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We evaluated the performances of liquid thermoelectric conversion devices (LTEs) composed of nine organic
solvents containing Fe>*/Fe>* redox pair against electrolyte concentration (). In protic solvents, i.e., methanol
(Me), ethanol, (Et) 1-propanol (Pr), and ethylene glycol (EG), the electrochemical Seebeck coefficients (@ = dV/dT;
where V and T are the electrode potential and temperature, respectively.) increases with m in small m region.
Based on the ultra violet - visible (UV-vis) absorption spectroscopy, we interpreted the enhancement of « in
terms of the OH™ and/or H,O coordination to Fe**, which was introduced by crystal water of the solute. At the
temperature difference (AT) of 30 K, the maximum value (PF,.x) of the power factor (PF) of the Me LTE reaches
11.5 gW/K>m.

1. Introduction

Energy harvesting devices that produces electric energy from small environmental energy,
such as thermal flow and temperature, is indispensable for realizing the IoT (Internet of Things)
society, because the device is a permanent power source and does not require replacement or
maintenance. Among the energy harvesting devices, liquid thermoelectric conversion device
(LTE) with very simple and low-cost structure is attracting attention. The LTE consists of the
electrolyte solution with a redox couple and hot/cold electrodes of identical type. The LTE was
proposed in the 1950s and is still undergoing focused exploration and development.'3! Like
a solid thermoelectric conversion device (STE),3? the device converts temperature difference

(AT) between the electrodes to thermal voltage (V = aAT) via the electrochemical Seebeck

av
ar>

The essential parameters that determine performance of LTE are «, electrical conductivity

coeflicient (@ = where V and T are the redox potential and temperature, respectively.).

(0), and thermal conductivity (k) of the electrolyte solution. The performance indicators of

*E-mail: moritomo.yutaka.gf@u.tsukuba.ac.jp
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thermal conversion, i.e., the dimensionless figure of merit (ZT) and power factor (PF), are
expressed as ZT = LI‘jT and PF = o0,

Until now, LTE research and development have been focused on aqueous solution that
easily dissolves electrolyte. In aqueous solution containing Fe?*/Fe’* redox pair, the o
value significantly depends on the counter anion and pH and ranges from 0.18 mV/K for
(NH4)FeSO4/(NH4),FeS043? to 1.76 mV/K for Fe(ClO4),/Fe(Cl04)3.3% Recently, Inoue et
al.® systematically investigated the « values of Fe?*/Fe3* redox pair dissolved in organic
solvents and found that the « values in several aprotic solvents are extremely high. For exam-
ple, a in acetone and acetonitrile (AN) containing 10 mM FeCl; and 10 mM FeCl; is 3.60
mV/K and 2.16 mV/K, respectively. Wake et al.!) fabricated LTEs composed of water, acetone
and AN containing Fe(ClO4),/Fe(Cl04); and evaluated their performances against electrolyte
concentration (m). At AT = 30 K, the maximum value (ZT,.x) of ZT of the acetone LTE
reaches 0.0164 at m = 0.5 M and that of the AN LTE reaches 0.0144 at 0.5 M." These values
are larger than ZT 5 (= 0.0116 at 0.5 M) of the corresponding aqueous LTE.

In this paper, we evaluated the performances of LTEs composed of nine organic solvent
containing m M Fe(ClO4),-6H,0 and m M Fe(ClO4)3-7.1H,0 against m. In protic solvents,
i.e., methanol (Me), ethanol (Et), 1-propanol (Pr), and ethylene glycol (EG), the o value
increases with m in small m region. At AT of 30 K, the maximum value (PF,x) of the power
factor (PF) of the Me LTE reaches 11.5 ,uW/sz. In protic solvents, the @ value increase with
m in small m region due to the crystal water in the solute. The enhancement of « is interpreted

in terms of the heterologous coordination to the Fe ion.

2. Experimental method

2.1 Solution preparation

The solvents investigated were Me (FUJIFILM Wako corp.), Et (FUJIFILM Wako corp.), Pr
(FUJIFILM Wako corp.), EG (FUJIFILM Wako corp.), tetrahydrofuran (THF; FUJIFILM
Wako corp.), propylene carbonate (PC; FUJIFILM Wako corp), N,N-dimethylformamide
(DMF; FUJIFILM Wako corp.), dimethyl sulfoxide (DMSO; FUJIFILM Wako corp.), and
N-methyl pyrrolidone (NMP; FUJIFILM Wako corp.). The solvents are purchased and used
as received. The solutions contains m M Fe(ClO4),-6H,O (FUJIFILM Wako corp.) and m
M Fe(ClO4)3-7.1H,0 (FUJIFILM Wako corp.). We did not perform dehydration process and
solution contains some water. Unfortunately, the maximum value (#1y,x) of m is very small in

several aprotic solvents; mpax = 0.3 M in DMF, = 0.1 M in DMSO, and ~ 0.1 M in NMP.
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Fig. 1. (Color online) Pictures of thermocell in (a) disassembled and (b) assembled states.

2.2 Thermocell

The LTE performance was evaluated with use of a specially-designed thermocell.*® Figure. 1
show pictures of the thermocell in (a) disassembled and (b) assembled states. The electrolyte
was filled in a 0.73 mmé polytetrafluoroethylen (PTFE) cylinder. Both ends were sealed with
the Al pedestals, on which Pt disks with an area (S) of 0.42cm? were attached as hot and cold
electrodes. The two Pt electrodes were placed at a distance (D) of 1.0 cm. The temperatures
of hot (Tho) and cold (T,.1q) electrodes are independently controlled with Peltier modules. T
and T¢o1q were monitored with T-type thermocouples, which were attached at the Al pedestals
at 2 mm from the Pt electrodes.

We note that the o~ value of an operating LTE depends on the cell size and shape, i.e., S and
D, reflecting the convection, concentration overpotential, wall effect, and so on.>” Especially,
the o value during the LTE operation significantly suppressed at small D, especially below
0.5 cm.?® To quantitatively compare the LTE performances, the physical quantities should be
evaluated with the same cell size and shape. The S (= 0.42 cm?) and D (= 1.0 cm) values in

the present investigation is the same as those in the previous report."
2.3 AT -V plot

To determine @, the open circuit voltage (V) was measured against AT (= Tyt - Teolg) With
fixing T;o1q at 298.3 K. Thor was manually controlled by changing stepwise the current flowing
through the Peltier device at intervals of 5 minutes. The Vj values were measured under steady
state with use of digital multimeter (Keithley 2100; Tektronics). We confirmed that the AT -
Vo plots in the AT-increasing and AT-decreasing runs were almost overlapped with each other.

a was evaluated as the slope of the AT - Vj plot.
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24 [-V plot

We further investigated voltage (V) against current density (/) during the LTE operation at
a fixed AT (= 30 K). T and Tiqq Were set to be 298.3 K and 328.3 K, respectively. The
I value was controlled by an external resistance (Rex). The V values on the external resistor
were measured under steady state with use of digital multimeter (Keithley 2100; Tektronics).
The I (= Rlex) values were evaluated from V and Re. If we assume an internal resistance (Rj,
= g), Vis expressed as V =V} - gl . The effective o values in an operating LTE device was
evaluated from the slope of the the I - V plot. We note that thus evaluated o includes the
effects of the convection and temperature gradients. In this work, we intended to determine
the actual o in an operating LTE device. On the other hand, the power density (P = IV) of is

oV? 2 2
0 a’aAT )
D )at [ = 2D.The

expressed as P = - glz + VoI. P becomes maximum (Pax = 77 =

coefficient, @0, of P,y is called as power factor (PF).

3. Results and discussion

3.1 AT -V, plot

Figure 2 shows Vj - AT plots of LTEs composed of (a) Me, (b) Et, (c) Pr, (d) EG, (e) THF, (f)
PC, (g) DMF, and (h) DMSO containing m M Fe(ClO4),-6H,0 and m M Fe(ClO4)3-7.1H,0.
Straight lines are results of least-squares fitting. The slope corresponds to respective a. In (a)
Me, the a value significantly increases with m from 1.18 mV/K at 0.1 M to 1.85 mV/K at 0.5
M. Above m = 0.5 M, the a value gradually decreases with m to 1.52 mV/K at 1.0 M. Similar
enhancement of « is observed in the other protic solvent, i.e. (b) Et, (c¢) Pr and (d) EG. The
enhancement of « is originated in the crystal water of the solute (vide infra). In (e) THF, the
a value monotonously decreases with m from 3.16 mV/K at 0.1 M to 2.10 mV/K at 0.5 M.
A similar monotonous decrease of « is observed in the other aprotic solvent, i.e. (f) PC, (g)
DMF, and (h) DMSO

Figure 3 shows the a values in (a) protic and (b) aprotic solvents against m. In (a) protic
solvents, @ increases with m in small m region and decreases with m in large m region,
as indicated by solid curves. In (b) aprotic solvents, @ monotonously decreases with m, as
indicated by broken straight lines. A similar decrease of @ with m is reported in the other
aprotic solvents, such as acetone and AN."

We note that the @ values in aprotic THF and PC are much higher than the a values
of protic solvents. In a thermodynamical point of view, « is equivalent to %, where e and
AS are the elementary charge (> 0) and variation in the system entropy (S) in the reduction

process. In solute-solvent system, AS is dominated by the configuration entropy of the solvent
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(Color online) Open circuit voltage (V) against temperature difference (AT") between hot and cold

electrodes in LTEs composed of (a) methanol (Me), (b) ethanol (Et), (c) 1-propanol (Pr) , (d) ethylene glycol
(EG), (e) tetrahydrofuran (THF), (f) propylene carbonate (PC), (g) N,N-dimethylformamide (DMF), and (h)
dimethyl sulfoxide (DMSO) containing m M Fe(ClO4),-6H,0 and m M Fe(ClO4)3-7.1H,O. NMP stands for

N-methyl pyrrolidone. Straight lines are results of least-squares fitting.

molecules surrounding the solute ion.*> In an aprotic solution where interaction between the

solute ion and solvent molecule is weak, the coulombic potential of the solute ion influences

the configuration of the solvent molecules even in the second nearest-neighbor region. Then,

the reduction process of the central Fe ion has more significant effect on the configuration

entropy of the solvent molecules. This situation explains the higher @ values observed in

aprotic THF and PC.
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Fig. 3. Electrochemical Seebeck coefficient () of Fe?*/Fe3* redox pair dissolved in (a) protic and (b)
aprotic solvents against electrolyte concentration (m). Solid curves in (a) are results of least-squares fitting with

quadratic functions. Broken straight lines in (b) are results of least-squares fitting.

3.2 Decrease of @ with m

In aprotic solvents, @ shows monotonous decrease with m, as indicated by broken straight
lines in Fig. 3(b). A similar decrease is discernible in protic solvents, as indicated by solid
curves in Fig. 3(a). The suppressed a in dense solvents can be ascribed to the interaction
between the neighboring Fe ions.

The Fe ions in solution are coordinated and/or surrounded by solvent molecules, as
schematically shown in Fig. 4(a). A large circles represent the interaction area where solvent
molecules interact electrostatically and/or quantum mechanically with the central Fe ion.>”
The reduction process of the central Fe ion increases the configuration entropy of the solvent
molecules because decease of the Fe valence reduces the Coulomb interaction between Fe ion
and the polar ligand molecules. Tha change in the configuration entropy is the main origin for
AS in a solute-solvent system.>> The interaction areas of individual Fe ions are well isolated in
dilute solution. In dense solution, a part of the interaction area overlaps with the neighboring
areas, as indicated by hatchings in Fig. 4(b). Actually, the number of solvent molecules per
one Fe ion is 6.1 (5.8) in THF (PC) at m = 1.0 M. The overlapping area, and hence, the
number of the solvent molecules in the overlapping region, increases with increase in m.
The solvent molecule in the overlapping region interacts with multiple Fe ions, and hence, is
less sensitive to the reduction process of an Fe ion. In short, the number of the interacting
molecules effectively decreases due to the overlapping region. The reduced molecular number
suppresses the change of the configuration entropy induced by the reduction process of an Fe

ion. Thus, the overlap suppresses « (= %), in large m region.
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Fig. 4. (Color online) Schematic illustration of Fe ions in (a) dilute, (b) dense, and (c) water-contained
solutions. Large circles represent the interaction area where solvent molecules interact with the Fe ion.

Hatchings in (b) represent the overlap of the interaction areas. Small circles in (c) represent HO and/or OH™.

3.3 Enhancement of @ with m in protic solvent

Now, let us discuss the origin for the enhancement of @ with m observed in protic solvents
[Fig. 3(a)]. The electrolyte, Fe(ClO4),-6H,O/Fe(ClO4)3-7.1H,0, used in the present inves-
tigation contains crystal water, and hence, the prepared electrolyte solutions contain some
water. The water content in solution increases with m. For example, amount of water in Me
solution is 2.9 wt% at 0.1 M and 8.2 wt% at 0.3 M. Fig. 5(a) shows the AT - Vj plots of
Me (circles) and Et (squares) at 0.1 M. Open and filled symbols represent the data with and
without 5 wt% additional water. In Me (circles), addition of 5 wt% water enhances « from
1.18 mV/K to 1.50 mV/K. In Et (squares), addition of 5 wt% water enhances a from 0.82
mV/K to 1.27 mV/K. Thus, the water in solute is the origin for the enhanced «.

How does the water affect a? It is well known that Fe’* ions in aqueous solution
(pH < 4) is coordinated by OH™ and H,O to form [Fe(OH)(H,0)5]*" monomer and/or
[Fes(OH)>(H,0)g]* dimer.***3 The [Fe(OH)(H,0)s]*" monomer complex dominates in
dilute (< 1 mM) solution while the [Fe,(OH),(H,0)s]** dimer complex does in dense (> 100

mM) solution. The monomer*? shows a weak absorption at 300 nm while the dimer*® shows
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Fig. 5. (Color online) (a) Vy against AT of Me (circles) and Et (squares) containing 0.1 M Fe(ClO4),-6H,O
and 0.1 M Fe(ClOy4)3-7.1H,0. Open and filled symbols represent the data with and without 5 wt% additional
water, respectively. Straight lines are results of least-squares fitting. (b) Molar absorption coefficient (€) spectra
of 0.1 M Fe(ClO4)3-7.1H,0 dissolved in Me and Et. Solid and broken curves are the spectra with and without 2

wt% additional water, respectively.

a weak absorption at 340 nm. We observed the 340 nm absorption bands in the ultra violet-
visible (UV-vis) absorption spectra of aqueous solutions containing 0.1 M Fe(ClO4)3-7.1H,0.
The physical and chemical properties of protic solvents are similar to those of water. Then, if
there exists a certain amount of water in protic solvent containing Fe>*, it is possible for OH~
and/or H,O to coordinate to Fe’* as in aqueous solution.

The UV-vis absorption spectroscopy is a powerful tool to investigated the coordination
state around Fe3*, because it exhibits characteristic ligand-to-metal charge transfer (LMCT)
transition. To investigate the effect of the water on the coordination state around Fe’*, we
carefully investigated the UV-vis absorption spectra of Me and Et solutions containing 0.1
M Fe(ClO4)3-7.1H,0 with and without of 2 wt% additional water. The UV-vis spectra were
measured in a 0.1 mm quartz cell with a spectrometer (V750, Jasso) at room temperature. The
molar absorption coeflicient (€) is expressed as —élnT, where ¢ (= 0.1 M) and d (= 0.1mm),
and T are the concentration, optical path length, and transmittance spectrum, respectively.
Figure 5(b) shows the € spectra of Me and Et containing 0.1 M Fe(ClO4)3-7.1H,0. Solid and
broken curves are the spectra with and without 2 wt% additional water, respectively. In the
Me solution, the € spectra (solid curve) without additional water shows an intense absorption
band around 350 nm. The absorption band can be ascribed to the LMCT transition from the
coordinated Me molecules to Fe 3d;,, orbital. The addition of 2 wt% water (broken curve)
significantly suppresses the LMCT band. The suppression suggests that part of the Fe3* ions

are coordinated by OH™ and/or H,O, because such a coordination weakens and/or shift the
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LMCT band. Actually, the monomer*? shows a weak and broad absorption at 300 nm. A
similar suppression of the LMCT band is observed in the € spectra of the Et solution. In the Et
solution, the additional water causes apparent peak shift to the low wavelength side. A careful
comparison between the € spectra of the water-added Me and Et solutions reveals that the
spectrum of the Et solution has a intense absorption component at 340 nm. The component

implies that dimers are formed in the water-added Et solutions, bacause the dimer*?

shows a
rather sharp absorption band at 340 nm.

Figure 4(c) schematically shows the Fe ion in water-contained solution. The reduction
process of the central Fe ion changes the configuration entropy of the solvent molecules
in the interaction area (large circles), which is the main origin for AS in a solute-solvent
system. Small circles in (c) represent H,O and/or OH™, which coordinates to the Fe ion. The
configurational entropy in the interaction area is considered to enhance by partial replacement
of the coordinated solvent molecules with H,O and/or OH™, because the mixing of the different
kinds of interaction, i.e., the solvent-solvent, H>O-solvent, and OH™-solvent interactions,
causes a variety of energetically degenerate local structures around the Fe complex. Thus, the
heterologous coordination enhances AS, and hence a (= %), in small m region. Actually, the
a value (= 1.85 mV/K at 0.5 M) in the water-contained Me is higher than the values in pure
water (= 1.56 mV/KY at 0.5 M) and pure Me (= 1.0 mV/K at m — 0 M). Similarly, the «
value (= 1.78 mV/K at 0.5 M) in the water-contained Et is higher than the values in pure water
(= 1.56 mV/K" at 0.5 M) and pure Me (~ 0.6 mV/K at m — 0 M).

The a values in protic solvents increase with m in small m region and decrease with m
in large m region [Fig. 3(a)]. As discussed above, the enhancement of @ in small m region
is ascribed to the heterologous coordination to the Fe ion. The effect of the heterologous
coordination is suppressed in large m region where the Fe ion is coordinated mainly by H,O
and OH™. In addition, the overlap of the interaction area suppresses « in the large m region, as
discussed in the previous subsection. Due to the competition between the enhancement and

suppression effects on @, @ shows maximum value at intermediate m.

3.4 -V plot

Figure 6 shows I - V plot in LTEs composed of (a) Me, (b) Et, (c) Pr, (d) EG, (e) THF, (f)
PC, (g) DMF, and (h) DMSO. AT was fixed at 30 K. In (a) Me LTE, V linearly decreases with
I, as indicated by straight lines. The slope is proportional to the reciprocal of - o-. A similar
linear relation in the I — V plot is observed in whole the LTEs investigated [Fig. 6(b) - (h)]. In
(a) Me LTE, the o value increases from 17.9 mS/cm at 0.1 M to 33.9 mS/cm at 0.5 M, and
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Fig. 6. (Color online) / - V plot os LTEs composed of (a) Me, (b) Et, (c) Pr, (d) EG, (e) THF, (f) PC, (g)
DMF, and (h) DMSO containing m M Fe(Cl04),-6H,0 and m M Fe(ClO4)3-7.1H,0. AT was fixed at 30 K.

Straight lines are results of least-squares fitting.

then, decreases to 14.9 mS/cm at 1.0 M. In (e) THF LTE, the o value increases from 0.81
mS/cm at 0.1 M to 4.5 mS/cm at 0.5 M, and then, decreases to 3.7 mS/cm at 1.0 M.

Figure 7 shows m-dependence of o in (a) protic and (b) aprotic solvents. In the Me LTE,
the o value increases with m in the small m region from 17.9 mS/cm at 0.1 M to 36.4 mS/cm
at 0.7 M. The increase in o is originated in the increase in the density of carriers or Fe ions.
A similar increase in o is observed in the LTEs composed of the other eight solvents. In the
Me LTE, the o value decreases with m in the large m region. Such a decrease in o is probably
ascribed to the interaction among the carriers or Fe ions. Another limiting factor for o is
the redox reaction at the electrode-electrolyte interface. For a steady redox reaction to occur,
the ionic species oxidized/reduced at the electrode must quickly escape from the vicinity of

the electrode. In the large m region, concentration overpotential effect** or accumulation of

10/16



Jpn. J. Appl. Phys.

REGULAR PAPER

Fig. 7.
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Solid curves are results of least-squares fitting with quadratic functions. Broken straight lines in (b) are results

of least-squares fitting.

Table I.

Parameters of LTEs composed of several solvents containing m M Fe(ClO4),-6H,0 and m M

Fe(ClOy4)3-7.1H0. amax, Omax> PFmax, Mmax are the maximum values of electrochemical Seebeck coeflicient,

electric conductivity, power factor, and concentration, respectively. AT was fixed at 30 K. « is the thermal

conductivity of solvent without solutes and is cited from literature.*> Me, Et, Pr, EG, THF, PC, DMF. DMSO,

NMP. and AN stand for methanol, ethanol, 1-propanol, ethylene glycol, tetrahydrofuran, propylene carbonate,

N,N-dimethylformamide, and dimethyl sulfoxide, N-methyl pyrrolidone, and acetonitrile, respectively.

solvent | amax (MV/K)  opmax (mS/cm) « (W/Km)  PF .« (,uW/sz) Mmax (M)
Me | 1.85@0.5M 36.4@0.7M 0.200 11.5@0.5M >2.0 | this work
Et | 1.78@0.5M 17.2@0.7M 0.163 5.1@0.5M 1.5 | this work
Pr | 1.78@0.5M 8.6@0.7M 0.149 2.5@0.7M 0.8 | this work
EG | 1.51@0.7M 8.5@1.2M 0.256 1.9@1.2M >1.5 | this work
THF | 3.16@0.1 M 5.1@0.7M 0.153 4.1@0.7M 1.2 | this work
PC | 2.32@0.1 M 5.9@0.7M 0.164 2.0@0.7M >1.5 | this work
DMF | 1.49@0.1 M 14.8@0.3M 0.184 2.5@0.1M 0.3 | this work
DMSO | 1.38@0.05M 7.1@0.1M 0.186 1.2@0.1M 0.1 | this work
NMP | 1.57@0.1 M 43@0.1M 0.167 1.1@0.5M 0.1 | this work
water | 1.56@0.5M 95.7@0.5M 0.597 23.1@0.5M >2.0 Ref.D
acetone | 2.88@0.1 M 15.1@0.7M 0.155 8.5@0.5M 1.2 Ref.D
AN | 2.83@0.1M 21.1@0.5M 0.199 9.6@0.5M 0.8 Ref.D

oxidized/reduced ionic species in the vicinity of electrode becomes significant. Such an effect
suppresses o during the device operation. A similar decrease in o is clearly observed in the Et

and THF LTEs. In the Pr, EG, and PC LTEs, the increase in o saturates in the large m region.
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3.5 Solvent dependence of LTE performance

In Table I, we summarized parameters of LTEs composed of several solvents. AT was fixed
at 30 K. @max> Omax> PFmax, Mmax are the maximum values of «, o, PF, and m, respectively.
PF.x of the Me LTE is 11.5 ,uW/KZm at 0.7 M. The high PFy,x value of the Me LTE
is ascribed to moderate o and large o. Importantly, the o value increases with m in protic
solvents [Fig. 7(a)]. The enhancement of « is essential for realizing high PF,x because
and o can be maximized at similar m value. The @ and o values in the Me LTE take maxima
at 0.5 and 0.7 M, respectively (Table I). The Et LTE shows the second highest PF,,x (= 5.1
uW/K?m at 0.5 M) among the nine organic LTEs investigated, reflecting moderate o and large
o.

The THF LTE shows the highest ayax (= 3.16 mV/K at 0.1 M) among the nine organic
LTEs investigated, reflecting weak interaction between the solute ion and solvent molecule.
A disadvantage of aprotic solvents, however, is small 0. onax of the THF LTE is 5.1 mS/cm
at 0.1 M. As aresults, PF .« (= 4.1 ,uW/sz at 0.7 M) of the THF LTE is much lower than
PFax (=11.5 ,uW/sz at 0.7 M) of the Me LTE. The PC LTE shows the second highest amax
(= 2.32 mV/K at 0.1 M) among the nine organic LTEs investigated. However, ZT,x (= 2.0
/JW/sz at 0.7 M) of the PC LTE is much lower than PF,,,5x of the Me LTE.

The maximum values (ZTax) of ZT is expressed as TPPusx Tp order to accurately evaluate

K
the ZTax, it is necessary to know the « value during the LTE operation. We note that x may
depend on m similarly to the case of @ and o . In addition, the convection in the operating
LTE may influence « due to the enhanced mass transport. At present, we do not know the
exact value of « during the LTE operation. We tentatively evaluate ZTp,,x With k of solvents
without solutes.*> ZT.x of the Me LTE is 0.0172 at 0.7 M, which is larger than ZT nax (=
0.0116" at 0.5 M) of the corresponding aqueous LTE, reflecting small x (= 0.200 W/Km).
The Et LTE shows the second highest ZT,x (= 0.094 at 0.5 M) among the nine organic LTEs

investigated, reflecting small x (= 0.163 W/Km).

4. Conclusion

In conclusion, we evaluated the performances of LTEs composed of nine organic solvent
containing Fe?*/Fe** redox pair against m. At AT = 30 K, ZT . of the Me LTE is 0.0172 at
0.7 M, which is larger than ZTy,x (= 0.0116 at 0.5 M) of the corresponding aqueous LTE. In
protic solvents, the @ value increase with m in small m region due to the crystal water in the
solute. The enhancement of « is interpreted in terms of the heterologous coordination to the

Fe ion.
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