.

However, at this point, it is worth mentioning that the diffu-
sion rate revealed from EIS measurements is the mutual diffusion
of both the ions present in the system. Therefore, even if the large
difference of the voltage output between the two devices can be
qualitatively correlated with the observed mutual diffusion rate
difference, it is still necessary to investigate the distinct contribu-
tion of ions or the self-diffusion coefficient of individual ions of
both the electrolytes to reach to a solid conclusion. In the next
section, we discuss the self-diffusion coefficient of individual ions
studied by NMR.

3.4. Self-diffusion coefficients of the ionic liquids
Fig. 4 shows the NMR spectra at RT of both neat EMIm OAc and

EMIm TFSI ILs with the respective chemical groups present in the
ILs. TH NMR spectra of [EMIM]* cation in both EMIM OAc and in

EMIM TFSI, and [OAc]~ anion in EMIM OAc are shown in Fig. 4 (a)
and (b). F NMR spectrum shown in Fig. 4 (c) exhibits a single
peak associated with the [TFSI]~ anion. The observed peaks are in
agreement with previous studies [27,44,45].

Fig. 5 shows examples of the signal attenuation acquired in the
pulsed-field gradient diffusion experiments. All signal attenuation
plots follow a strictly mono-exponential decay pattern, which in-
dicates an unimpeded diffusivity for the ions in the system at all
temperatures investigated.

At a first glance, it is already noticeable that the signal decays
are close to each other for [EMIM]* and [OAc]~ in EMIm OAc elec-
trolyte, see Fig. 5 (a), while more different slopes are observed for
[EMIM]* and [TFSI]~ in EMIm TFSI electrolyte, see Fig. 5 (b), at
both RT and 60 °C. In other words, the diffusivity of cation and
anion are more similar in EMIm OAc compared to the EMIm TFSI
electrolyte.

Fig. 6 shows the calculated self-diffusion coefficients for all
the ions in the entire temperature range. As both the ILs share
the same cation [EMIM]", the observed difference should origi-
nate from the influence of the two anions [OAc]~ and [TESI]~. The
volume of the [OAc]~ anion (39 A3 [35]) is significantly smaller
than the [TFSI]~ anion (100 A3 [46]), so it is natural to think that
[OAc]~ ions will display higher diffusivity than [TFSI]~ ions. How-
ever, as can be seen, the opposite case is recorded: [TFSI]~ ions
have a higher self-diffusion coefficient than the [OAc]~ throughout
the temperature range, although the difference is not that large.

Most strikingly, the self-diffusion coefficients of [EMIM]*
cations in the two systems are significantly different and seem
to depend on their surrounding anions. As ILs are highly concen-
trated electrolytes, the movement of individual ions will largely
depend on the coulombic interaction between the ions. Due to the
smaller volume of [OAc]~, the electric charge density would be
much higher compared to the large [TFSI|~. Therefore, [EMIM]"
will have a stronger electric interaction with [OAc|~ than with
[TFSI]~. It has been shown by molecular dynamics simulations that
there is a stronger coordination between the cation and anion in
EMIm OAc because [OAc]~ ions form a strong hydrogen bond with
[EMIM]* whereas no hydrogen bond is formed between [TFSI]|~
and [EMIM]* [45,47]. Therefore, the observed self-diffusion coeffi-
cient difference between the ions in the two ILs is mostly originat-
ing from the extent of ion pairing. [OAc]~ does not move as a sin-
gle ion, but rather in a pairing or cluster, therefore the diffusivity
for both anion and cation is almost identical in EMIm OAc. On the
other hand, [TFSI]~ and [EMIM]* move more independently as sin-
gle ionic species in EMIm TFSI electrolyte. It is worth pointing out
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that the self-diffusion coefficient of [EMIm]|* is significantly higher
than that of [TFSI]~. In this case, the difference must be originating
due to the smaller size of [EMIm]* cation (69 A3 [46], compared
to 100 A3 for [TFSI]~), which points out the relevance of ion size
in the ionic mobility when the coulombic interaction is weak. The
phenomenon has been previously observed in several studies with
different anions [48,49], including the ions studied in this work.

The self-diffusion values in Fig. 6 are fitted with the Arrhenius
equation as follows:

D = Dy exp(—Eq/RT) (7)

where D is the self-diffusion coefficient, Dy the pre-exponential
factor (data fitting constant), E; the activation energy, R the uni-
versal gas constant (8.31451 ] mol-! K-1), and T the temperature
in Kelvin.

The fitted data is linear enough to justify using the Arrhenius
type equation. Accordingly, the activation energy is calculated from
the slopes and listed in Table 3.

Here we report similar activation energy for the two ions in
EMIm TFSIL The values are significantly lower than for the ions in
EMIm OAc, which are also of similar value. Low and similar activa-
tion energy means that a lower and similar energy will be required

Table 3
Activation energy of individual ions self-diffusion calculated
from Arrhenius plot.

Electrolyte  Ion Activation energy (k] mol~1)
EMIm [EMIM]*  26.0
TFSI [TFSI]~ 26.5
EMIm [EMIm]*  37.6
OAc [OAc]~ 38.8

for the self-diffusion of both the ions in EMIm TFSI compared to
EMIm OAc. In addition, due to the large difference in the diffusiv-
ity of the ions in EMIm TFSI, there will be a larger asymmetry in
the two interfaces causing a larger voltage output for EMIm TFSI
electrolyte-containing device when exposed to heat compared to
EMIm OAc containing device.

3.5. Potential of parallel life of supercapacitors

Traditional  thermoelectric module made of metal/
semiconductor/metal stack exposed in a temperature gradient
generates a constant and continuous electrical output based on
the well known electronic Seebeck effect, where the transport of
charge carriers (electrons or holes) are bound by band structures.
This electrical output can be delivered to an external load and
during the process, there is no net transfer of material involved.
On the other hand, an ionic thermoelectric system based on
the thermogalvanic effect involves a net transfer of redox-active
species between the hot and cold electrodes where the mass
balance is satisfied with the ionic diffusion of oxidized and re-
duced species between the electrodes. Therefore, the voltage rise
in a thermogalvanic cell occurs due to a combination of the ther-
modynamic shift in the chemical potential of redox species and
the thermodiffusion of ionic species driven by the temperature
gradient [4]. This working principle allows the thermocell to op-
erate in a continuous mode like the conventional thermoelectrics
and, the power density becomes the most relevant performance
metric [5,50]. In an ionic thermoelectric system based on the ionic
Seebeck effect, where the ions are not redox-active such as the
system under current study, the thermodiffusive ions are the sole
charge carriers and they can not pass through the external circuit
no matter how they arrange on the electrode surface. Rather, the
ions accumulate at the electrode/electrolyte interface and form
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an electric double layer (thermocapacitive effect [51]), inducing
a transient current that decreases over time [5]. Therefore, the
operation mode is not continuous but intermittent and both the
energy density and power density are the relevant performance
metric [50].

Fig. 7 demonstrates the thermal voltage output of two EMIm
TFSI containing devices with AC electrodes, D; and D,, stacked in
series, which verifies the feasibility of larger voltage output. In this
set of measurements, both the devices are individually exposed to
60 °C after one RT,-cycle at 2.5 V, and accordingly, the stacked
device containing D; and D, is exposed to heat after the RTacc-
cycle at 5V, see Fig. 7 (a).

The voltage recovery has been monitored throughout the heat-
ing and cooling period. A high voltage output of 502, 486, and
943 mV is achieved before the devices are electrically discharged
with a constant current of 10 mA g~! at RT. The capacitance is
extracted from the discharge plot and calculated to be 59, 56, and
27 F g1 for Dy, Dy, and D;+D,, respectively. The energy density of
the devices is calculated to be 0.51, 0.46, and 0.83 W h kg~1, which
is plotted in the Ragone plot, Fig. 7 (b), along with the power den-
sity 25, 24, and 47 W kg~! for D, D, and D;+D,, respectively,
calculated from the electrical discharge curve.

Power density is also extracted from the thermal charging curve
and calculated to be 349, 312, and 562 mW kg~!. A significant dif-
ference between the power from thermal charging and electrical
discharging is reasonable due to the large time difference in ther-
mal charging and electrical discharging. In general, thermoelectric
effects are useful for low power energy harvesting and therefore
suitable for slowly charging an electrochemical storage device, SC,
or batteries followed by a rapid discharge as a high power pulse
[4,5]. Generally, power demands for the internet of things (IoT)
sensors range from pW to mW with a relatively high operating
voltage of 1-5 V [4]. Therefore, the observed increased voltage, en-
ergy, and power density of the stacked device point out the pos-
sibility of connecting more devices in series or parallel depending
on the application requirements.

In practice, the ionic thermoelectric effect in this system works
as an internal electric generator that charges the electric double
layer of the SCs with large capacitance. The following equivalent
circuit (Fig. 8) can represent the system under study.

The operation can be carried out in two ways. (I) Direct thermal
charging, whereupon exposing to high-temperature environment
SC develops a spontaneous open circuit thermal voltage which can
effectively be utilized through an external load either at the high-
temperature environment or at RT enabling energy harvesting from

10

Electrical  Thermal

Charge Charge Supercapacitor Discharge
RP C >
v Qv — 42 RLoad
Rs

Fig. 8. Equivalent circuit of thermal charging and discharging process of the ionic
thermoelectric system.

heat source followed by energy storage and utilization without any
strict requirement of heat source. (II) Voltage recovery with heat
after an electrical charge/discharge cycle, whereupon applying heat
to the device after a typical electrical operation the unused energy
can be recovered faster due to the thermally induced enhance-
ment in the kinetics of the process involved in charge storage and
could be also utilized at the high-temperature environment or RT.
From this perspective, this ionic thermoelectric system integrates
two different functions, energy harvesting and energy storage in a
single multitasking device that opens up the possibility to give a
parallel life to SCs.

3.6. Towards the optimum performance of thermoionic capacitor

Low specific heat capacity, low thermal conductivity, and high
ionic/electronic conductivity are the vital prerequisites for typical
thermoelectrics and ionic thermoelectric system that works within
a fixed temperature gradient [10]. In this regard, ILs are particularly
preferable because they can ensure the long-term maintenance of
temperature gradient between the electrodes due to their very low
thermal conductivity, typically around 0.2 W m~! K-! compared
to water (aqueous electrolyte) that is 0.62 W m~! K-1, although
aqueous electrolytes possess higher ionic conductivity [52]. How-
ever, in the current system, where the devices are working in a ho-
mogeneously changing temperature, heat capacity could be a more
relevant defining factor to the device performance. The reported
specific heat capacity is found to be 0.836 J g~! K-! for EMIm
TFSI whereas 1.868 ] g=! K~! for EMIm OAc [40]. This indicates
that lower energy would be needed in the heating process [53] for
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EMIm TFSI containing devices to achieve a particular thermovolt-
age compared to EMIm OAc-containing device.

In the absence of a chemical redox reaction, the thermovolatge
is mainly originating from the extent of rearrangement and migra-
tions of ions in the interface. It is worth emphasizing that ther-
mally driven migration of ions in ionic conductors (electrolytes)
is a natural phenomenon but for them to exhibit noticeable ther-
moelectric properties there has to be a difference in the ther-
mal migration rate between the anions and cations. For exam-
ple, both the studied ILs exhibit a similarly increased ionic con-
ductivity, and reduced viscosity with increasing temperature along
with the improved impedance characteristics of the devices such
as ESR, diffusion rate, and capacitance. Yet EMIm TFSI contain-
ing device demonstrates a significantly higher thermovoltage and
that is mainly due to a larger difference in the migration ability
between the cations and anions. The difference in the migration
ability could be further enlarged by controlling the surface of car-
bon electrodes with either more positively or negatively charged
functional groups that will favor either anion or cation adsorp-
tion/desorption.

4. Conclusions

A systematic investigation is carried out to explore the thermal
charging of SCs containing two different ILs, EMIm TFSI, and EMIm
OAc, with activated carbon electrodes, as an ionic thermoelectric
system working in the low-grade heat regime (60 °C).

The study reveals that a significant voltage output can be
achieved without any fixed temperature gradient but rather with a
homogeneous change in temperature, due to asymmetry in the two
electrical double layer interfaces. The EMIm TFSI containing device
exhibits a greater performance regarding voltage output in differ-
ent conditioning compared to the EMIm OAc containing device.
The asymmetry arises due to a significant difference in the self-
diffusion coefficient between [EMIM]* and [TFSI]~ ions in EMIM
TFSI electrolyte as compared to [EMIM]* and [OAc]~ in EMIM OAc
electrolyte. The asymmetry in the interfaces does not negatively
influence the regular electrical performance. Moreover, the unused
energy in the typical electrical charge/discharge cycle, due to a
large mismatch between the fast kinetics of electrons in AC elec-
trodes and slower kinetics of electrolyte ions, is recovered with
high-temperature exposure. When two EMIm TFSI containing de-
vices are stacked in series, a large voltage output of 943 mV can
be achieved with an energy density of 0.83 W h kg~! and a power
density of 47 W kg~!, which is competitive to any other ther-
moionic system. The devices remain charged even if they are re-
moved from the heat and can therefore be discharged while sup-
plying a current to an external load.

The knowledge gained from this study opens up the possibility
to take advantage of the inherent asymmetry between two inter-
faces that could originate from various ILs. Moreover, a working
mechanism without a fixed temperature gradient adds an enor-
mous design advantage as establishing and maintaining a fixed
temperature gradient in a low-grade heat regime is not trivial.
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