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Abstract

Sol-gel phase transition in ionic thermoelectrical (i-TE) materials induces large rapid
change in viscosity and ionic transport process thus it is expected to give a drastic
variation in thermoelectric properties, crucial in low-grade waste heat harvesting for
Internet of thing (IoT) and wearable electronic applications. In this work, we prepare
and examine four types of ionic thermoelectric materials featured with non-phase-
transition, thermal sol-to-gel phase-transition, thermal gel-to-sol phase-transition and
UV-induced sol-to-gel phase-transition. For the first time, we observe a large rise of the
thermopower by 6.5 times during the sol-gel transition of poloxamer/LiCl system, an
even greater ionic figure of merit by around 23 times. The phenomenon is found to be
universal as the large variation in thermopower is confirmed in the other thermal gel-
sol transitional and UV induced transitional materials. We further reveal the mechanism
and propose a model that deals with the pre-, post- and during- phase-transition
processes. Finally, we probe six factors influencing the huge variation of the
thermopower during the phase-transition and shed light on the possible gigantic
changes of thermopower during the phase transition. We uncover a possible route to
design and control the desired TE performances of materials, which can lead to a new

sight in tunable i-TE devices for low-heat energy harvesting applications.

Keywords: ionic thermoelectric materials, phase-transition, thermopower, model,

design and control of thermoelectric properties.
1. Introduction

With the explosive growth of flexible, light-weighted and wearable electronics and



Internet of Things (IoT), the usage of IoT nodes and sensors has quickly approached
the predicted trillion pieces.!” However, the lack of efficient, light-weighted and
environmental friendly power sources has been the bottleneck that hinders the wide
applications of IoT and wearable technologies.® One of the attractive solutions is the
use of solid-state thermoelectric generators (TEGs), which can directly convert waste

heat from environment or human body into electricity without any moving parts.*>

Both electronic and ionic thermoelectric materials have been explored as candidates for
TEGs. Researchers use a dimensionless figure of merit (ZT=0S*T/k, where o is the
electrical conductivity, S the Seebeck coefficient, k the thermal conductivity, and T the
absolute temperature) to describe the conversion efficiency. Electronic thermoelectric
materials are mainly narrow band-gap semiconductors, which have widely been studied
and used where either electrons or holes act as the charge carriers. Group IV and VI
compounds, such as PbTe, SnTe and SnSe, or other metallic crystal compoundes, such
as CuzSe are often widely studied electronic thermoelectric materials.®”!! However, the
Seebeck coefficient of these materials are normally quite low (around 200-400 pV/K)'2,
which means the generation of a useful voltage (several volts) near room temperature
requires either an integration of thousands of tiny TE cells'® or a DC-DC voltage booster
which both increase the complexity in device or fabrication process.'* In addition, due
to the strong inter-relations between the Seebeck coefficient, electrical conductivity and

thermal conductivity, 15,16

manipulation of any single parameter in order to improve the
overall thermoelectric performances, especially the ZT value, becomes a challenge.
Therefore, researchers tried to discover many methods such as band convergence, band
flattening or density of states distortion to optimizing the thermoelectric

performances.!”!8

Alternatively, different from the electronic thermoelectric systems, ionic thermoelectric
(i-TE) systems use cations and anions as charge carriers and driven by either
thermodiffusion effect or thermogalvanic effect, which make them possess a
thermopower, or ionic Seebeck coefficient, a few orders of magnitude higher than that
of the conventional semiconductor materials at room temperature.'®*° For instance, 1
mV/K at room temperature’! was shown from a simple aqueous solution of salt like
LiCl or NaCl while 11 mV/K was obtained by using NaOH in a polyethylene oxide
(PEO) solution.' In order to overcome the difficulty in encapsulation??, quasi-solid-
state electrolytes have been demonstrated as solid i-TE materials for applications. A
thermopower of 24 mV/K, two orders of magnitude higher than that of electronic
semiconductor TE materials, was achieved by using NaOH-PEO aqueous solution in

confined nanocelluosic channels.?> In addition, an adjustable thermopower from -4



mV/K to 14 mV/K was reported by tailoring the composition of polymer gel.?* However,
the ZT values of such quasi-solid-state i-TE materials are normally less than 0.1 because
of their poor electrical conductivity. Recently, ionic gels made of ionic liquids and
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) show a thermopower
up to 26.1 mV/K together with an ionic conductivity of 6.7 mS/cm, which makes a high
ZT value of 0.75.2! The high thermopower of i-TE materials is attribute to the Soret
effect of ions, which causes the accumulations of the ions at the different ends of the
system.?® The thermopower of the i-TE system, especially the thermodiffusive cells, is
determined by the concentration differences between the cations and anions at both hot
and cold ends. Therefore, the transportation process of the ions is critical for high

performance of the quasi-solid i-TE material systems.

Previous works have focused on ion species or ion chemical effects to improve the
thermoelectric performances of the i-TE materials. However, the environment of the
transportations of ions, the electrolytes, also plays an important role. The use of
electrolyte permits electrically control of electronic, magnetic and optical properties of
materials 2° and phase-transition induced electrochemical performances in aqueous
hybrid-ion batteries.?” The sol-to-gel or vise-visa phase-transition can change the
viscosity due to formation or destruction of polymer network, therefore we stipulate
that the phase transition would have a significant impact on the transportation process

thus the thermopower of i-TE materials.

In this work, we prepare and investigate the effect of phase transition in four i-TE
materials with different phase-transitional behavior and mechanism, that is, the four
materials featured with non-phase-transition, thermal sol-to-gel phase-transition,
thermal gel-to-sol phase-transition and UV-induced sol-to-gel phase-transition,
respectively. We report a discovery of a 6.5-fold and 23-fold increment of the
thermopower and ionic figure of merit (ZT;), respectively, during the thermal sol-gel
phase transition in a poloxamer/LiCl aqueous i-TE material. We also observe that the
large drop of thermopower during the gel-sol transition in an agarose/LiCl system and
big rise in thermopower during the phase transition induced by cross-linking due to UV
irradiation of an epoxy/LiCl system. In order to reveal the operational mechanism, we
propose a semi-quantitative model covering the pre-, post- and during-transition stages,
by using Onsager relations and Eastman’s theory.?® The model derives the thermopower
change during the phase-transition as a function of six dimensionless parameters. We
then probe the six influencing factors and confirm the very possibility for gigantic
increment in thermopower during a phase-transition of i-TE system. Based on the

theoretical analysis and experimental observation, we speculate that this phase-



transition-induced thermopower phenomenon is universal regardless the type of causes
for the sol-gel phase transition and confirm it by rise of thermopower in the epoxy/LiCl
system during the phase-transition caused by UV irradiation. The study, for the first
time, reveals a universal phenomenon of huge variation caused by the phase-transition
in i-TE systems and its mechanism, sheds light on a novel and feasible venue to improve
energy conversion performance of i-TE materials by controlled phase-transition, which
may lead to a new perspective for future tunable i-TE devices for low-heat energy
harvesting applications.

2. Results and discussion

In this project, all the i-TE materials exhibit in non-solid forms, which means we need
to build test cells to examine the properties. Figure 1a and 1b show the components of
the i-TE materials and the test cells, respectively. The details about the preparation of
the i-TE materials and test cells will be illustrated in the experimental section and

Figure S1.

2.1 I-TE Materials: The poloxamer 407 aqueous solutions exhibit a sol-to-gel phase
transition at room temperature within a concentration between 15% (w/v) to 20%
(w/v).2® We observed this by pouring the poloxamer solutions into a test tube and tested
the liquid surface layer by declining the test tube at different temperature (Figure 1c).
At low temperature, the solution is in liquid-state and the surface layer keeps horizontal
when obliqued. At high temperature, the solution is in gel-state and the surface layer
keeps the same shape with its initial state when obliqued. Then we confirmed the phase
transition by the plot of viscosity vs. temperature (Figure 1d(i)). The concentration of
electrolytes required for the phase transition was determined at which a rapid change
of viscosity occurred at the sol-gel phase transition. The result shows the sol-to-gel
transition temperature decreases as the concentration of the poloxamer 407 increases,
which indicates aqueous solution with higher concentration can form a gel-state at
lower temperature. This thermogelation can result from the interactions between
different segments of the polymer.?’ As the temperature increases, the hydrophobic PO
blocks in the polymer start to dehydrate and the molecules tend to form spherical
structures. The gel-state will then form by ordered pack of the sufficient concentrated
samples. Therefore, the higher concentration can improve the gelation process which

result in the lower temperature requirements for the thermogelation process.

We investigated the non-transitional or pre-transitional i-TE systems at first. As shown
in Figure S2, the thermopower of the solution with 1 mol/L LiCl and 10% (w/v)

poloxamer 407, is around 2-3 mV/K at room temperature and appears independent on



the temperature. At this low concentration, the solution almost experienced no phase-
transition and maintained the liquid-state at room temperature. This value is quite low
compared with other works and is compatible with the thermopower of the

thermogalvanic cells.’3?

i-TE systems consist of poloxamer and other ions from
various salts (e.g. NaCl, KCIl, NaNOs) investigated by us show similar results to that of

the LiCl poloxamer system (Figure S2).

Then we studied transitional i-TE material systems. Poloxamer 407 aqueous solutions
with higher concentration and varied molality of the Li ions were explored. Limited by
the solubility of the salt and capability of phase-transition, the suitable molality of the
ions in this work was found to be 1 mol/L. In addition, the concentration of the
poloxamer 407 solution was controlled between 15 — 20% (w/v) to fulfill the
requirements of sol-gel phase-transition under room temperature. Therefore, we
selected the 1 mol/L LiCl with 18% (w/v) poloxamer 407 solution as target and picked

1 mol/L LiCl with 20% (w/v) poloxamer 407 solution for comparison.

2.2 Thermopower in transitional i-TE materials: By changing the temperature at the
cold side from 5°C to 35°C, the measured thermopower of the ionic system varies from
2 mV/K to more than 15 mV/K (Figure 1e). The thermopower of the ionic system
reaches a maximum of around 15.4 mV/K at around 17.4 °C, when the i-TE system
changes from the liquid-state to gel-state (Figure 1d(ii)). Below the phase transition
temperature, the ionic system behaves as a homogenous liquid and the thermopower of
the system is quite low (around 2-3 mV/K), which is similar to the thermopower of the
non-transitional ionic system with 10 % (w/v) poloxamer 407. Above the transition, the
i-TE system acts as a homogenous hydrogel and the thermopower of the gel system is
also quite low (around 2-3 mV/K), which is similar to that of the liquid system. The
thermopower of the ionic system seems to not have an obvious difference in
homogenous liquid-state and gel-state and is likely to have no dependence on the
concentration of the poloxamer 407 solution. Therefore, the huge enhancement (6.5
folds) of the thermopower of the ionic system during the phase-transition may be due
to the transport changes of ions in different states of the electrolytes. To further confirm
this finding, we selected a similar i-TE system but with increased concentration of the
poloxamer 407 solution, which can adjust the temperature range of the phase-transition.
Figure 1f shows the relations between the thermopower and temperature in the i-TE
system with 20% (w/v) poloxamer. Similarly, the thermopower of the 20% (w/v)
poloxamer system shows a peak value of around 9.8 mV/K at around 16.9 °C, which is

also the phase-transition temperature for this system (Figure 1d(ii)).



One may ask if it is possible to reverse the change direction and induce a huge reduction
in thermopower of a transitional i-TE system? To answer this question, we prepared
another kind of ionic system by using 1 mol/L LiCl with 2% (w/v) Agarose aqueous
solution. Like poloxamer 407, the agarose aqueous solution experiences a gel-sol phase
transition when the temperature rises. The agarose aqueous solution is in gel-state
below the transition temperature but in sol-state above it, which is opposite to the
direction of sol-gel phase-transition process of poloxamer 407.%* Figure 1g shows the
relationships between the thermopower and temperature of the agarose-based ionic
system. It is evident that a sudden drop of the thermopower occurs when the
temperature is around 30 °C, which is also around the phase-transition temperature of
the material (Figure 1d(iii)).

2.3 Thermal, electrical conductivity and ZT values: We measured the electrical and
thermal conductivity of the 1 mol/L LiCl/18% (w/v) poloxamer 407 i-TE system to
derive the output power and ZT values. Figure 1h shows the near room-temperature
ionic electrical conductivity of the i-TE system. Traditional methods to measure the
electrical conductivity of solid TE semiconductors cannot be applied to liquid-state
materials. Therefore, we measured the electrical impedance first and derived the
electrical conductivity was calculated from the real part of the impedance from the
measurement results from near zero phase angle region. The electrical conductivity of
the i-TE system almost has no temperature dependency and the phase-transition does
not display any effect on the electrical conductivity, which may be because the working
mode of this i-TE system is capacitance mode (Figure S4-S5). Figure 1i shows the
measured near- room-temperature thermal conductivity of the i-TE system. It is quite
close to the value of pure water (0.5 W/(m'K)) and has no obvious temperature
dependency. Therefore, the thermopower of the i-TE is the major factor to affect the TE
performances with changing temperature. Based on the ionic electrical conductivity,
thermopower and thermal conductivity, we can calculate ZT; to describe the converting
efficiency of the i-TE cell (Figure 1j). Similar with the figure of merit (ZT) in
traditional electronic thermoelectric generator (TEG), ionic figure of merit can be
defined as ZT; = S>6T/k, where S, ¢ and « represent the thermopower, ionic electrical
conductivity and thermal conductivity, respectively. However, the i-TE materials with
the same ZT value of the classic TEGs should have lower efficiency.>* This is because
that the i-TE cells in this project works in capacitance mode and output power is
decrease with time. Nevertheless, ZT; should also be an important factor to describe the
efficiency of the i-TE materials.>> We can observe a sudden increment of around 23
folds (less than 0.03 to 0.68) at the phase-transition temperature of the i-TE material.

In addition, by using the formula from previous research, we can also calculate the



maximum converting efficiency of the i-TE cells increase from 3.08x107 to around

6.18x10* (more than 20 times) during phase transition.>*

_V(Ty)-V(Tc)
AT i

2.4 Mechanisms: The thermodiffusive thermopower is defined as S =
where V(Ty) and V(Tc) represent the voltage at the hot temperature 7y and cold
temperature 7T, respectively. Different from electronic semiconductive TE material, the
sign of S in an ionic system is determined by the type of charge with higher thermal
mobility in the solution.®> Therefore, the transportations of ions under a temperature
gradient, which is also known as the Soret effect, should be the key points to determine
the thermopower of the ionic system. For most cases, the temperature gradient drives
the ions moving from the hot region towards the cold region. Meanwhile, the mass
diffusion process also drives the ions from a high-concentration region towards low
concentration region. Hence a concentration gradient will be created under these two
effects.® In addition, the diffusion process can also be taken as the ions in the system
are driven by forces with diverse directions, namely, the driving forces from the
temperature and ion concentration gradient, respectively. At the final steady state, both
the cations and anions in the i-TE system should have higher ion concentrations at low-
temperature region than that of high-temperature region and the thermopower should
be determined by the concentration differences between the cations and anions at both

ends.

Onsager’s theory for irreversible processes provides a good framework for
understanding of the ion’s motions.?”*® In the system with two current flow (heat and
mass) and each of them can be driven by the other, the current of each flow can be
expressed by Onsager’s theory and the current J; of the solute species (or ions) i can be

expressed as:
1 1
Ji=—LizVp—LigV - (1

where the first term describes Fick diffusion (or mass diffusion) with coefficient L;; and
the second one describes the thermodiffusion with the Onsager cross coefficient Li,*’
Different from simple chemical system, the potential term x in this system consists of
both chemical potential and electrical potential, which can be regarded as the
electrochemical potential.** The coefficient Li;, Li; can be obtained from experiments
and theories. After the illustration and simplifications (refer to derivation in Supporting

Information), the thermopower of the ionic system can be expressed as:

n+D+§+ - n_D_SA_

e(nyDy +n_D_)

Sta = (2)



where e is charge of electron, n is the concentration of the ion, D is mass diffusion
coefficient, $ is the Eastman entropy of transfer and the sign “+” and “-” represents
for the cations and anions, respectively. Similar to the Einstein’s relation for diffusion
driven by a concentration gradient, the diffusion driven by temperature gradient can
also has a thermal mobility which is defined as DS/kzT.> The Eastman entropy of
transfer is directly related to the heat of transport O *, which has dependence on the size
of ions and dielectric constant of the solutes by Born theory.?>**!*? In the case of a

symmetrical electrolyte like LiCl with (n, = n_), Equation (2) can be simplified.

We studied three scenarios of the transportations of both cations and anions in an i-TE
system, that is, before, during and after the phase-transition. Let us consider the first
scenario of homogenous electrolyte solution without the phase transition under a
temperature gradient. Figure 2a(i) illustrates the transportations of both cations and
anions in a homogenous liquid-state electrolytes, which expresses the i-TE system
before phase-transition. The diffusion coefficient of the cations and anions can be taken
as a constant with the temperature change. Meanwhile, both the cations and anions can
move fluently in water-based solution without phase-transition, which means the
differences between the diffusion coefficient of cations and anions can be neglectable
when analysis the thermodiffusion effect in aqueous solutions compared with the
thermodiftfusion effect in high viscous solutions. These conditions can be expressed as:
ny=n_ and D, = D_

Therefore, by taking those condition into consideration, the thermopower of the ionic
system for symmetrical electrolyte without phase transition can be roughly simplified
into:

Sy —-S_
Sta = +Ze (3)

From this equation, it can be clearly observed that in aqueous solutions, the

thermopower of the symmetrical electrolyte mainly depends on the heat of transport of
the ions during the moving process, which has been confirmed from the previous
research that the heat of transport of Li" is larger than that of CI" in aqueous solutions.*
This result is also in good agreement with experiment results that the thermopower of
this system is positive.

In the second scenario, comparing with the liquid-state system, the motions of ions in
gel-state system or viscous system are quite different. Figure 2a(ii) illustrates the
transportations of both cations and anions in a homogenous gel-state electrolytes, which
expresses the i-TE system after phase-transition. As temperature increases, the

poloxamer 407 molecules tend to form a net grid, which result in a gel-state of the



solution and increase the viscosity. In viscous system, due to the size difference of the
anions and cations, the diffusion coefficient of the ions could be different from each
other. We can still neglect the change of diffusion coefficient under temperature
gradient in homogenous system without phase transition and the conditions in this case
can be expressed as:

ny,=n_ and D, # D_

Then the equation (2) can be simplified into:

_ DySy-D_S_
To further simplify this equation, we can take the diffusion coefficient of anions as a
reference constant and the value of the cations as a certain ratio k to that of anions. Then

Equation (4) can be simplified into:

kS-S
Sta = (1+k)e )

Previous research pointed out the proportional relations between the heat of transport

and hydration energy** 6

, which means the comparing with the heat of transport, the
difference of diffusion coefficient between the anions and cations could be an important
factor to determine the increase or decrease of the thermopower compared with value
in liquid-state system. In this system, the diffusion coefficient differences between the
cations and anions are slightly decreased as the phase changes from liquid-state to gel-
state, which makes the k value in gel-state larger than that in liquid-state. This
prediction is also in good agreement with the result that the thermopower of the ionic
system in high temperature (gel-state) is slightly larger than that in low temperature

(liquid-state).

In the third scenario, during the phase-transition temperature range, the whole system
exhibits a quasi-gel-sol-state, in which the low temperature region is in liquid-state
while the high temperature region in gel-state. Figure 2a(iii) illustrates the motions of
both cations and anions in quasi-liquid-gel-state electrolytes. In this case, the diffusion
coefficient of both the anions and cations cannot be taken as a constant. If we still ignore
the change of diffusion coefficient by change of temperature and consider ions in
different regions (or ions with different diffusion coefficient cause by phase-transition)
as different ions with different diffusion coefficients, Equation (2) can be rewritten into

another form as:

S _ Z§+n+D+—Z§_n_D_
td — e(Zn+D++2n_D_)

(6)

Phase transition, however, is a quite complicated process which is quite difficult to



describe geometrically in this system. Therefore, we cannot set the model which can
geometrically describe the boundary of each phase. To solve this problem, we can take
the ions moving in different phases as ions with different diffusion coefficients and
Eastman entropy of transfer. Then sigma symbol in Eq. 6 can be expressed as the sum
value of both cations and anions with different diffusion coefficient and Eastman
entropy of transfer. In quasi-gel-liquid-state system, the diffusion coefficient of the ions
will change as the environment changes. However, due to the complexity of the phase-
transition process, the quantitative description about the diffusion coefficient in the
whole system is quite difficult to achieve. Therefore, we define the ratio of
thermopower during and before the phase transition (y) as a function of six
dimensionless parameters, that is, ratios of concentrations of cations (a+) and anions (a-)
at cold ends to total concentration, ratios of diffusion coefficients of cations (b+) and
anions (b.) in gel-state to that in liquid-state, ratios of diffusion coefficients of cations
to anions (k) in liquid-state and ratio of Eastman entropy of cations to anions (/) .
Supplementary Information provides a detailed derivation. The thermopower ratio is

derived as

_ ((1—ap)by+ay)kl-((1-a)b_+a_))(k+1)
~ (A—apby+ay)k+((1-a)b_+a_))(kl-1)

Y (7

We analyze the factors that may affect the thermopower ratio during phase-transition
and find out the relations between the ratio y (the ratio of thermopower during transition
to before transition) and the factors. Figure 2b, ¢ and d show the result by controlling
several factors as constant and find out the relations by changing other factors. Figure
2b points out the relations between the ratio y and concentration distribution of cations
and anions. During the phase-transition, a rather high thermopower can be reached
when the cations and anions are mainly distributed at different ends, which means the
cations mainly distribute at cold ends while anions mainly distribute at hot ends could
strongly enlarge the thermopower of the system. Figure 2¢ points out the relations
between the ratio y and decrease of diffusion coefficient for ions in gel-state regions.
The transportations of ions in gel-state regions are affected and the diffusion coefficient
of ions will decrease. However, the ratio y is weakly affected by the decrease of
diffusion coefficient, especially when the diffusion coefficient is low (less than 0.01).
Figure 2d shows by choosing proper k and | pairs, the ratio y can achieve peak values
of more than 1000, that is, a gigantic change in thermopower three orders of magnitude
higher than that in non-transitional state. Meanwhile, the peak values do not distribute
regularly with k and | pairs, which is in good agreement with the discussion in
supplemental information about the partial derivatives of y to k. The result shows the

10



thermopower during the phase-transition may increase by 10-1000 times from that
before the phase-transition if choosing & and / values. Figure 2e illustrates the ratio y
with respect to the & and / values in more details. The result shows that the vy ratio can
be enlarged in several orders when the value Kl is close to 1, which indicates the phase-
transition effect can become stronger in systems where the differences between
Eastman entropy of cations and anions are small or the majority of cations and anions

distribute in different ends.

Based on the analysis, we can explain why the thermopower increases by around 6.5
times in the phase-transitional poloxamer/LiCl system. Though the phase-transition
decreases the diffusion coefficients of both cations and anions, the large increment of
thermopower may slightly be due to the sufficiently small diffusion coefficients (for
example, b, < 0.1,b_ < 0.1). In an i-TE system with fixed k and / values, especially
in the system in which the thermal mobility of the cations and anions are quite close to
each other (kl > 1 and kl = 1), the increase or even the decrease of thermopower
possibly depends on the rearrangement of different ions by the transportations of ions
during phase-transition. The phase-transition can strongly affect the transport speed of
different ions, which thus changes the distribution of ions. In sol-to-gel phase-transition
i-TE system with positive thermopower, the distribution of ions should change from
both mainly distribute at cold side (before transition) to cations mainly at cold side and
anions mainly at hot side (during transition), which means during the phase transition,
a, > 0.5and a_ < 0.5. Comparing the analysis with Figure 2b, we can find out the
rearrangement of ions at different ends can possible be the reason of the strong
increment of thermopower in LiCl/Poloxamer system, which has also been roughly

prove from the experiment result in Figure S6.

In the gel-sol phase-transitional LiCl/Agarose system, a sudden decrease of the
thermopower can be explained as follows. Similar with the analysis of the
LiCl/Poloxamer system, the decrease of diffusion coefficient also has slight effect on
the change of thermopower when the diffusion coefficient of both cations and anions
in gel-state region are both quite low (b, < 0.1, b_ < 0.1). In this system, the &k and /
values are fixed and the change of thermopower depends on the distribution of ions at
different ends. However, since this system is a gel-sol phase-transitional system, the
cold-side, which is also the gel-state region, should have low diffusion coefficients.
Therefore, we can modify Eq.7 to describe this system by changing the meaning of a_
and a, to the ratio of concentrations of anions and cations at hot ends to total
concentration, respectively. In this system, the limits in this system should change as

0 <a_,a, <0.5. Before transition, both the cations and anions have higher

11



concentrations at the cold end but the cations have larger concentration differences
between different ends which result in the positive but rather small thermopower before
phase-transition. During the gel-to-liquid phase-transition, both the cations and anions
tends to diffuse uniformly and result in the decrease of concentration differences of both
ions at different ends, which means a, and a_ tend to be close to each other and
finally change to a value quite close to 0.5. Based on the analysis, y in this gel-sol
phase-transitional can be less than 1. Therefore, the positive thermopower should
experience a sudden decrease during the gel-to-sol phase-transition. We observed both
the increase and decrease of thermopower caused by phase-transition but the model
predicts a rather gigantic increment of thermopower when the parameters of the i-TE
system are suitable. In summary, introducing the phase-transition into an i-TE system
can modify the thermopower and gigantic effects can be observed if the system is

suitable.

Other transitional i-TE materials: Since the operational principle is universal for i-TE
material systems, it is reasonable to hypothesize that phase transitions induced by other
means (e.g. pH, light, electric field)*’ than thermal method should have a similar effect
on thermopower. Hence, we designed and investigated other i-TE material systems to
observe the phase-transition induced great variations of thermopower, namely, light
induced transition in UV sensitive gels/LiCl. By exposing the region near the hot end
to the UV-light during the measurement of the thermopower, a sudden increasement of
thermopower was observed and the increasement of the positive thermopower
confirmed that the sol-to-gel phase-transition enhanced the positive thermopower no

matter what causes the phase-transition (Figure 2f and 2g).
3. Conclusion

We have observed the large effect of sol-gel phase transition on thermopower in three
different types of i-TE systems. We firstly reported the huge increasement of
thermopower (6.5 folds) and ionic figure of merit ZT; (23 folds) in poloxamer/LiCl
aqueous i-TE system during the thermal-induced phase transition from sol-state to gel-
state. A positive thermopower of around 15.4 mV/K has been achieved at around 17.4 °C
when the phase-transition of the i-TE system started happening. On the contrast, the
thermopower sudden dropped for several times in agarose/LiCl aqueous i-TE system
during its gel-to-liquid phase-transition. Not limited by thermally induced phase-
transition, UV-sensitive epoxy/LiCl system also experienced a rapid change of
thermopower due to the phase change caused by UV induced cross-linking of polymer

network. We revealed the mechanism and proposed a model describing the
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thermopower and transportation of ions in the pre-, post- and during-transition stages.
From present theoretical results, we confirmed that the large phase-transition-induced
thermopower phenomenon is universal regardless the type of causes for the sol-gel
phase transition. Our findings open a novel and feasible route to modify the
thermoelectric performances of i-TE materials by controlled phase-transition for future

tunable i-TE devices in low-heat energy harvesting applications.

4. Experimental Section

Materials.

LiCl (Dieckmann, > 99.0%), NaCl (Dieckmann, > 99.0%), KCI (Dieckmann, > 99.0%),
KNO; (Dieckmann, > 99.0%), oxirane, methyl-, polymer with oxirane (Poloxamer 407,
Sigma, purified, non-ionic), acrylic formulation (PolyJet Photopolymer, RGD810,

Veroclear) were purchased and used without any further purification.

Preparation of the i-TE liquids and test cells.

Details about the mass of components and volumes of liquids for the four i-TE systems
are listed in Table 1. We prepared the poloxamer 407 i-TE liquids of various
concentrations by using the same procedures except for the differences on mass of each
component. The first step was to mix the poloxamer 407 with water to prepare the basic
aqueous solution of poloxamer 407 for a given concentration. Then the poloxamer 407
aqueous solution was kept at 4°C for more than 12 hours to make sure the polymer was
completely dissolved. Then we took a given amount of LiCl and dissolved it into a
given volume of prepared poloxamer 407 solution. The mixture was kept at 4°C for
more than 2 hours. The i-TE liquids were ready for further characterizations after these
treatments. This LiCl/poloxamer 407 had a sol-to-gel phase transition in the
experimental temperatures range from 15°C to 20°C. We also prepared the agarose-
based i-TE liquids with similar procedures and the only difference was the liquid
needed to be kept at high temperature (larger than 50°C) to make sure the LiCl was
totally dissolved. This system has a gel-to-sol phase transition from 25°C to 30°C. The
UV-sensitive-gel-based i-TE liquids were prepared by same procedure except the whole
preparation was kept in non-UV-light environments and the salt was directly dissolved

into the UV-sensitive-gel without any other treatments.
We made test cells containing the i-TE liquids inside with two electrodes connected to

two ends of the cell, as shown in Figure 1a. The test cells were set with the same size

(outer diameter of 20mm, thickness of around Imm) and the electrodes were also
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controlled with the same size (side length 30mm, thickness 0.5mm, square shape). The
experimental set-up of the test cells is shown in Figure 1b. We adhered one piece of
the carbon electrode onto the PMMA frame by using glues (Fast-setting epoxy adhesive,
AB type, Arlaoda) and then filled in the prepared poloxamer-based or UV-sensitive-
gel-based i-TE liquids. After filled in the liquids, we adhered another piece of carbon
electrode onto the other side of the PMMA frame with the same way and sealed the
whole adhered regions with glues to avoid the leakage of the liquids. The preparation
of the agarose-based i-TE cells followed the same procedures except the liquids were
heated up to 60°C before poured into the test cells. The preparation of the UV-sensitive-
gel-based i-TE cells followed the same procedures except the preparation was kept in

non-UV-light environments.
Characterizations and measurements.

Thermopower: The thermopower, or ionic Seebeck coefficient, electrical properties
and temperature differences were measured simultaneously by using a thermocouple
thermometer and electrochemical workstation together. The experimental set-ups are
shown in Figure S1 of Supplementary Information. The test cells were placed
between two planar metal plates, which provided the temperature difference monitored
by the thermocouples. The electric voltage induced by different AT values were
obtained from 5°C to 35°C, by changing the temperature of both the hot side and cold
side together. In this work, we set the temperature differences between the hot side and
cold side as a fixed value of 3 K. The ratio of the measured open-circuit voltage
difference to the temperature difference was taken as the thermopower at the
temperature of the cold side. We repeated the measurements for 5-7 times at each
temperature point and the thermopower was taken from the average value of the
maximum and the minimum readings. The voltage difference was measured by an
electrochemical workstation (CHI660E, CH Instrument, USA) in open-circuit voltage
mode and the temperature difference was provided by a self-made heating and cooling
plates with temperature controller. The temperature of the hot side and cold side of the

TEG was monitored real-time by a thermocouple thermometer (Anbat AT4516).

Electrical conductivity: The ionic electrical conductivity was characterized by a standard
method established for electrochemical devices.*® The complex electrical impedance of
the TE materials was measured by the electrochemical workstation (CHI660E, CH
Instrument, USA) in electrical impedance spectroscopy (EIS) mode. The setting input
voltage was related to the measured open-circuit voltage and the measured frequency

range was from 10°~10"2 Hz (small differences for different materials). The electrical
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conductivity was calculated from the real part of the impedance at phase angle close to
0° in the Nyquist plot measured by the EIS as:
L
~Z'A

where Z' is the measured real part of the impedance, L and A are the length and area

of the test TEG, respectively.

Cyclic voltammetry (CV) curves: The cyclic voltammetry (CV) curves were measured
to determine the working mode (capacitive or not) of the target TE materials. The CV
curves was also measured by CHI660E, (CH Instrument, USA) in I-V curve mode. The
scanning rate was 10 mV/s and the scanning voltage was set from 0V to 0.4V. All the
electrical and thermoelectric characterizations were conducted on the test cells with the

same configuration and same size.

Thermal conductivity: Thermal conductivity was measured by using Thermal
Conductivity Measurement Instrument (Hotdisk, TPS2500s) for liquid-state samples.

The experiments were conducted at room temperature.

Output power: We set the temperature differences between the different sides of the i-
TE cells as 3K and connected the external resistance load to the i-TE cells when the
output voltage of the cell is stable. The maximum output power of the i-TE system was
chosen by the maximum value of the voltage across the resistance times current through
the it.

Viscosity of the sol-gel systems: The viscosity of the samples was measured by
Brookfield DV2T viscometer (AMETEK Brookfield, US) with the shear rate of 200 1/s.
The used spindle number was 5. We poured the 20 mL of the liquid-state samples into
the 50mL breaker and put the break into a larger 200mL breaker with ice and water
inside to measure the temperature dependence viscosity. The temperature during the
measurements was controlled by heating the larger breaker and monitored by the

thermometer inserted.
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Table 1 Details of i-TE systems

I-TE solutions | Mass of salts Mass of Volume of Volume of
polymer water gel
10%Polo+ 0.05 mol 20g 200 mL 50 mL
1 M/L LiCl (2.12g)
18%Polo+ 0.05 mol 36g 200 mL 50 mL
1 M/L LiCl (2.12g)
20%Polo+ 0.05 mol 40g 200 mL 50 mL
1 M/L LiCl (2.12g)
2% Agarose 0.05 mol 4g 200 mL 50 mL
+ IM/L LiCl (2.12g)
UV-sensitive- 0.006 mol NIL NIL 20 mL
gel-based (0.254¢)
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Figure 1 Schematic illustrations of the i-TE system and characterizations of the
system. a. Schematics of the components of the i-TE materials in the thermoelectric
cell. b. Schematics of the thermoelectric cell prepared for the measurements of the
thermoelectric performances. ¢. Liquid-to-gel phase transition of LiCl/poloxamer 407
solution. The surface layer of the solution is marked and labeled by thick black line
from the figure. At low temperature, the solution surface of the declined tube is level.

The surface of the gel is not level at high temperature. d. Viscosity of various ionic sol-
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gel systems: i). Viscosity of poloxamer 407 aqueous solutions with different
concentrations. ii). Viscosity of the ionic system with 1 mol/L LiCl in 10%, 18% and
20% (w/v) poloxamer aqueous solutions. iii). Viscosity of the 2% (w/v) agarose-based
1 mol/L LiCl ionic solution. e. Thermopower-temperature relationship of the 18% (w/v)
poloxamer 407-based 1 mol/L LiCl ionic solution. f. Thermopower-temperature
relationship of the 20% (w/v) poloxamer 407-based 1 mol/L LiCl ionic solution. g.
Thermopower-temperature relationship of the 2% (w/v) Agarose-based 1 mol/L LiCl
ionic solution. h. Electrical conductivity of 18% (w/v) poloxamer 407-based 1 mol/L
LiCl ionic solution. The electrical conductivity was obtained from the electrical
impedance spectroscopy. i. Thermal conductivity of the 18% (w/v) poloxamer 407-
based 1 mol/L LiCl ionic solution. j. lonic figure of merit ZT; of the 18% (w/v)

poloxamer 407-based 1 mol/L LiCl ionic solution at different temperature.

24



Liquid-state (before phase-transition)

Gel-state (after phase-transition)

Li*

Xq — Xl’«

N
©
—_

(Eho (f

1) 9)
kil =1.0001 %3 B ] X 64 {
£ 1 >
10/ ' | =
K =1.001 E o 5 4
4 1 1
L ' 1
10 =101 §. 1 §_
g o 2] o g 2
10 E £
H=1 2 UV expose 2 ¥
T - 0 L . = 0
0.5 1.0 1.5 0 500 1000
k Time (s) Before UV After UV

Figure 2 Mechanism and other transitional i-TE materials. a. Schematic of the
diffusion process of cations and anions under a temperature gradient within transitional
i-TE system in (i) liquid-state (before phase-transition) (ii) gel-state (after phase-

25



transition) and (iii) quasi-state (during phase-transition). The blue lines represent the
structure of the poloxamer, which indicate the phase of the system. The driven forces
X, and X, are from temperature gradients and electrochemical potential, respectively.
b. y plotted as a function of a, , a_ and [ with other fixed (k=1, b.=b+=0.01). c.
vy plotted as a function of b, b_ and a_ with others fixed (a+=0.9,k=1,1=1.2).
d. y plotted against of k and / with others fixed (b+ = b.=0.01,a+=0.9,a.=0.5). e. v
plotted against of £ with others fixed (b+ = b. = 0.01, a+ = 0.9, a-= 0.5, k/ equals to
different constants as labeled in figure). f. Output open-circuit voltage of the UV
sensitive gel-based 0.3 M/L LiCl solution before and after UV exposure to the high-
temperature region. The temperature is set for 15°C at cold side and 18°C at hot side. g.

Output thermopower before and after UV light exposure for this system.
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