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Abstract

In this work, a new class of highly-conductive chemically cross-linked gel has been synthesized by the
confinement of water and IL N, N, N triethyl octyl ammonium bromide ([N2.s] Br) in polyethylene
glycol dimethacrylate (PEGDMA) matrix, using in situ thermally initiated radical polymerization loaded
with 1 wt. % free radical initiator azobisisobutyronitrile (AIBN). This novel gel was named as hydro-
ionogel (HIG). The thermoelectric properties of HIG such as ionic conductivity, Seebeck coefficient, and
thermal conductivity were measured and owing to its high thermoelectric performance, we referred to this
as crosslinked thermoelectric hydro-ionogel, henceforth will be denoted by X-TEHIG. For all the
measurements, coin cells were fabricated using commercial LIR 2032 stainless steel battery casings with
X-TEHIG sandwiched between the two graphene electrodes. The ionic conductivity of X-TEHIG was
examined via AC impedance spectroscopy technique by using a Gamry apparatus. Remarkably, the ionic
conductivity of X-TEHIG was higher than that of neat [N.2] Br. A linear increase in ionic conductivity
of X-TEHIG as a function of temperature was recorded that showed a considerably higher value of 74
mScm™ at 70 °C. The origin of this high conductivity is attributed to interactions between PEGDMA
monomers and cations and anions of the IL and formation of hydrogen bonds between water and Br-
anion, O-H--Br. X-TEHIG demonstrated a higher Seebeck coefficient of 1.38 mVK™. The Fourier
transform infrared (FTIR) spectroscopy results revealed the successful polymerization of X-TEHIG by
the disappearance of C=C peak of methacrylate group in the spectrum of PEGDMA. These results
suggest that X-TEHIG may be a potential candidate for thermoelectric applications owing to their high
values of ionic conductivity and Seebeck coefficient.

Keywords: Crosslinked thermoelectric hydro-ionogel, thermal conductivity, ionic conductivity, Seebeck
coefficient, cyclic voltammetry, FTIR spectroscopy.



Nomenclature

S Seebeck Coefficient, VK™ Al Figure of merit

o Electrical conductivity, Scm™ PEGDMA Polyethylene glycol dimethacrylate

K Thermal Conductivity, Wm™ K™ BMIMBF, Butyl methyl imidazolium tetrafluoroboarate

T Temperature, K AIBN Azobisisobutyronitrile

A Area, m? X-TEHIG Cross-linked thermoelectric hydroionogel
37
38 1. Introduction
39  Production of clean and sustainable energy is of utmost importance for the development of human
40  society. Around 60% of the fossil fuels energy is lost as waste heat. In order to add a useful contribution
41  in powering to our modern society, various technologies are being explored beyond the use of heat
42  engines. Thermoelectric (TE) modules are one of these approaches [1, 2]. TE modules convert waste heat
43  directly into electricity with many advantages over conventional heat engines such as they have no
44 moving parts, require no working fluids or gases, highly reliable and eco-friendly [3-5]. The performance
45  of thermoelectric (TE) materials can be evaluated by the dimensionless figure of merit denoted by ZT.
46 ZT = (S’6T)/K (1)
47  where ZT is figure of merit, S is Seebeck coefficient also called thermopower (VK™), o is electrical
48  conductivity (S m™), K is thermal conductivity (W/ (m K), T is absolute temperature (K) and S% is called
49  power factor (Wm™ K™). In order to get high ZT, the materials must possess higher Seebeck coefficient
50 and electrical conductivity along with lower thermal conductivity [6-9]. The higher values of Seebeck
51  coefficient will be accompanied by high voltage output, high electrical conductivity will reduce the Joule
52  heating, and lower thermal conductivity will maintain large temperature gradients in TE modules [10,
53  11]. In the thermoelectric materials, there is a general trade-off between the Seebeck coefficient and
54  electrical conductivity. With the increase in carrier concentration of TE material, electrical conductivity
55 increases and Seebeck coefficient decreases [6].
56 In the past, mostly the researchers gave greater emphasis to inorganic conductors and semiconductors as
57  TE materials, for example, Bi,Tes CoShs, Mg,Si, PbTe, and their alloys. Calero et al. prepared the Bi,Tes-
58 ,Se, electrodeposited thin films and achieved a Seebeck coefficient of 120 uVK™ for as-deposited films
59  [12]. A Seebeck coefficient of 138 VK™ has been reported by Danine et al. for P-type Bi-Sbh-Te 60 nm
60  nanowire [13]. Besides the low value of Seebeck coefficient of the order of uVK™ |, several other
61  problems are associated with above-mentioned materials such as toxicity, high manufacturing cost, and
62  paucity of materials that have thus limited their widespread use [7, 14, 15]. Organic conducting polymers
63 have emerged as efficient alternative TE materials because of their low cost, easy to manufacture,
64  lightweight, flexible and low value of intrinsic thermal conductivity. One of the major problems related to
65  them like inorganic conductors and semiconductors is their low value of the Seebeck coefficient as a
66  result of doping [7, 16]. Because of doping their Fermi level is pushed towards the conduction band
67  resulting in a decrease in average transport energy of charge carriers which in turn reduces the Seebeck
68  coefficient [17]. So far the highest ZT of 0.42 has been reported by Kim et al. with a Seebeck coefficient
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of 33.4 VK™ for solution processable conducting polymers. Likewise, Cho et al. published a Seebeck
coefficient of 120 VK™ for organic conducting polymers [18, 19]. The low efficiency of organic
thermoelectric devices because of relatively small Seebeck coefficient has not been improved despite
tremendous research efforts in recent years.

These limitations have motivated researchers’ interest in alternative thermoelectric materials. lonic liquids
(ILs) demonstrated significantly higher Seebeck coefficient of the order of mVK™. They are non-volatile
molten salts characterized by high ionic conductivities, low vapor pressure, high Seebeck coefficient and
good chemical and electrochemical stability. The ionic conductivity of ionic liquids can be further
improved up to 1-2 orders of magnitude with the addition of water [20]. Anouti et al. observed the ionic
conductivity ( 8.23 mScm™) of protic ionic liquid, pyrrolidinium trifluoroacetate, [Pyrr][CF3COO] with 3
wt. % of water and with the addition of 51 wt., % of water ionic conductivity increased to 44.20 mScm™
[21]. Migita et al. studied a mixture of ionic liquid, [C4mpyr]- [NTf2] plus [Fe(CN)6] 3/[Fe(CN)6] redox
couple with metal complexes (Fe, Cr) and demonstrated a Seebeck coefficient of 1.49 mVK™. Abraham
et al. has reported the Seebeck coefficient of the I'/ I redox couple in a series of ILs from 0.03 to 0.26
mVK™ and variation in the value was linked with the nature of both the cation and anion [22]. Recently,
Laux et al. studied a series of ILs in Lil/l, redox couple and achieved highest Seebeck coefficient of 0.3
mVK™ [23]. Although, the aforementioned examples demonstrated Seebeck coefficient of the order of
mVK™ yet their liquid state limits their uses because of leakage problems and liquid phase electrolyte
hinders the devices to work in different positions e.g. upside-down or tilted at large angles [24].
Furthermore, large scale integration and packaging of solid state devices are quite easy [25]. The best
option to fully leverage all benefits of ILs is their immobilization into polymer matrices to form ionogels.
They will preserve all the attributes of ILs except outflow [26, 27]. lonogels possess high ionic
conductivities and highly tunable properties which render them a popular topic of materials science
research in recent years. The ionic conductivity of ionogels is primarily dependent by the amount of
uptake of electrolyte solutions (such as ionic liquids) by the polymer matrix. Because of its high retention
capability of ionic liquids we used polyethylene glycol dimethacryalte in order to achieve the maximum
possible ionic conductivity of ionogels [28]. The ionogels have many industrial applications for example,
in lithium-ion batteries, fuel cells, electrochromic materials, dye-sensitized solar cells (DSSCs) for solar
energy conversion, electrochemical double layer capacitors (EDLCs), and actuators [29-34]. Moreover,
applications of ionogels as thermoelectric materials have never been listed in several review reports
published on applications of ionogels [35-38].

In this work, for the first time, we have prepared novel cross-linked thermoelectric hydro-ionogel (X-
TEHIG) by thermally initiated polymerization/chemical cross-linking of bi-functional monomers of
PEGDMA in presence of IL [Nax»g] Br using radical initiator AIBN. Chemically cross-linked gels are
thermally stable up to decompositions temperature and show better dimensional stability [39]. Chemical
cross-linking resulted in a homogeneous and non-leaking ionogels. X-TEHIG was characterized by
electrochemical impedance spectroscopy, cyclic voltammetry, scanning electron microscopy, FTIR
spectroscopy, Seebeck coefficient, and thermal conductivity. Thermoelectric figure of merit of X-TEHIG
was calculated at room temperature using Equation (1). LIR 2032 stainless steel coin cells were fabricated
to measure ionic conductivity, Seebeck coefficient and cyclic voltammograms of X-TEHIG. Thus, the
applications of X-TEHIG in thermoelectric energy conversion can bring several advantages like reduced
fabrication cost while maintaining the high value of ionic conductivity and Seebeck coefficient.
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2. Experimental Procedures
2.1. Materials

All the chemicals and solvents mentioned in this study were used as received unless otherwise stated.
Triethyl amine (99%), 1 bromooctane (99%), diethyl ether (99%), and ethanol were purchased from
Sigma Aldrich. Polyethylene glycol 200 dimethacrylate was purchased from Geo Specialty Chemicals,
USA.

2.2. Preparation of N, N, N triethyl octyl ammonium bromide [Njz,s] Br:

The N, N, N, triethyl octyl ammonium bromide [N2228] Br is synthesized according to the methodology
elaborated in the literature [20, 21]. Briefly, the equimolar ratio of triethyl amine and 1-bromooctane was
refluxed at 353 K in the ethanolic solution for 24 hrs. After the reaction, the solvent was evaporated. The
white precipitates of [Nx»g] Br obtained were washed for five times with petroleum ether to remove
unreacted alkyl bromide. The final product was dried under a vacuum of 760 mmHg at 348 K for 48
hours. Figure 1 displays the schematic diagram for the synthesis of IL.

‘ ‘ ‘ Evaporation of Washed with
\ Reflux, 24 hour 'solvent
' _——— Petroleum ether
SR - ) ()
031 e
ETOH, 80C Dried under Vacuum
N . 4
Triethyl amine 1-Bromooctane IL + ETOH+ unreacted IL + unreacted lonic Liquid
1-Bromooctane 1-Bromooctane

Figure 1. The schematic diagram for the synthesis of ionic liquid
2.3. Preparation of X-TEHIG

As discussed in the literature, ionogels are prepared by trapping an ionic liquid in the polymer
architecture. In order to initiate the gelation process, an initiator is also desired. The successful synthesis
of the X-TEHIG depends upon the solubility of the ionic liquid, base polymer, and the initiator. If either
of the constituents is insoluble with each other, the gelation process may not be performed properly [36].
In the current set of experiments, [N2228] Br was used as the IL, PEGDMA as the polymer matrix and
AIBN as the radical initiator. The [Nyg]Br was compatible with bifunctional monomers of PEGDMA
which means that no phase separation between the ionic liquid and the monomer occurred and the
solution was clear and transparent [26]. X-TEHIG was prepared by mixing 2g of [N2z,s] Br with 0.5 g of
PEGDMA loaded with 1 wt. % AIBN as radical initiator. In order to enhance the ionic conductivity, 2 ml
of deionized water was added as shown in Figure S1. Later the precursor was subjected to 90°C for 15
minutes for the thermally initiated free radical polymerization. All the steps involved in the synthesis of
X-TEHIG have been shown in Figure S2.
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2.4. Characterization

The whole assembly of LIR 2032 stainless steel coin cell with its different parts represented by C4, C,,
Cs... Csis shown in Figure S3. The measurement of Seebeck coefficient, ionic conductivity, power output
and cyclic voltammetry of X-TEHIG were performed using the fabrication of coin cell. A graphene
electrode was placed in the top half of the battery casings (smallest half, denoted by C; in Figure S3).
Then cell was filled with X-TEHIG and another graphene electrode was placed above X-TEHIG followed
by spacer and washer. The bottom of the battery casings was then placed over the top and sealed. The
measurement of ionic conductivity of pure lonic liquid was carried out by using DZS-708 multi-
parameter analyzer (Cheetah Inc.). The ionic conductivity measurement range of DZS-708 multi-
parameter analyzer is from 0.000puS/cm~199.9 mScm™ with an accuracy of +0.5% FS.

The ionic conductivity of X-TEHIG was measured in a coin cell by means of alternating current (AC)
impedance spectroscopy using Gamry reference 600 instrument in the frequency range 1 Hz and 100000
Hz with an amplitude of 10 mV. The Gamry reference 600 can generate sine waves with frequency
ranging from 1m Hz to 1M Hz. With reference 600 the impedance can be measured with 2% error at a
frequency of 1M Hz and it has 11 current ranges from 600 mA to 60 PA. The analysis was carried out in
temperature range from 300 K to 343 K. The sample was allowed to achieve thermal equilibrium at each
temperature for 20 minutes before conducting the measurements for the impedance of X-TEHIG. The
Seebeck coefficient was investigated by creating the temperature gradient between two electrodes of a
coin cell. The temperature of the cold electrode was maintained at 25 C while the temperature of the hot
electrode was increased from room temperature to 65 °C and corresponding temperature differences (AT)
were noted by connecting the electrodes with thermocouples. The open circuit voltage (Vo) was
measured by Agilent 34461A6,,, digital Multi-meter. Agilent 34461A6,,, digital Multi-meter can measure
up to 1000 V with 6% digits resolution and basic accuracy of 0.0035% + 0.0005%. The value of the
Seebeck coefficient was calculated from the slope of the graph between V. and AT.

The thermal conductivities of the IL and X-TEHIG were determined by Transient Hot Bridge (THB) 500
instrument from Linseis (Germany) with a power heater of 20 mW and measuring the current of 5 mA.
THB has a thermal conductivity measurement range from 0.01 up to 500 W/ (m.K) with an accuracy
better than 5%. The principle of THB 500 is based on newly developed Quasi-Steady-State (QSS) method
for the measurement of thermal conductivity. The Hotpoint sensor with the small size of 4.5 mm is a
development of the QSS sensor and allows measurements of a big variety of applications, with small
sample sizes. Due to its small size, side effect can be neglected. The temperature dependence of thermal
conductivity was measured using the Memmert WNB22 water bath setup.

In order to investigate the kinetics between the X-TEHIG and the electrodes, the cyclic voltammetry was
performed with a potential range of -0.7 to 0.1V at a scan rate of 50 mV/s™. Chemical structure of samples
was observed by Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer (FTIR-Spectrometer
400, United States) with a resolution of 4 cm™ in the transmission mode with wavenumber ranging from
7800-600 cm™. Scanning electron microscopy images of the X-TEHIG sample were obtained on Phenom
ProX desktop SEM operating at 10 KV. X-TEHIG sample freeze dried and coated with gold before SEM
observation. The maximum operating voltage of Phenom ProX desktop SEM is 15 KV with electron
optical magnification range 80 - 150,000x. Energy dispersive X-ray spectroscopy (EDS) and elemental
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mapping were carried out to observe the confinement of IL in the polymer matrix. Thermoelectric figure
of merit, ZT of X-TEHIG was calculated at room temperature using Equation (1). Figure 2 displays the
experimental set up for measurement of Seebeck coefficient. Power was measured by using the formula
P= AV? / R mentioned by Hasan et al. [40]. Power and current were converted into power and current
densities by dividing them over the exposed surface area inside LIR 2032 casings.

Ceramic Heater
Coin Cell filled

with X-TEHIG

//._

Thermocouple /

Reader
nﬁ /‘
Peltier/Cooler

Figure 2. Experimental set up for measurement of Seebeck coefficient.

3. Results and discussions
3.1 Synthesis of X-TEHIG

The X-TEHIG was prepared by the free radical polymerization of PEGDMA at 90 °C in the presence of
AIBN as an initiator in ionic liquids/water as solvent system. The chemical reaction for the synthesis of
X-TEHIG, stepwise polymerization process and hydrogen bonding between water molecules and bromide
anions have been shown in Figure 3 (a), (b) and (c) respectively. In the initiation step, the AIBN is
decomposed at a temperature above 60 °C to form free nitrogen molecule and free radicals which attach
on the olefinic bond in the PEGDMA resulting in a new free radical on one of the carbon involved in
olefinic bond [41]. This free radical on carbon continue to attack the neighboring molecules and chain
growth continues. When the concentration of the repeating units decreases to very low value the
termination takes place by the combination of the growing ends of the chains.
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Figure 3. (a) Reaction between PEGDMA and free radicals of AIBN. (b) The proposed reaction
mechanism for the formation of X-TEHIG. (C) Hydrogen bonding between water and bromide anion.

3.2. FTIR Spectroscopy and Microstructure of X-TEHIG

FTIR spectra were used to illustrate the chemical structure of X-TEHIG and nature of the
bonds formed. Figure 4 displays the FTIR spectra of IL, IL + water, PEGDMA, and X-TEHIG. The
FTIR spectrum of IL exhibited N-H stretch peak at 3398 cm™, N-H bending peak at 3346 cm™, C-H
asymmetric vibrations of —CH; at 2926 cm™ and C-H symmetric vibrations of —CH; at 2856 cm™. All the
peaks observed in the IL spectrum are in good agreement with the literature [42]. Upon the addition of
water into IL, the peak representing the N-H stretch became broader and demonstrated red shift of 52 cm™
which indicates the strength of hydrogen bonding [43]. It is due to the reason that the addition of water

introduced more intramolecular hydrogen bonding due to heteromolecular interaction at the N-H group.

In the FTIR spectrum of PEGDMA, the peak at 2872 cm™ is for symmetric C-H stretch of the methyl
group and the characteristic peak at 1714 cm™ represents carbonyl group (C=0) of methyl acrylate group.
The olefinic bond (C=C) in methacrylate group showed absorbance peaks at 940 cm™ and 1637 cm™ in
the spectrum of PEGDMA. Whereas, these peaks have been disappeared in the spectrum of X-TEHIG
which confirms the consumption of olefinic (C=C) bond during the free radical polymerization and
successful formation of the X-TEHIG as evident from physical appearance [44, 45]. We can observe that
there are no new peaks in X-TEHIG spectrum, demonstrating it is a superposition of the two peaks. The

X-TEHIG was investigated by scanning electron microscopy (SEM) to observe the microstructure in

8
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detail. To observe the architecture of the matrix more directly and clearly, X-TEHIG sample was freeze-
dried and coated with gold before SEM observations. Figure 5 shows the typical SEM images of X-
TEHIG. Elemental mapping of

distributed in the polymer matrix as shown in Figure S4. This microstructure analysis specifies that IL is

X-TEHIG establishes that cations and anions of the IL are evenly

continuous and apparently spreads through all of the polymer matrix.
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\IL + water Vw\/
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3000 2500 2000

1500 1000 500

Wavenumber (cm™?)

Figure 4. FTIR spectrum of IL, IL plus water, PEGDMA, and X-TEHIG.
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Figure 5. Typical SEM images of X-TEHIG showing the confinement of IL in Polymer matrix at two
different magnifications (a) 1000X (b) 5000X.

3.3. lonic conductivity

The ionic conductivity of pure [Nyxs] Br was 5.7 mScm™ at room temperature. Although, the intrinsic
ionic conductivity of the IL is important, however; the final ionic conductivity of the X-TEHIG is more
useful. As discussed in literature the conductivity of ILs increases with the addition of water [20]. Upon
the addition of water into neat [N,xs] Br, it was totally miscible with water. In Figure S1 (Supplementary
information) we plot the ionic conductivity of IL versus the percentage in weight of water. From Figure
S1 it was revealed that maximum ionic conductivity of IL plus water was observed at 50 wt. % of the
water in IL plus water mixture and then starts decreasing with the further addition of water. The same
trend was also reported by Villa et al. [46]. That is why during the synthesis of X-TEHIG we used an
equal amount of IL and water. After addition of water, the conductivity of IL increased 5 times as
compared with that of neat IL. According to hole model, which is one of the most appropriate models to
explain the ionic conductivity of ILs, the addition of water into ILs weakens the intermolecular
interactions and as a result, ionic mobility is increased [47]. The general strategy to evaluate the ionic
conductivity of the solid electrolytes or porous membranes within the batteries is through Electrochemical
Impedance Spectroscopy. As displayed in Figure 6 “Nyquist” plot is used to portray the relation between
real (Z') and imaginary (Z") parts of impedance. The x-axis intercept of the Nyquist plot shows the bulk
resistance (Rp) of the X-TEHIG which is generally utilized to evaluate ionic conductivity (o) through the
Equation (2).

L
O'—m (2)

where L (cm), A (cm?) and R, (Q) are the thickness of the gel, area of the electrodes and bulk resistance of
the X-TEHIG respectively [33]. The ionic conductivity of X-TEHIG at room temperature was 45.3
mScm™.It is noteworthy that the conductivity of the X-TEHIG is 8 times higher than that of neat IL
[N2226] Br, showing that the ionic movement has been improved. Previous reports demonstrated that the

10
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conductivity of ionogels is at best equal to or slightly higher than that of neat IL. Aleksandra and
coworkers have also reported slightly higher ionic conductivity of supramolecular ionogel than that of
neat ionic liquid 1-butyl 3-methyl imidazolium tetrafluoroborate [48]. High ionic conductivity of PEDOT:
PSS/IL films as compared with that of pure PEDOT: PSS and IL have been published by Liu et al. Origin
of this higher value of conductivity was attributed to interactions between poly ionic PEDOT; PSS and
IL. There is a linear increase in the ionic conductivity of the X-TEHIG with an increase in temperature as
shown in Figure 7 and the highest conductivity of 74 mScm™ at 70°C was achieved. This increase is
attributed to an increase in mobility of ions resulting from a decrease in viscosity with an increase in
temperature [49]. In ionic liquids, cation and anion form ion clusters or aggregates because each cation is
surrounded by anions and vice versa. Consequently, all of the diffusive species do not contribute to the
ionic conductivity because some associated species are neutral and carry no electric charge. The question
arises what are the reasons for the pronounced increase in ionic conductivity of [N2,2s] Br when confined
in the polymer matrix. Due to the interaction of PEGDMA with [Nxs] © and Br” the electrostatic force of
attraction between [N.,s]" and Br~ decreases. Hence, the trend to form ion clusters or aggregates
decreases which in turn increases the number of ion carriers and ionic conductivity of the X-TEHIG [46,
48]. Timmer et al. reported that in aqueous solutions containing halide anions, new types of hydrogen
bonds are formed between water and anions like O-H-..X" (where X = F, CI', Br") [50]. In our work new
hydrogen bonds between water and bromide anion (O-H---Br’) are formed as shown in Figure 3 (c). So,
another reason for the enhancement of ionic conductivity of X-TEHIG is the high dielectric constant of
water and its ability to form hydrogen bonds with the anion of the IL which effectively breaks the ion
aggregates [51]. The increase in ionic conductivity of X-TEHIG is also supported by its cyclic
voltammetry curve indicating 20 times higher conduction of current as compared with that of neat [N,s.g]
Br. The high ionic conductivity of ionogels ensured their use in thermoelectric modules for low-grade
heat harvesting.

30
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——60 °C —e—70°C
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Figure 6. Impedance spectra of X-TEHIG at 27, 40, 50 60, and 70 °C. It shows that with an increase in
temperature the resistance of X-TEHIG decreases. At high frequencies, the real part of complex
impedance (Z') shows resistive behavior of X-TEHIG [52].
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Figure 7. Temperature dependence of ionic conductivity of X-TEHIG.
3.4. Seebeck Coefficient

According to Equation (1), ZT is directly related to the square of Seebeck coefficient which is another
important parameter for thermoelectric materials. The Seebeck coefficient and electrical conductivity of
thermoelectric polymers are also interdependent analogous to inorganic semiconductors. With the
increase in mobility of the charge carriers, both Seebeck coefficient and electrical conductivity can be
increased simultaneously [53]. Figure 8 represents the plot of measured potential differences versus
temperature differences. The value of the Seebeck coefficient of the IL [Nys] Br is 0.12 mVK™. The
Seebeck coefficient of an IL is closely related to the structural entropy induced by temperature gradient.
The Seebeck coefficient of X-TEHIG is 1.38 mVK™ which is 11 times higher than that of pure IL.

The Seebeck coefficient is due to the thermodiffusion of cations and anions in the ionic liquid and X-
TEHIG. The enhanced value of the Seebeck coefficient of X-TEHIG than that of pure IL implies that
cations diffuse more easily in X-TEHIG as compared with pure IL. This can be linked with dissociation
of ion aggregates as a result of interaction between IL and polymer matrix as comprehensively discussed
in ionic conductivity section. The hydrogen bonds between water and bromide anion (O-H---Br’) makes
the Br anion less mobile than that of cations. Another reason for the higher Seebeck coefficient of X-
TEHIG lies in our use of optimal wt. % of the water in IL. As a consequence of the addition of water into
IL, the maximum ionic conductivity of water plus IL mixture was achieved at 50 wt. % of the water in IL
and with further increase in the concentration of water it starts decreasing. There are two different
mechanisms in electrical conduction. The increase in a number of ions increases the conductivity of the

12
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ions but at the same, it decreases the mobility of ions which reduces the Seebeck coefficient. But at 50 wt.
% of the water in IL, both effects are optimal and this phenomenon is responsible for the high value of
ionic conductivity and Seebeck coefficient of X-TEHIG. The increment in the Seebeck coefficient is very
important indicator for the thermoelectric performance of the X-TEHIG. The basic theoretical definition
of the Seebeck coefficient can be expressed as S=AV/AT, which implicates the capability of the materials
to transform the applied thermal gradient into the potential gradient. Our X-TEHIG can convert the
thermal gradient into the potential gradient 91% more efficiently as compared to the IL [Njxg] Br.
According to linear regression analysis, standard errors in measurement of Seebeck coefficient of IL and
X-TEHIG are 0.45% and 1.12% respectively. In regression statics the p-value, less than 0.05 shows
statically significant data. The respective p-values for of IL and X-TEHIG were found to be 0.006 and
0.0001. The synthesized novel crosslinked thermoelectric hydroionogels (X-TEHIG) which demonstrated
high Seebeck coefficient and reduced fabrication cast holds promise for the efficient harvest of low-grade
thermal energy.
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Figure 8. A comparison of the Seebeck coefficient of IL and X-TEHIG.

3.5. Thermal Conductivity

The thermal conductivities of IL and X-TEHIG at various temperatures are shown in Figure 9. The
thermal conductivity of IL at 37 °C was found to be 0.204 W/ (m.K) and it showed a small dependence on
temperature.

The first-ever report on thermal conductivity of IL was published by Valkenburg et al [54]. Until now, the
reported thermal conductivity values of ILs are fewer than other thermophysical properties of ionic
liquids. That is why we found no reference for thermal conductivity of our IL, N, N, N triethyl octyl
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ammonium bromide in literature. Thermal conductivity of polymers is very less than inorganic materials
and they proved to be ideal for thermoelectric applications [53]. The X-TEHIG demonstrated a thermal
conductivity of 0.251 W/ (m.K) at 37 °C. The higher value of thermal conductivity X-TEHIG as
compared with the pure IL can be attributed to the increase in thermal conduction path ways as a result of
crosslinking of polymer chains. The presence of cross linker also affects the value of thermal
conductivity. Tang et al. also reported an increase in thermal conductivity of hydrogels owing to increase
in crosslink bonding between polymer chains. [55]. The error bars in Figure 9 represent the maximum
standard deviation of 0.013 and 0.006 W/ (m.K) for IL and X-TEHIG respectively. The thermal
conductivity of X-TEHIG (0.251 W/ (m.K) is very much less than the thermal conductivity of agar-agar
gel (0.554 W/ (m.K) reported by Wu et al. The reason for this is the lower thermal conductivity of
constituents of X-TEHIG i.e. IL (0.2 W/(m.K) and PEG (0.20-.30 W/(m.K)) which has been reported by
Sun et al [56]. The thermal conductivity of X-TEHIG demonstrated a relatively weak temperature
dependence. A convincing experimental investigation of thermal conductivity of ionogels has not been
explored yet. According to Equation (1) in order to achieve the high-performance thermoelectric
materials, the thermal conductivity must be low so that the temperature gradient can be maintained for a
longer duration. The lower value of thermal conductivity of X-TEHIG guarantees their usage in
harvesting the waste heat directly into electricity.

0.300

—8—X-TEHIG

—A—IL

0.250 §—’§—_§—_—§

|

0.150

Thermal Conductivity (W/m.K)

30 40 50 60 70

Temperature (°C)

Figure 9. Thermal conductivity of ionic liquid (IL) and X-TEHIG. The error bars represent the standard
deviation in the measured data.

3.6. Cyclic Voltammetry

ILs containing halides such as bromides, chlorides, and iodides have narrower electrochemical windows
because they are easily oxidized [49]. Due to this reason, we observed a narrow electrochemical window
of neat [Nyg] Br. Figure 10 shows the comparison of cyclic voltammograms of IL and X-TEHIG.
Cathodic and anodic stability of IL can be determined by reduction and oxidation potential of IL
respectively. The positively charged nitrogen ion is undergoing reduction and bromide anion is

14



368
369
370
371
372
373

374

375

376

377
378
379
380
381
382
383
384
385
386
387
388
389
390

experiencing oxidation represented by the peaks at 420 mV and 310 mV respectively. Cyclic
voltammetry of X-TEHIG revealed a large increase in current as compared to that of [Nxg] Br which
shows the highly conductive nature of X-TEHIG. In case of X-TEHIG maximum current is 200 gA which
is 20 times high peak current of pure [Nax2»g] Br. Increase in the magnitude of the current is in agreement
with the observation of Susan et al. who proved that more number of charge carriers are present in
ionogel as compared to pure IL [46].

400

—_—]L

200 -
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-200 A
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-800 A

-1,000 -
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Figure 10. Comparison of cyclic voltammograms of IL and X-TEHIG. Inset shows the CV of IL.
3.7. Power and current output

The power and current output densities of X-TEHIG were calculated by measuring the potential
difference values and known resistance values using the formula, P=V?/R and | = V/R respectively and
divided by electrode area. The output power density showed the parabolic relationship as displayed in
Figure 11 and the maximum value of power density achieved was (measured at AT = 41C) 232 n W /m?.
Yang et al. prepared the gel electrolyte from Poly vinyl alcohol (PVA) with the addition of two types of
redox couples, ferric/ferrous chloride and potassium Ferricyanide/Ferro cyanide with a maximum power
output of 18 n W /m® [57]. The lower output power as compared with our measured value may be
attributed to lack of ionic liquid in their gel electrolyte. Hasan et al. reported the maximum power output
of 245 n W /m? in membrane-inserted thermoelectrochemical cells (MTECs) with Seebeck coefficient of
0.4 mV/K but still, leakage problem exists due to the liquid state of electrolytes [58]. Our measured value
of Power output is close to their value with higher Seebeck coefficient of 1.38 mV/K and no leakage issue
because of the solid state of X-TEHIG. The X-TEHIG followed Ohm’s law and behaves as a simple
system, V=IR which implies V is proportional to I and resistance is basically due to charge transport and
Ohmic resistances [59].
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The X-TEHIG having significantly higher Seebeck coefficient, ionic conductivity and lower thermal
conductivity is suitable as high-performance thermoelectric materials despite a lower power output. Our
discovery of X-TEHIG can be utilized in all areas of low-grade heat energy harvesting including solar
thermal devices, textile electronics (harvesting body heat), microelectronic processors, and biomedical
equipment. Lekbir et al. has reported that most of the incident solar energy on the PV panel is wasted in
the form of heat which reduces the efficiency of the PV system [60]. In order to utilize a certain amount
of this heat, a thermoelectric generated can be added to the PV system. Owing to high thermoelectric
performance, X-TEHIG can be used as TEG in solar PV systems. Although, solid-state thermoelectric
materials (e.g. Bi;Tez and Sh,Tes) can also be implemented in these areas, however, our novel ionogel has
the advantage of being eco-friendly and economic while simultaneously providing higher Seebeck
coefficient as compared to the aforementioned materials. We can also predict the application of this high
Seebeck coefficient in combination with other polymer electrolyte based devices like electrochromic
displays, electrochromic membrane bipolar diodes and bipolar junction transistors [61].

250 400
350
200
° 300
—_ b &
£ 150 250 5
3 3
= 200 =
g g
3 100 150 &
[« W O
100
50
50
0 0
0 0.5 1 1.5 2 2.5 3
Voltage (mV)

Figure 11. Power and current output density plots of X-TEHIG. The black dot (e) represents power
density and red sluares () represent current density.

4, Conclusions

In conclusion, a novel cross-linked thermoelectric hydro-ionogel (X-TEHIG) has been successfully
synthesized by in situ thermally induced free radical polymerization of bifunctional monomers of
PEGDMA in presence of IL, N, N, N, triethyl octyl ammonium bromide, water, and AIBN as free radical
initiator. The X-TEHIG was investigated by measuring its ionic conductivity, Seebeck coefficient,
thermal conductivity, and power output. The most intriguing property of X-TEHIG is their exceptionally
high ionic conductivity (74 mScm™), even much higher than that of neat IL. Because of the high dielectric
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constant of water and formation of hydrogen bonds between water and Br™ ion aggregates break,
consequently increasing the number of ions and conductivity. Similarly, the value of the Seebeck
coefficient of 1.38 mVK™ is much higher than that of IL (0.12 mVK™). The value of ZT of X-TEHIG at
room temperature was found to be 1.02 x 102 The conversion of C=C bond in methacrylate group of
PEGDMA by thermally initiated radical polymerization was confirmed from FTIR analysis of X-TEHIG.
Therefore, the above results strongly envisage that this crosslinked thermoelectric hydro-ionogel (X-
TEHIG) will be a very promising candidate for future thermoelectric applications.
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