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Abstract

Unique work report on the thermoelectrochemical potential of protic ionic liquid (PIL) based electrolytes coupled with 1'/I5°
redox couple. Two series of protic ionic liquids based on secondary and/or tertiary ammonium cations with the
trifluoroacetate, methanesulfonate, trifluoromethanesulfonate and tosylate anions were synthesized for
thermoelectrochemical cells. The complete study on PILs was carried out to determine the nature and efficiency for the
generation of voltage through electrochemical effect. The investigation was executed in a temperature range between
room temperature and 90 °C. PILs show lower thermal conductivity and good ionic conductivity which leads to the success
of good thermoelectric materials. The outcome was positive as our proposed PlLs showed higher S, values 420 uv/K
obtained for TEHA TFMS than the reported values of the same I'/I5 redox couple. The most favorable thermoelectric figure
of merit value (949.46><10‘6) was achieved by the BEHA TFMS. The power and the current output of the studied PILs are
higher than some aprotic ionic liquids (AlLs) reported.

Keywords: Ammonium based protic ionic liquids, secondary and tertiary ammonium, thermal properties, physical
properties, iodide/tri-iodide (I'/Is') redox couple, ionic and thermal conductivity, Seebeck Coefficient, ZT, power and

current output.

Introduction

Renewable energy resources are a current global concern,
given the depletion of fossil fuels, along, with the detrimental
effects of fossil fuel burning such as global warming and
environmental pollution. Over 50% of energy is lost as waste
heat during the fossil fuel burning process for energy
generation. While the dependence on fossil fuels cannot be
fully overcome, thermoelectric technology provides a
secondary energy generation technology which can be used in
tandem with fuel engines, in order to harvest the waste heat
into useful electricity.l' 2

Several classes of materials have been utilised as
thermoelectric materials: inorganic semiconductor alloys such
as bismuth telluride and lead in terms of performance and
commercialisation development. However, such alloys have
drawbacks such as high synthesis and fabrication costs,
complex manufacturing processes and limited natural
resources. In recent years, organic thermoelectric materials
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have been shown to be viable candidates for thermoelectric
generation, such as PEDOT:PSS. Even more recently, lonic
liquids (ILs) doped with a redox couple have been shown to
demonstrate an electrochemically driven thermoelectric
generation capability, which is also known as the
thermoelectrochemical effect.>” These IL based devices differ
in operation from the semiconductor based thermoelectrics,
as they are driven by a redox electrochemical reaction which
arises from a temperature gradients. Thermoelectric devices
are prepared from thermoelectric cells, which are an array of
thermoelectrochemical cells electrically connected in series
but thermally in parallel. As reviewed by MacFarlane et o:l.,8
the thermoelectrochemical cells may directly convert thermal
energy into electrical energy,g‘ 19 which limits their operating
temperature to less than 100 °C.

ILs are organic salts with melting points generally below
100 °C and structured in three dimensional networks of ions
(anions and cations). These ILs may be divided into two main
categories, which are protic ionic liquids (PILs) and aprotic
ionic liquids (AILs).11 PlLs are synthesized by a proton transfer
between a stoichiometric Brensted acid to a Brgnsted base.'
Some groups reported on their study of
thermoelectrochemical cells development using AlLs®™> 7 and
PILs® as electrolytes to generate electrical energy. The PlLs are
advantageous for the development of thermoelectrochemical
devices, because it implies that only moderate solubilities are
required for the most efficient devices.

The first discovered IL, ethanolammonium nitrate (EAN)
which has been reported by Gabriel in 1888,13 was later
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proven to be a PIL by Walden in 1914. EAN was prepared by
a proton transfer reaction from a Brgnsted acid and a Brgnsted
base without using any solvents, with 12.5 °C as the melting
temperature.15 The main difference between PILs and AlLs is
the presence of an available proton in PlLs which is responsible
for the extra hydrogen bonding. Thus, PILs may comprise of
neutral species which are produced by proton transfer
equilibrium processes and hence, do not necessarily contain
fully ionic components. In 2007, MacFarlane and Seddon have
proposed a guideline for determining “pure ILs”, where it is
necessary that the presence of neutral species should be less
than 1%."°

Recently, there is an increasing interest towards PlLs, as
well as greater attention to AlLs.*! This is owing to its special
property in the presence of proton-donor and -acceptor sites
as it may be used to build up a hydrogen-bonding network. As
an addition, the preparation of PILs is simple, as both, the
synthesis and purification processes are easy, less expensive,
have low toxicity and degradable.”'19 Due to their beneficial
properties and potential applications, PILs are now used for
fuel t:ells,11 organic synthesis,20 gas separation,21 biological
applit:ations,22 t:hromatography,15 Cco, absorption,23 self-
assembly,24 as electrolyte in batteries,24 conductors,25 as
propellant or explosives,26 as catalysts in chemical reactions,27
as solvents of rare polymerszs’ 2 and as reactants in biodiesel
produ::tion.30

Knowledge of thermal and physicochemical properties are
important to determine the potential applications of the
synthesized PlLs. Recently, researchers have been discussing
these thermal properties including heat capacity, phase
transition temperatures and decomposition temperatures; as
well as physicochemical properties such as density, viscosity,
speed of sound, refractive index and ionic conductivity in some
recent publications.”' 18,3136 | these reports, most cases were
investigated on a series of PlLs with alkyl ammonium, hydroxyl
ammonium or hydroxylalkyl ammonium —based cations and
carboxylate-based anions.

In this study, two series of ammonium-based PILs have
been synthesized. The aim of this study is to evaluate
significant fundamental data on thermal, physicochemical and
thermoelectric properties of the BEHA and TEHA series for
their potential application as thermoelectric materials. The
thermal properties such as the decomposition temperature,
melting temperature, heat of fusion and heat capacity of
studied PILs have been analysed. The physicochemical
properties such as density, viscosity and refractive index have
also been investigated. Lastly and mainly, we will discuss the
thermoelectric properties, namely the ionic and thermal
conductivity, the Seebeck coefficient, the figure of merit and
the power and current output density of these 8 PILs in
combination with the standard aqueous I/l5 electrolyte
system to evaluate the overall potentiality of PlLs as
thermoelectric materials.

Experimental
Materials and synthesis of PILs

Bis(2-ethylhexyl) amine (99%) and tris(2-ethylhexyl) amine (99 %),
trifluoroacetic acid (99%), methanesulfonic acid (99%),
trifluoromethanesulfonic acid (99%), p-toluenesulfonic acid (99%)
were purchased from Merck. These chemicals were used as
received without any further purification. PILs are formed by proton
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transfer between a Bronsted acid and a Bronsted base. An
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Names Abbreviations
1 Bis(2-ethylhexyl) ammonium BEHA TFA
Trifluoroacetate
2 Bis(2-ethylhexyl) ammonium BEHA MS
Methanesulfonate
3 Bis(2-ethylhexyl) ammonium BEHA TFMS
Trifluoromethanesulfonate
4 Bis(2-ethylhexyl) ammonium Tosylate BEHA Tosylate
5 Tris(2-ethylhexyl) ammonium TEHA TFA
Trifluoroacetate
6 Tris(2-ethylhexyl) ammonium TEHA MS
Methanesulfonate
7 Tris(2-ethylhexyl) ammonium TEHA TFMS
Trifluoromethanesulfonate
8 Tris(2-ethylhexyl) ammonium Tosylate TEHA Tosylate

equimolar amount of acid and base will be reacted. The drop wise
addition of acids to the amine was carried out slowly with
continuous stirring with a magnetic bar, since these reactions are
highly exothermic. Hence, a slight amount of water was added to
reduce the heat. The mixture

Table 1: Names and Abbreviation of Synthesized PILs

was then stirred at room temperature for several hours. Strong
agitation was applied in order to improve the contact between the
reactants, allowing the reaction to be completed. The reaction is a
simple Bronsted acid-base neutralization forming an ionic liquid.
Then, water was removed by heating the mixture at 80 °C in
vacuum using a rotary evaporator. The PlLs were further dried at 80
°C in a vacuum oven to remove any excess water. The fully distilled
and dried PILs purity was checked by a "H NMR spectroscopy.

BEHA TFA: 'H NMR (400 MHz, CDCl;, ppm): 6 =0.91 (t, J=7.4 Hz,
12H, -CH3), 1.19-1.49 (m, 16H, -CH;), 1.65-1.93 (m, 2H, -CH), 2.57 (d,
4H, J=8.2 Hz, -CH,) and 8.37 (2H, NH & NH+CF3COO').

BEHA MS: *H NMR (400 MHz, CDCls, ppm): & =0.82 (t, J=7.3 Hz, 12H,
-CH3), 1.19-1.26 (m, 16H, -CH,), 1.70-1.78 (m, 2H, -CH), 2.62 (s, 3H, -
CH5S0,), 2.79 (d, 4H, J=8.0 Hz, -CH,), and 8.37 (2H, NH &
NH*CH,S03).

BEHA TFMS: "H NMR (400 MHz, CDCls, ppm): & =0.88 (t, 12H, J=6.9
Hz, -CHs), 1.24-1.39 (m, 16H, -CH,), 1.73-1.75 (m, 2H, -CH), 2.85 (d,
4H, J=8.0 Hz, -CH,) and 6.6 (2H, NH & NH'CF3503).

BEHA Tosylate: "H NMR (400 MHz, CDCl3, ppm): 6 =0.82 (t, 12H,
J=7.0 Hz, -CH5), 1.19-1.28 (m, 16H, -CH,), 1.70-1.72 (m, 2H, -CH),
2.34(s, 3H, -Ar-CH3), 2.63 (d, 4H, J=7.2 Hz, -CH,), 7.14 (2H, d, J=4.1
Hz, Ar-H), 7.73 (2H, d, J=4.2 Hz, Ar-H) and 9.37 (2H, NH &
NH‘tosylate).

TEHA TFA: 'H NMR (400 MHz, CDCl;, ppm): & =0.81 (t, J=5.4 Hz,
18H, -CH3), 1.20-1.35 (m, 24H, -CH,), 2.06-2.08 (m, 3H, -CH), 2.88 (d,
6H, =10.2 Hz, -CH,) and 11.05 (1H, NH'CF;C00)).

TEHA MS: "H NMR (400 MHz, CDCls, ppm): 6 =0.82 (t, J=6.2 Hz, 18H,
-CH3), 1.21-1.34 (m, 24H, -CH,), 1.59-1.60 (m, 3H, -CH), 2.47 (s, 3H, -
CH3S05), 2.96 (d, 6H, J=12.0 Hz, -CH,) and 9.1 (1H, NH*CH,S03))
TEHA TFMS: *H NMR (400 MHz, CDCls, ppm): & =0.88 (t, 18H, J=6.8
Hz, -CHs), 1.24-1.48 (m, 24H, -CH,), 1.74-1.77 (m, 3H, -CH), 3.30 (d,
6H, J=12.8 Hz, -CH,) and 7.54 (1H, NH'CF5S0;).

TEHA Tosylate: 'H NMR (400 MHz, CDCl3, ppm): & =0.88 (t, 18H,
J=7.4 Hz, -CH,), 1.19-1.33 (m, 24H, -CH,), 1.71-1.74 (m, 3H, -CH),
2.34 (s, 3H, -Ar-CHs), 2.65 (d, 6H, J=7.2 Hz, -CH,), 7.15 (2H, d, J=3.9
Hz, Ar-H), 7.73 (2H, d, J=4.1 Hz, Ar-H) and 9.34 (1H, NH tosylate’).

Techniques

This journal is © The Royal Society of Chemistry 20xx
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The synthesized PILs have been confirmed by '"H-NMR
spectroscopy ASCEND"™400 (Bruker, USA) relative to
Tetramethylsilane (TMS). The melting temperature and the
heat of fusion of the PILs were determined using a Q20
differential scanning calorimeter (TA Instrument, USA) in the
range from -100 to 70 °C. The samples were heated at a scan
rate of 5 °C/min under a nitrogen atmosphere.
Thermogravimetric analysis was performed on a TGA 4000
thermogravimetric analyzer (Perkin-Elmer, USA) under
atmospheric conditions. Samples between 5 and 15 mg were
heated from 20 to 650 °C under a constant heating rate of 20
°C/min. The sample chamber had a controllable environment
to allow monitoring of the degradation under a dry nitrogen
atmosphere. Experimental densities of PlLs were measured by
DDM 2910 (Rudolph Research Analytical, USA) in the
temperature range of 20-90 °C. The apparatus is precise within
1.0x10™ g.cm's, and the expanded uncertainty of the
measurements was estimated to be better than 0.001 g.cm's.
Calibration of the densitometer was performed at an
atmospheric pressure using air dry and pure water (supplied).

PAPER

The refractive index was measured by RM40 refractometer
(Mettler Toledo, USA). The measurement was taken at an
atmospheric pressure and temperature range of between 20
and 90 °C, with a 10 °C increment. As for the viscosity study,
the measurement was carried out using the Rheometer
MCR301 (Anton Paar, Austria). The rheometer is a controlled
stress (or controlled torque) instrument and was calibrated
using standard viscosity oil. Temperature of the solution was
maintained within £ 0.1 2C. The viscosity was measured with
an accuracy of less than 3 %. All measurements for each
sample were performed in triplicate, and the values were
reported as an average. The measurement was taken at an
atmospheric pressure and temperature range of between 20
and 90 °C, with a 10 °C increment. lonic conductivity was
measured by the DZS-708 multi-parameter analyzer from
Cheetah. This was carried out at an atmospheric pressure in
temperatures ranging 25-70 °C with a 5 °C increment.

Table 2: Chemical Structure of Cations and Anions of Synthesized PILs Including the pK, of the Anions.

Cations Molecular Charge pK,
Weight, delocalized
g/mol by
Bis(2-ethylhexyl) 214
ammonium
Tris(2-ethylhexyl) 312
ammonium
Anions
Trifluoroacetate F 0 113 2 Oxygen -0.25
- // atom
N
F 0
Methanesulfonate H ﬂ 95 3 Oxygen -2.6
- atom
H——S$-0
H O
Trifluoro E 0 149 3 Oxygen -14
methanesulfonate 1 x atom
F——S-0
1l
F O

This journal is © The Royal Society of Chemistry 20xx
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Tosylate (l:)I 171 3 Oxygen -2.8
" atom
HAC /N ﬁ —0
— o]

Thermal conductivity measurement was carried out by the
KD2 Pro (a product of Decagon devices, Inc.) in the
temperature range of 20-70 °C, with a 10 °C increment at
atmospheric pressure. This experiment was verified by
measuring the thermal conductivity of water. The seebeck
coefficient was obtained using the two beaker experiment
method where two separate cells were connected through the
salt bridge of the PIL/iodide redox couple solution. One of
these two cells was heated and the other one was kept at
room temperature. The Pt electrodes were used in cells and
connected via a voltmeter (Agilent 34461A- 6% Digit
Multimeter). From the potential difference between the two
cells increased with temperature at a linear rate, S, values
were obtained. The same setup of the Seebeck coefficient was
used for the thermoelectrochemical device measurements.
Additionally, a resistor box was connected in a parallel position
with the voltmeter. This is to measure the potential at a fixed
temperature difference at known resistances to calculate the
current and output power of the thermoelectrochemical cells
through the Ohm’s law (I = V/R) and Joule’s law (P = IR =
V’/R).

Results and Discussions
Thermal Stability

The decomposition temperature (Ty) is an important
property for thermoelectric material as it reflects the thermal
stability of the materials. Therefore, a high decomposition
temperature is desirable for PlLs as it results in a high
utilization temperature range. The secondary and tertiary
ammonium cations increase the decomposition temperature
by increasing the branched chain of PILs. The intermolecular
interaction between anions and cations are also responsible
for the decomposition temperature. A very strong
intermolecular interaction increases the decomposition
temperature due to strong electrostatic interaction between
the cation and anion. Hence more energy is required to break
the chemical bonds.*

The thermal stability of PILs have been evaluated by the
thermogravimetric analysis (TGA), and the traces of curves
have been represented in Figure 1. As a result, the
decomposition temperatures have been tabulated in Table 3.
The decomposition temperatures are at Tsy onset Which means
the onset of the thermal decomposition curves for the first 5%
weight loss. Drab et al., reported that the values at Tsy gnset

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

provides a more accurate decomposition temperature than
the onset of decomposition temperature.38

As a result of TGA, the decomposition temperatures of PILs
are varied from 197.8 to 302.5 °C. In both, the series BEHA and
TEHA, the TFA anion doped PILs has the lowest decomposition
temperature of 204.8 °C and 197.8 °C. On the other hand, the
TFMS anion doped PILs has the highest decomposition
temperatures at 256.2 °C and 302.5 °C of PILs BEHA and TEHA
series respectively. The thermal stability and the
decomposition temperature can be correlated directly to the
electrostatic force between the anion and cation.

In general, the dissociation constant of acid/anion is
defined as the K, values. The exponential numbers of
dissociation constant was converted into a normal range by
taking their negative logarithm, which is defined as pK,, which
represents the strength of acidity. The lower pK, value is a
stronger acidic in nature. The strong acid is able to form a
strong chemical bonding with the cation. Hence it needs more
energy to break the chemical bonding. Therefore, the stronger
acidity of the anion exhibits a higher decomposition
temperature. The pK, values of all anions are listed in Table 2.
Among these four anions, the TFMS has very low pK, value
(pK,=-14) as a result of the decomposition temperature of
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PILs M., (g/mol) T4 Tm Hs Co
Q) (9 (J/g) (/8-K)

BEHA TFA 327 204.8 49.2 70.4 11
BEHA MS 309 250.0 -11.2 23.66 0.827
BEHA TFMS 363 256.2 10.8 32.75 3.68
BEHA Tosylate 385 215.4 24.9 14.37 0.952
TEHATFA 425 197.8 -70.8 3.01 0.418
TEHA MS 407 202.4 -62.8 6.11 0.422
TEHA TFMS 461 302.5 -69.9 3.51 0.293
TEHA Tosylate 483 228.3 -58.8 0.89 0.094

TFMS containing PILs that is higher than the other members.
On the other hand, the pK, value of TFA (pK,= -0.25) is higher
than the other anions as, it is weakly acidic in nature. Hence,
its decomposition temperature is lower than the other PILs.
Given that all PILs have a decomposition temperature of 200-
300 °C, this will be possible for use in energy harvesting from
low grade energy sources.

Table 3: Thermal Properties of the Synthesized PILs".

"M, T4, Tm, Hf and C, are molecular weight, decomposition temperature,
melting temperature, heat of fusion and heat capacity respectively

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 Characteristic Decomposition Curves of PILs (a) BEHA Series and (b) TEHA Series.
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Figure 2 DSC Curves of the Synthesized PILs (a) BEHA Series and (b) TEHA Series.

Melting Temperature

The synthesized PILs listed in Table 1 have a broad range of melting
points, from around -70.8 to 49.2 °C. In general, the melting point
may be increased through increasing the packing efficiency of the
ions. Several factors influence the melting points of the PILs which
have been discussed in previous literatures>™ 33 including steric
hindrance, packing efficiency, hydrogen bonding, interactions
between anions and cations etc. The key factors are mainly the
steric hindrance which disrupts the packing efficiency and minimize
the hydrogen bonding of molecules.

In PILs of the BHEA series, among the 4 anions doped, the MS
anion doped PILs shows a very low melting point (-11.2 °C) whereas
all the remaining PILs show higher melting temperatures. BEHA MS
contains the methyl sulphonyl group which gives more flexibility for
PiLs. The remaining anions TFA and TFMS contains highly

This journal is © The Royal Society of Chemistry 20xx

electronegative fluorine atom which has the capability to form
hydrogen bonding with the cationic hydrogen (from the secondary
amine) atom more strongly. Hence, the BEHA TFA and BEHA TFMS
possess higher melting temperatures of 49.2 °C and 10.8 °C
respectively. The aromatic group containing BEHA Tosylate is highly
rigid compared to the other members of this series hence it has a
higher melting temperature (24.9 °C) than the BEHA MS and BEHA
TFMS.

However, in the case of the TEHA series, the TEHA TFMS has a
lower melting point (-69.9 °C) than TEHA MS (-62.8 °C) due to the
interaction between anions and cations. Fluorine is more
electronegative, thus contributes a greater number of hydrogen
bonds. In comparing between the TEHA TFA (-70.8 °C) and the TEHA
TFMS (-69.9 °C), the presence of the methyl sulfonyl group which
gives a higher electronegative effect, is more favourable for
hydrogen bonds, resulting in a higher melting temperature.

J. Name., 2013, 00, 1-3 | §
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However, the aryl ring in TEHA the Tosylate provided a higher
molecular weight (483 g/mol), which causes a higher melting
temperature (-58.8 °C).

In a comparison study of the BEHA and TEHA series, the anions
of BEHA contribute to a very high melting temperature than the
TEHA series. This may be due to the steric hindrance of the alkyl
group, which is higher for the tertiary ammonium (TEHA) than the
secondary ammonium (BEHA). Hence, this affects the molecular
close packing of PILs of the TEHA series. Melting temperature is an
inherent property of materials, and a low melting temperature is a
required criterion for PIL. Therefore, low melting temperature is
desirable, but it does not have a direct effect on the thermoelectric
performance of PILs. From the DSC thermogram, the BEHA and
TEHA series do not show glass transition temperature (T,) in
between our experimental temperature of -100 °C to 100 °C.

Heat of Fusion

Heat of fusion (H;) is a specific amount of heat which is
required to convert one gram of a solid to liquid state at its
melting point without changing the temperature. This energy
basically breaks down the solid bond, meanwhile leaving a
significant amount of energy for the association of the
intermolecular forces in the liquid state. Hence, a lower H; is
desirable for thermoelectric as it requires lower energy.

Heat of fusion is calculated by the peak area at melting
temperature from the DSC curve. Thus, the sharper the peak,
the greater the heat of fusion of the analysed compound.

Hf = Q/m

The values of heat of fusion of the synthesized PILs have
been given in Table 3 which are obtained from the DSC curve.
Heat of fusion depends on various factors such as functional
groups, alkyl chain length, hydrogen bonds (within cation and
interaction  with  anions), steric hindrance effect,
electronegativity effect of the anions, cation volumes,
molecular weight, and interaction force between anion and

The clear endothermic peaks are observed in the DSC
thermogram for the BEHA series which provides the
information of heat of fusion. Among the four PILs of the BEHA
series, the TFA anion doped PIL has the highest heat of fusion
(70.4 J/g). The next candidate in this series is the TFMS anion
doped PIL which possesses the heat of fusion of 32.75 J/g.
Both electronegative fluorine substituted PILs (BEHA TFA and
BEHA TFMS) have higher values, as fluorine increases the
binding energy of the PILs. Hence, it requires higher energy to
overcome the binding energy. The BEHA MS possesses the
heat of fusion of 23.66 J/g44' % The lowest value, 14.37 J/g was
obtained for the tosylate doped PILs (BEHA Tosylate). On the
other hand, when a similar cation such as the TEHA is used, it
shows different results from the BEHA group due to the anion-

cation interactions between the TEHA cation and TFA, MS,
TFMS and tosylate anions.*

In the presence of the similar anions like TFA, MS, TFMS
and tosylate, the BEHA group has a higher heat of fusion value
compared to the TEHA group due to the stearic hindrance
effect. For example, the BEHA TFA has a value of 70.4 J/g H;
which is higher than TEHA TFA (3.01 J/g). Second degree amine
of BEHA resulting in less hydrogen bonding leads to higher
energy.”

Heat Capacity

Heat capacity is the required heat to increase 1 K temperature
of 1 g substance. In other words, it can also be defined as the
stored energy per molecule before the temperature increases.
The heat capacity is calculated by the ratio of heat of fusion
and the temperature difference of the melting peak. The unit
is J/g.K. The calculated values of C, from the DSC curve have
been given in Table 3.

Q Hf/ ]

AT

Cp= —= —
p g.K

mAT

The heat capacity values of the BEHA series are in the
range of 0.827 to 11 J/g.K and the TEHA series are in the range
of 0.094 to 0.422 J/g.K, and the mechanism of the
thermoelectrochemical cells is to produce energy from the
difference of temperature between the hot side and the cold
side as it creates a temperature gradient. Therefore, the
increment of temperature is deeply related to the mechanism
of thermoelectricity as it is required to increase the
temperature of the hot side to increase the temperature
gradient in thermo-electrochemical cells. Generally, materials
with a smaller heat capacity, will require lower energy to
increase the temperature of the material. From Table 2, it is
clear that BEHA MS and BEHA Tosylate possess the lowest heat
capacity at 0.827 J/g.K and 0.952 J/g.K respectively. It requires
very minimum energy to increase the temperature for 1K. The
next higher heat capacity holding member of the series is the
BEHA TFMS (3.68 J/g.K) as it needs little excess energy to boost
up every 1K temperature for thermoelectrochemical cells. The
BEHA TFA has very high heat capacity (11 J/g.K) among the
formulations presented. The anion containing fluorine atom
has a higher heat capacity than the other members and
presence of higher alkyl chain length in cations decreases the
heat capacity as TEHA has lower heat capacity than BEHA
series.

Thermal Conductivity

The thermal conductivity results of the PILs at 20 and 70 °C are
tabulated in Table 4 and plotted in Figure 3 as a function of
temperature in the range of 20 and 70 °C, where it follows the
normal trend of increasing with the increase of temperature.

6| J. Name., 2012, 00, 1-3
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Table 4: Density and Viscosity of Synthesized PILs and lonic and Thermal Conductivity of the Fixed Ratio of PILs and 0.05M I/l

Temperature ("C) BEHA TFA BEHA MS BEHA TFMS BEHA Tosylate TEHA TFA TEHA MS TEHA TFMS TEHA Tosylate
Thermal Conductivity, k (W/m.K)

20 0.0365 0.039 0.035 0.033 0.0375 0.039 0.036 0.041

70 0.0395 0.0415 0.04 0.03667 0.04 0.042 0.0395 0.046
Density, p (g/cm3)

20 - 0.9806 1.0635 0.9995 0.9553 0.9387 1.0164 0.9648

90 0.9351 0.9330 1.0101 0.9523 0.9000 0.8914 0.9676 0.9193
Viscosity, n (Pa.s)

20 - 1.07 0.622 1.74 0.357 2.41 1.72 4.3584

90 0.0109 0.032 0.0241 0.0435 0.0124 0.0498 0.0483 0.0944

lonic Conductivity, o (mS/cm)
25 1.444 1.22 2.45 0.753 2.27 0.837 1.382 0.667
70 2.34 2.26 4.93 1.627 3.85 1.635 2.9 1.388

It is also noted that the effect of temperature is very negligible
in some of the PILs.

The figure of merit ZT decreases with high thermal
conductivity at any AT. Therefore, a lower thermal conductivity
is desired for thermoelectrochemical cells where it increases
AT and could be maintained across the device. The higher
amount of alkyl chain length in cations increases the thermal
conductivity as thermal conductivity depends strongly on the
IL cation alkyl chain length. This is due to the dimensions of the
IL bulk nanostructure being controlled by the cation alkyl chain
consisting of the charged (ordered domains) and the
uncharged regions (disordered domains). As the dimensions of
the disordered domains are controlled by the cation alkyl
chain, it limits the thermal conductivity.46 From all the values
of the thermal conductivity at various temperatures of the
PlLs, it is also noticeable that the thermal conductivity is not
strongly dependent on the IL anion.* Additionally, another
point is noticed which is the presence of fluorine and sulfonyl
functional group in anions decrease the thermal conductivity.
Despite this, the presence of benzene also increases the
thermal conductivity. If the above points are considered, then
it can be said that the fluorination of anions and lower amount
of alkyl chain length are desirable criterion for the lower
thermal conductivity as well as for the higher ionic
conductivity.

In the presence of I'/I3' redox couple, the studied PILs
demonstrate thermal conductivity in the range of between
0.033 to 0.041 W/m.K at 202C which is significantly lower than
water (0.67 W/m.K), MPN (0.12 W/m.K), [C,mim][NTF,] (0.12
W/m.K), [C,mim][B(CN),] (0.19 W/m.K).> From this discussion,

This journal is © The Royal Society of Chemistry 20xx

it could be easily said that the PILs are very good candidates
for thermoelectric materials with respect to its’ thermal
conductivity.

Density

Density values of the synthesized PlLs at 20 and 90 °C
temperatures are tabulated in Table 4. The findings indicate
that the BEHA and TEHA series demonstrate temperature
dependent behaviour, where the density decreases linearly
with temperature increment as shown in Figure 4. Density of
the synthesized PILs were affected by the packing of ions, size
and shape of ions and interactions between jons."’ Density
decreases as the alkyl chain length increases in cations,48' 4
which is the reason behind the higher density of BEHA than
TEHA. In both series, the TFMS anion containing PILs has a
higher density value which may be due to its high molecular
weight of anions and two functional groups (fluorine and
sulfonate) in the structure.”” The decreasing trends of density
has been observed while decreasing the molecular weight of
anions except TFMS.

Viscosity

Since the operation of a thermoelectrochemical cell is done by
mass transfer of the solution/ions from the hot to the cold
side, the viscosity of the solution is critical. lonic conductivity is
directly affected by viscosity, the ionic conductivity decreases
with the increase of viscosity.7 Viscosity depends on the ion-
ion interactions which mainly involve hydrogen bonding and
van der Waals interactions.*® Viscosity of ILs increase with the

J. Name., 2013, 00, 1-3 | 7
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increment of alkyl chain length as it will provide stronger van
der Waals interactions.’® It is desirable to have low viscosities
and high ionic conductivities for thermoelectric applications.
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The viscosity of the synthesized PILs at 20 and 90 °C are
tabulated in Table 4.
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Figure 4 Densities of the Synthesized PlLs at Different Temperature (a) BEHA Series and (b) TEHA Series.
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Figure 5 Viscosities of the Synthesized PILs at Different Temperature (a) BEHA Series and (b) TEHA Series.

Figure 5 shows the viscosity of the BEHA and TEHA series.
For the BEHA series, the decreasing order of viscosity follows
the trend as BEHA Tosylate> BEHA MS > BEHA TFMS > BEHA
TFA decrease with the increase of temperature. A step
decrease was observed while increasing the temperature from
20 °C to 50 °C. With further increase of temperature, the
viscosity of PlLs was not affected. In this series, the starting
temperature of the BEHA TFA was observed from 50 °C
because of its solid nature. Interestingly, BEHA TFA has low
viscosity and which is not affected by temperature. It
maintains a stable viscosity regardless of temperature. In the
TEHA series, the decreasing order of viscosity of PILs is as
follows: TEHA Tosylate> TEHA MS > TEHA TFMS > TEHA TFA. In
both series, the same trend was observed with the decreasing
viscosity with respect to the anion dopant in the PlILs.

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

Furthermore, all members constantly decrease the viscosity
with respect to the temperature until 50 °C (except TEHA TFA).
On further increase of temperature, it maintains the stable
viscosity until 90 °C.

As noted from the BEHA series, TFA doped PIL possesses
the unique property, where its viscosity is not affected by the
temperature from 20 °C to 90 °C. Fluorine substituted anionic
dopant containing PILs shows very low viscosity among the
rest of the members. Amongst the fluorine substituted anions,
the ionic size also plays a role, where the low molecular weight
TFA has low viscosity than the higher molecular weight of
TFMS. This concept is in good agreement with Ohno et al.,
report.**

lonic Conductivity

This journal is © The Royal Society of Chemistry 20xx
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Higher ionic conductivity is desirable for thermoelectric
application as it increases the figure of merit ZT. The ionic
conductivity at 25 and 70 °C are tabulated in Table 4 and are
plotted in Figure 6 in the range of 25 to 70 °C where it is
confirmed that the ionic conductivity increases with
temperature as the normal trend.”

Amongst all the PILs, the PILs containing the fluorine atom
in the anions, have the higher ionic conductivity as fluorine is
more electronegative than hydrogen. The sulfonyl functional

- RSC Advances

group in anions also help the PlLs to have higher ionic
conductivity than the acetate functional group. The presence
of the benzene ring in anions decreases the ionic conductivity
remarkably which is not a positive sign. On the other hand, a
higher number of alkyl chain length in cations decreases the
ionic conductivity. Therefore, it can be concluded that
fluorination of the anions and lower alkyl chain length in
cations are highly desirable in PILs for thermoelectrochemical
applications.
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Figure 6 lonic Conductivity of the Synthesized PILs in Combination with 0.05M 1I/l3° at Various Temperature (a) BEHA Series and (b) TEHA Series.

Table 5: Seebeck Coefficient, the Maximum Potentials (Vima), the Maximum ZT Values (ZTnmax) Obtained using a Fixed Ratio of PILs and DMSO and 0.05 M 1/l5°

PILs Seebeck Coefficient Vmax (MV) ZT max (><10'6)
(LV/K)

BEHA TFA 340 11.68 758.04
BEHA MS 410 14.27 432.86
BEHA TFMS 370 14.89 949.46
BEHA Tosylate 376 15.18 253.65
TEHA TFA 182 7.03 281.23
TEHA MS 337 13.5 281.66
TEHA TFMS 420 14.92 548.68
TEHA Tosylate 352 14.55 192.79

This journal is © The Royal Society of Chemistry 20xx
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The PILs of our study with 0.05M I'/1* redox couple have
ionic conductivity in the range of 0.66 to 2.45 mS/cm at 25 °C
and 1.38 to 4.95 mS/cm at 70 °C, which is higher than the AlLs
[HMIM][I], [PMIM][I], [BMPY][BF,] reported by Stefanie et al.’
where the ionic conductivities are 0.2, 1.6, 2.4 mS/cm at 25 °C
respectively. Therefore, PlLs could be a good candidate for
thermoelectrochemical cells.

Seebeck Coefficient

The Seebeck coefficient and the maximum voltage of the PILs
of this study with the combination of 0.05M I/l5” redox couple
solution has been tabulated in Table 5 and the Seebeck
coefficients were calculated from the Figure 7. The maximum
voltage (Vmax) for the PlLs are in the range of 7.0 to 15.2 mV.
The S, values are 1.5 to 4 times greater when the solvents are
PILs (182 to 420uV/K) than DMSO (119uV/K), which is a
positive indication for the PILs as thermoelectric materials.

This Seebeck coefficient is directly related to the reaction
entropy of the redox couple which is responsible for creating
the potential difference across the thermoelectrochemical
cells in the presence of the temperature gradient. The relation
is as follows:

0E(T)/dT = S. = AS°,/nF

where E(T) is the equilibrium electrode potential, which is a
function of the temperature. T, S, is the Seebeck coefficient, n

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

is the number of electrons involved in reaction and F is
Faraday’s constant.” 1=

In comparison with the commonly used solid-state material
Bi,Te;, which have S, -287 uV/K, all the PILs of this study have
a higher S, (between 337 to 420 uV/K) except TEHA TFA (182
MuV/K). All eight PILs with 0.05M I/I5" solution also have higher
Se values than the AlLs [C;mim][BF,] (260 pV/K), [P44,46][NTf,]
(170 pVv/K), [Comim][NTf,] (154 pV/K), [Csmpyr][NTf,] (60
KV/K), [Comim][B(CN)4] (94 uV/K), [P222,101)][NTF,] (30 uVv/K)
with 0.4M [/l5" solution, published by Abraham et. al., even it
contains higher concentration of I/l redox couple as the S, of
the AlLs increase with the concentration of I'/I;7 as the
reported work® and also higher than [EMIM][CF;SO;] (364
HV/K), [HMIM][I] (-130 pV/K), [PMIMI[I] (-190 pV/K).” The
TEHA TFMS has the maximum Seebeck coefficient (420 uVv/K).
It can be expected from the above discussion that PILs could
be a good alternative formulation to thermoelectric materials.

Figure of Merit

The efficiency of a thermoelectric material depends on the figure of
merit ZT.

7T = 65T/
Where o is the ionic conductivity (S/m), S. is the Seebeck coefficient
(V/K), T is the absolute temperature (K) and k is the thermal
conductivity (W/m.K).

This journal is © The Royal Society of Chemistry 20xx
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The ZT values in the temperature range 30 to 65 °C of all
the PILs are plotted in Figure 8 and the maximum ZT values are
tabulated in Table 5.

From the above equation of ZT, it is clear that ZT is directly
proportional to the ionic conductivity and Seebeck coefficient,
as well as inversely proportional to thermal conductivity.
Hence, the desirable properties are high ionic conductivity,
high Seebeck coefficient and low thermal conductivity. PILs
containing TFMS anions give the highest ZT values in both of
the cases BEHA (949.46><10'6) and TEHA (548.68><10'6) as they
have the lower thermal conductivity, higher ionic conductivity
and higher Seebeck coefficient. On the other hand, Tosylate
gives the lowest ZT values (BEHA 253.65x10° and TEHA

these ZT values, the efficiency of PILs as thermoelectric materials
can be easily understood and may be used for future
thermoelectrochemical applications as electrolytes.

Power and Current output Density

The power and current output density was calculated from the
measured potential values (V) and the known resistance (R) by
the Ohm’s law (I = V/R) and Joule’s law (P = I’R = VZ/R). The
diameter of the Pt electrode is 1 mm. The maximum values of
power and current output density are tabulated in Table 6.

Table 6: The Maximum Power Output Density (Pma) and Maximum Current
Output Density (Imax) Obtained using a Fixed Ratio of PILs and DMSO and 0.05M I’
/5

192.79><10'6) as they have the higher thermal conductivity,
lower ionic conductivity and lower Seebeck coefficient. The

BEHA series normally gives the higher ZT values than the TEHA
group as the thermal conductivity is higher, and the ionic
conductivity and Seebeck coefficient are lower in the TEHA
group than the BEHA group.

The maximum ZT values of our studied PILs are between 190x10°®
to 950x10°° which are 1.5 to 46 times higher than some AlLs like
[C,mim][BF,] (130x10°®), [C,mim][NTF,] (39x10°), [Campyr][NT]

PILs Thot (°C)/ Teotd ('€)  Prna (RW/M?)  lynae (MA/m’)
BEHA TFA 50/25 2.13 123
BEHA MS 50/25 23.3 75

BEHA TFMS 50/25 43.2 129
BEHA Tosylate 50/25 18.7 234
TEHA TFA 50/25 8.55 228
TEHA MS 50/25 15.2 531
TEHA TFMS 50/25 21.2 270
TEHA Tosylate 50/25 6.66 294

(33x10°®), [C,mim][B(CN),] (28x10°®), [C,mim][DCA] (21x10°).* From

This journal is © The Royal Society of Chemistry 20xx
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and (b)

The calculated values are plotted in Figure 9 and Figure 10
for power and current output density respectively and the
trends of power and current output density with potential
follows the same as previous literatures.*” Abraham et. al
reported 0.05 M Fe(CN)s>/Fe(CN)s" in the [chaoline][DHP] PIL
results in 0.1 mW/Kg power density when Pt was used as an
electrode and it is independent of the solute-solvent ratio
when the solvent is water.® Our aim of this study is to
determine the eight different newly synthesized PILs’
potentiality in thermoelectrochemical cells. Hence the
experiments were carried out in a fixed solvent-solute ratio.
From the Ohm’s and Joule’s laws, it is noticeable that the
current (I) is directly proportional to the potential (V) and
power (P) is directly proportional to the current (I) as well as
potential (V). Again, this current is directly related to the ionic
conductivity as higher conductivity results in a higher current
flow and lower conductivity results in lower current flow.

The maximum power density values of the studied PILs are
from 2.13 to 43.2 uW/mZ. Between the BEHA and TEHA
cations, BEHA has higher power output densities when the
anions are the same, as the potential (V) (Table 5) is higher in
the case of the BEHA group except for the BEHA TFA (2.13
uW/mz) and TEHA TFA (8.55 uW/mZ). On the other hand,
when the cations are same, TFMS has a higher power output
than MS due to the higher output potential of TFMS, and with
the TFA having a lower power output than the TFMS as TFA
results in lowest potential. Hence, among all the PILs, the
BEHA TFMS has the highest power density of 43.2 p.W/m2 as it
results in an almost higher potential of 14.89 mV, and the
BEHA TFA has the lowest power density of 2.13 },lW/m2 as it
results in an almost lower potential of 11.68 mV.

The maximum current output density values of the studied
PlLs are in the range of 75 to 531 mA/mZ. When the cations
are of similar BEHA, the TFMS has a greater current density
than the TFA due to the higher ionic conductivity of BEHA
TFMS (3.75 mS/cm) than BEHA TFA (1.879 mS/cm). The BEHA
TFMS also has a higher ionic conductivity than BEHA MS (1.738
mS/cm), which results in the same order of current output
density. On the other hand, the TEHA MS has a higher current
density than the TEHA TFMS, which is not supported by their
ionic conductivity as the ionic conductivity of the TEHA TFMS

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

TEHA Series.
(2.02 mS/cm) is higher than the TEHA MS (1.226 mS/cm). TEHA
MS has the greatest current density of 531 mA/m? and BEHA
MS has the lowest current density 75mA/m2.

The power and the current output of the studied PILs are
higher than some of AlLs such as [BMIM][BF,],
[EMIM][CF3SO3], [HMIM][l], [EAN][NOs], [PMIM][I] and
[BMPY][BF,] which results in the range of 0.02 to 0.7 pwW
power output and 4 to 80 pA current output.7 Hence, the PILs’
performance as an electrolyte in the thermoelectrochemical
device is also noticeable and could not be ignored.

Conclusion

The understanding of thermal and physical properties of the
synthesized ammonium-based PILs is vital for its design and
Ammonium-
based PILs have high potentiality for energy applications due to

evaluation as thermoelectrochemical devices.

its basicity which leads to high ionic conductivity. Secondary
and tertiary ammonium based two series (BEHA and TEHA) of
PILs have been studied. The physical properties and stability
with respect to the temperature of the PILs performed suitably
to the thermoelectric materials. The BEHA series has the
highest S, values than the TEHA series. The maximum
obtained S, value is 420 nV/K, which is the highest reported in
PILs in a I7/I;" redox couple. As a result, the power and the
current output of the studied PILs are higher, which shows that
the PILs electrolyte coupled with the I/I;” redox couple is an
attractive formulation for energy
thermoelectrochemical generator.
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Highlights

PILs have been designed and synthesized for the energy harvesting applications. The module
exhibited maximum S, value is 420 uV/K which is the highest report in PILs of I'/I5" redox
couple.



