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Methanol-based thermoelectric conversion device
with high power†

Touya Aiba,a Haruka Yamadab and Yutaka Moritomo *abcd

A liquid thermoelectric conversion device (LTE) converts environmental heat into electric power via the

electrochemical Seebeck coefficient α. The maximum power (Wmax) is expressed as Wmax ¼ α2ΔT2

4R′
, where

ΔT and R′ are the temperature difference between electrodes and device resistance in operation,

respectively. Here, we systematically investigated the resistance components of LTEs composed of

aqueous, methanol (MeOH) and acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. We found that

the charge transfer resistance Rct of the MeOH LTE is the smallest among the three LTEs. We

demonstrated that the Wmax of the MeOH LTE is slightly larger than or comparable with that of the

corresponding aqueous LTE. We further discussed the effects of the convection of an electrolyte on R′.

Keywords: Liquid thermoelectric conversion; Methanol; Resistivity components; Coated electrode.

1 Introduction

Energy harvesting devices are extensively investigated from
the viewpoint of achieving the sustainable development goals
(SDGs). Among the devices, liquid thermoelectric conversion
devices (LTEs)1–5 have a simple device structure in which a
redox-dissolved electrolyte is sandwiched between two
electrodes. LTEs utilize the thermogalvanic effect
(electrochemical Seebeck coefficient α) at each electrode to
convert temperature differences ΔT between the electrodes
into thermal voltage or electric power W. The research of LTE
is increasingly active with significant progress.6–23 The
performance of LTE is determined by α, effective electric
conductivity σ, and effective thermal conductivity κ of the
electrolyte. The term “effective” is used because the
convection of the electrolyte due to gravity affects σ and κ in
an actual LTE in operation.24–26 The maximum power (Wmax)

is expressed as Wmax ¼ α2ΔT2

4R′
, where R′ is the device

resistance in operation. To increase Wmax, it is effective to

increase α or to decrease R′. α is expressed as α ¼ ΔS
e
, where

ΔS and e (>0) are the entropy change at the reduction
reaction of the redox couple and elementary charge.

In a non-operating LTE at ΔT = 0 K without electrolyte
convection, the device resistance (R) can be decomposed into
solution resistance Rs, charge transfer resistance Rct, and
diffusion resistance Rdif.

27 Similar to the resistance in a solid,
Rs is determined by the balance between the electric force
and frictional force. Then, Rs is proportional to the electrode
distance d.28 On the other hand, Rct and Rdif are governed by
the redox reaction kinetics in the vicinity of the electrode,
and are independent of d. As the reaction progresses, the
concentration of reactants/products at the electrode surface
changes in a way that prevents further reaction. The resultant
concentration gradient drives the diffusion of reactants from
(products into) the bulk region, causing Rdif. In a LTE in
operation, R′ is further influenced by the electrolyte
convection driven by ΔT,25,26 which causes mass transfer and
tends to make the concentration in the electrolyte uniform.

Aqueous solutions containing Fe2+/Fe3+ are most
extensively investigated as electrolytes for LTE, because Fe2+/
Fe3+ is inexpensive and aqueous LTE shows high σ. Kim
et al.20 reported that α and σ of Fe2+/Fe3+ aqueous solutions
become larger when ClO4

− is the counter anion. Buckingham
et al.21 demonstrated that α of Fe2+/Fe3+ aqueous solutions
can be optimized by the pH of the electrolyte. Jung et al.22

reported that FeCN coated carbon cloth shows small Rct in
Fe2+/Fe3+ aqueous solution. Aiba et al.28 reported that R of
graphite-dispersing coated electrodes steeply decreases as the

Ind. Chem. Mater., 2025, 3, 223–230 | 223© 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

a Graduate School of Pure & Applied Science, University of Tsukuba, Tennodai 1-1-

1, Tsukuba, Ibaraki 305-8571, Japan. E-mail: moritomo.yutaka.gf@u.tsukba.ac.jp
b School of Science & Engineering, University of Tsukuba, Tennodai 1-1-1, Tsukuba,

Ibaraki 305-8571, Japan
c Faculty of Pure & Applied Science, University of Tsukuba, Tennodai 1-1-1,

Tsukuba, Ibaraki 305-8571, Japan
d Tsukuba Research Center for Energy Materials Science (TREMS), University of

Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

† Electronic supplementary information (ESI) available: Raman scattering
spectrum of graphite powder, SEM images of the coated electrode, picture of
LTE, Cole–Cole plots analyzed with a CPE model, correlation between Cd and t

(Cd and Rct
−1), I–V plots of LTE against ΔT, and Cole–Cole plots of LTE against

ΔT and orientation. See DOI: https://doi.org/10.1039/d4im00113c

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
2:

04
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4im00113c&domain=pdf&date_stamp=2025-03-19
http://orcid.org/0000-0001-6584-7489
https://doi.org/10.1039/d4im00113c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00113c
https://pubs.rsc.org/en/journals/journal/IM
https://pubs.rsc.org/en/journals/journal/IM?issueid=IM003002


224 | Ind. Chem. Mater., 2025, 3, 223–230 © 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

electrode thickness t increases below t ≤ 100 μm. On the
other hand, Wake et al.,18,19 systematically investigated α and
σ of organic solutions containing Fe(ClO4)2/Fe(ClO4)3. They
found that the σ (= 34.6 mS cm−1 at 0.7 M) of methanol
(MeOH) solution is the highest among those of 11 organic
solutions. In addition, the α values of MeOH (1.85 mV K−1 at
0.5 M) and acetone (2.88 mV K−1 at 0.1 M) are much higher
than the α (= 1.56 mV K−1 at 0.5 M) of aqueous solution.
Therefore, MeOH and acetone LTEs are alternative LTE
candidates with high Wmax.

In this paper, we systematically investigated the
resistance components of LTEs composed of aqueous,
MeOH and acetone solutions containing 0.8 M Fe(ClO4)2/
Fe(ClO4)3. We found that the Rct of the MeOH LTE is the
smallest among the three LTEs. We demonstrated that the
Wmax of the MeOH LTE is slightly larger than or
comparable with that of the corresponding aqueous LTE.
We further discussed the effects of the electrolyte
convection on R′.

2 Results and discussion
2.1 Resistance components against temperature

Fig. 1a shows the current I–voltage V plots at ΔT = 0 K in (a)
aqueous, (b) MeOH, and (c) acetone solutions containing 0.8

M Fe(ClO4)2/Fe(ClO4)3 at different temperatures T. s and d
were 42 mm2 and 10 mm, respectively. At all temperatures, V
increases in proportion to I. R was evaluated from the slope
of the plot, as indicated by straight lines. R steeply decreases
as T increases.

Fig. 2 shows the Cole–Cole plots of complex impedance in
(a) aqueous, (b) MeOH, and (c) acetone solutions containing
0.8 M Fe(ClO4)2/Fe(ClO4)3 at different T. s and d were 42 mm2

and 10 mm, respectively. The Cole–Cole plot in (a) aqueous
solution at 293 K shows a prototypical shape. The plot shows
a semicircle at the left side and a straight line with an
inclination of 45 degrees at the right side. The resistances at
the left and right sides of the semicircle correspond to Rs and
Rs + Rct, respectively. Solid curves are the results of least-
squares fits with a Randles equivalent circuit composed of Rs,
Rct, electric double layer capacitance Cd, and Warburg
impedance ZW. ZW is expressed as ZW = AW(ω

−1/2 − iω−1/2),
where AW is the Warburg coefficient. The feature of the
observed impedance is reproduced by the Randles equivalent
circuit model. Similar behaviors are also observed at
difference T and in different solutions. One may notice that
the observed semicircle in (a) aqueous solution is slightly
flattened as compared with the calculated one. The deviation
between them can be improved if we replace Cd with
constant phase element (CPE) Q, as shown in Fig. S4.† Q is

Fig. 1 Voltage V against current I in (a) aqueous, (b) MeOH, and (c)
acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3 at different
temperatures T. The electrode area s and distance d were 42 mm2 and
10 mm, respectively. The straight lines are the results of least-squares
fits.

Fig. 2 Cole–Cole plots of complex impedance in (a) aqueous, (b)
MeOH, and (c) acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3
at different temperatures T. s and d were 42 mm2 and 10 mm,
respectively. Solid curves are the results of least-squares fits with a
Randles equivalent circuit composed of Rs, Rct, Cd, and ZW. The vertical
axis is shifted for each plot.
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expressed as Q ¼ 1
Y0 iωð Þn where ω is the angular velocity. Y0

and n are frequency-independent constants. Q becomes pure
capacitance at n = 1. We note that there is little change in Rs

and Rct between the Cd and CPE models (Table S1†).
Fig. 3 shows R (filled circles), Rs (open squares), and Rct

(open circles) against
1
T

in (a) aqueous, (b) MeOH, and (c)

acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. In (a)

aqueous solution, R, Rs, and Rct increase as
1
T

increases. We

evaluated the activation energy Δi (i = s and ct) by least-

squares fits with activation-type functions, Ri ∝ e
Δi
kBT [solid

curves in Fig. 3a]. The activation energies are determined as
Δs = 1550 K and Δct = 1730 K. Similar behaviors are observed
in (b) MeOH and (c) acetone solutions even though Rct is
scattered at higher temperatures. In (b) MeOH solution, the
activation energies are Δs = 1380 K and Δct = 1360 K. In (c)
acetone solution, the activation energies are Δs = 1830 K and
Δct = 2420 K.

Here, let's consider the solution dependence of the
resistance components. The magnitudes of R and Rs
gradually increase in the order aqueous, MeOH, and acetone
solutions. We note that Rct in MeOH solution is the smallest
among the three solutions.

Here, we recall that the magnitude of Rs is proportional
to d (ref. 28) and can be reduced by reducing d. Then, it
may be possible to make the R of the MeOH LTE
comparable to or smaller than that of the aqueous LTE.
Thus, the MeOH LTE with small d is a promising LTE
candidate with high Wmax.

2.2 Scaling relation between Rs and viscosity η

Now, let us discuss the solution parameter that governs the
magnitude of Rs. In bulk solution, the j-th ion feels both the
electric force (= |zj|eE, where |zj|, e, and E are the charge
number of the j-th ion, elementary charge, and electric field,
respectively) and frictional force proportional to the velocity
vj of the j-th ion. According to Stokes' law, the frictional force
is given as 6πηrjvj, where η and rj are the viscosity of the
solution and effective radius of the j-th ion, respectively.

Then, the mobility uj ≡
vj
E

� �
of the j-th ion is given as

uj ¼
zj
�� ��e
6πηrj

. On the other hand, Rs
−1 is expressed as

Rs
−1 ¼ sF

d

X
j

zj
�� ��ujcj,27 where F and cj are the Faraday

constant and molar concentration of the j-th ion, respectively.

By substituting uj ¼
zj
�� ��e
6πηrj

, we obtain Rs
−1 ¼ sFe

6πdη

X
j

cj zj
�� ��2
rj

.

Note that cj and zj are fixed in the present investigation. If
the solution dependence of rj can be ignored, Rs is
proportional to η.

Fig. 4(a) shows η against T in aqueous (open squares),
MeOH (open circles), and acetone (open triangles) solutions
containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. The T-dependence of η
was evaluated using a sine-wave vibro viscometer (SV-10; A&D
Company Limited) equipped with a heat bath. In all
solutions, η steeply decreases with T. Fig. 4b shows the
correlation between η and Rs. Open squares, circles, and

Fig. 3 Device resistance R (filled circles), solution resistance Rs (open
squares), and charge-transfer resistance Rct (open circles) against the
reciprocal of temperature T in (a) aqueous, (b) MeOH, and (c) acetone
solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. s and d were 42 mm2

and 10 mm, respectively. The solid curves are the results of least-
squares fits with activation-type functions, Ri ∝ e

Δi
kBT (i = s and ct),

where Δi is the activation energy.

Fig. 4 (a) Viscosity η against temperature T in aqueous (open squares),
MeOH (open circles), and acetone (open triangles) solutions containing
0.8 M Fe(ClO4)2/Fe(ClO4)3; (b) correlation between η and Rs. Open
squares, circles, and triangles represent the η of aqueous, MeOH and
acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3, respectively. s
and d were 42 mm2 and 10 mm, respectively. The straight line in (b) is
the result of least-squares fits.
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triangles represent the η of aqueous, MeOH and acetone
solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3, respectively.
As shown by the straight line, Rs increases almost linearly
with η regardless of the solvent type. This observation
indicates that the magnitude of Rs is governed by the η of the
solution. In other words, the development of low-η solution
would lead to a reduction in Rs. We note that the scaling
relationship between η and Rs does not hold in the dilute
solution. The η of the solvent increases in the order acetone
(0.32 mPa s), MeOH (0.62 mPa s) and water (1.01 mPa s).
Nevertheless, R is the smallest in aqueous solution even at
0.1 M.18

2.3 Resistance components of MeOH solution against t

Fig. 4a shows the I–V plots at different t in 0.8 M Fe(ClO4)2/
Fe(ClO4)3 MeOH solution at 298 K. s and d were 42 mm2 and
10 mm, respectively. For all electrodes, V increases in
proportion to I. R was evaluated from the slope of the plot.
Importantly, R decreases as t increases. Fig. 4b shows the
Cole–Cole plots of complex impedance at different t in 0.8 M
Fe(ClO4)2/Fe(ClO4)3 MeOH solution at 298 K. s and d were 42
mm2 and 10 mm, respectively. Solid curves are the results of
least-squares fits with a Randles equivalent circuit composed
of Rs, Rct, Cd, and Zω. The observed impedance is well
reproduced by the Randles equivalent circuit model.

Fig. 6a shows R−1 against t. R−1 slightly increases as t
increases in the small t region (t ≤ 60 μm), and then is
saturated to about 0.014 Ω−1. Fig. 5b shows Rs

−1 against t.
Rs

−1 (= 0.021 Ω−1) is almost independent of d, because the
macroscopic electric force between the electrodes is

independent of the electrode structure. A similar
t-independent behavior of Rs is observed in 0.8 M Fe(ClO4)2/
Fe(ClO4)3 aqueous solution.

28

Fig. 6c shows Rct
−1 against t. In the small t region (t ≤

50 μm), Rct
−1 increases as t increases. In the large t region

(t ≥ 50 μm), however, Rct
−1 is seriously scattered. This is

probably because the degree of dispersion of the graphite
particles varies from electrode to electrode, causing the
scattering if the data were plotted against t. On the other
hand, Rct

−1 is expected to increase in proportion to the
electrochemically active surface area (EASA), which is
usually evaluated by the Cd of the electrode.29–31 We
investigated a correlation between Cd and t [Fig. S5a†] and
correlation between Cd and Rct

−1 [Fig. S5b†]. We found that
the correlation between Cd and t is poor, supporting our
idea that the degree of dispersion varies from electrode to
electrode. Nevertheless, we found a good correlation
between Cd and Rct

−1, indicating that Rct
−1 is proportional

to the EASA.

2.4 Output characteristics of MeOH LTE

First, let us investigate the effect of the LTE orientation on
output power W. Fig. 7a shows the output characteristics of
MeOH whose d is 2 mm. The high (TH) and low (TL)
electrodes were 298 K and 328 K, respectively. ΔT was fixed at
30 K. The electrolyte is MeOH solution containing 0.8 M
Fe(ClO4)2/Fe(ClO4)3. The circles were the data of horizontally
oriented LTEs (denoted as “side”). The triangles and inverted
triangles were the data of vertically oriented LTEs whose TH-

Fig. 5 (a) Voltage V against current I in 0.8 M Fe(ClO4)2/Fe(ClO4)3
MeOH solution at 298 K at different electrode thicknesses t; (b) Cole–
Cole plots of complex impedance in 0.8 M Fe(ClO4)2/Fe(ClO4)3 MeOH
solution at 298 K at different t. s and d were 42 mm2 and 10 mm,
respectively. Straight lines in (a) are the results of least-squares fits.
Solid curves in (b) are the results of least-squares fits with a Randles
equivalent circuit composed of Rs, Rct, Cd, and Zω. The vertical axis in
(b) is shifted for each plot.

Fig. 6 Reciprocal of (a) R, (b) Rs, and (c) Rct against electrode
thickness t at 298 K. s and d were 42 mm2 and 10 mm, respectively.
The solid red straight line in (b) is the result of least-squares fits.
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electrode is at the top and bottom, respectively. In both the LTEs,

α ¼ V0

ΔT

� �
does not show any orientation dependence. The α

values of the MeOH (aqueous) LTE are 1.48 (1.22), 1.48 (1.25), and
1.48 (1.22) mV K−1 in the side, top, and bottom configurations,
respectively. This is because α is governed by the entropy change
at the reduction reaction and is not affected by the electrolyte
convection. On the other hand, W shows significant orientation
dependence. We evaluated the V0 and R′ of the LTE in operation

by least-squares fit of the I–V plot. Wmax ¼ V0
2

4R′

� �
steeply

decreases in the order side (0.52 W m−2), top (0.45 W m−2), and
bottom (0.42 W m−2) configurations. A similar orientation effect is
also observed in the aqueous LTE whose d is 2 mm (Fig. 7b).Wmax

steeply decreases in the order side (0.51 W m−2), top (0.46 W m−2),
and bottom (0.40 Wm−2) configurations.

The observed orientation effect can be ascribed to the
convection of the electrolyte caused by gravity. Yang et al.25

investigated the convection effect on W through fluid
simulations. In a horizontally oriented LTE, the direction of
temperature difference is perpendicular to that of gravity.
Then, the electrolyte near the TH-electrode rises, and then
moves to the TL-electrode when it reaches the top of the
electrode. The electrolyte near the TL-electrode descends, and
moves to the TH-electrode when it reaches the bottom of the
electrode. The resultant uniform convection throughout the
electrolyte effectively carries consumed redox ions to the
respective electrode and promotes the redox reaction there.
In a vertically oriented LTE, the direction of temperature
difference is parallel to that of gravity, and hence, uniform
convection throughout the electrolyte is difficult. Then, the
redox reaction at the electrode is not promoted as much,
because consumed ions are not sufficiently supplied by the
electrolyte convection. Consistent with our observation, their
simulation25 showed that W decreases in the order side, top,
and bottom configurations.

Next, let us compare the Wmax of (a) MeOH LTE with that
of (b) aqueous LTE. In the side configuration, the Wmax (=
0.52 W m−2) of the MeOH LTE is comparable with the Wmax

(= 0.51 W m−2) of the corresponding aqueous LTE. In the top
configuration, the Wmax (= 0.45 W m−2) of the MeOH LTE is
comparable with the Wmax (= 0.46 W m−2) of the
corresponding aqueous LTE. In the bottom configuration,
the Wmax (= 0.42 W m−2) of the MeOH LTE is 5% larger than
the Wmax (= 0.40 W m−2) of the corresponding aqueous LTE.
Thus, we demonstrated that the Wmax of the MeOH LTE is
slightly larger than or comparable with that of the
corresponding aqueous LTE. The large Wmax of the MeOH
LTE is ascribed to the large α and small Rct, because the
former causes high V0 and the latter causes small R′. In
Table 1, we compare the obtained Wmax of the MeOH LTE
with those of aqueous LTEs containing Fe2+/Fe3+ reported in
the literature. We note that the effective electric conductivity
σ strongly depends on d and ΔT, reflecting that Rct and Rdif
are independent of d and the convection effect is driven by
ΔT. Therefore, a direct comparison of Wmax evaluated at
different d and ΔT is difficult. Roughly speaking, however,
the Wmax of the MeOH LTE is comparable with those of
aqueous LTEs reported so far.

The dimensionless figure of merit ZT ¼ ασ2T
κ

� �
is a

significant parameter of LTE, since ZT determines the
thermal efficiency η. Nishitani et al.32 reported the κ of
several solutions containing Fe2(ClO4)2/Fe3(ClO4)3. The κ

Fig. 7 Output voltage V and power density W against current density I
of (a) MeOH (t = 115 μm) and (b) aqueous (t = 110 μm) LTEs at ΔT = 30
K. s and d were 42 mm2 and 2 mm, respectively. The electrolytes were
MeOH and aqueous solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3.
The circles are the data of horizontally oriented LTEs. The triangles and
inverted triangles are the data of vertically oriented LTEs whose TH-
electrode is at the top and bottom, respectively. Solid straight lines are
the results of least-squares fits of the I–V plots. Broken curves are the
results of least-squares fits with quadratic function.

Table 1 Output characteristics of LTEs containing Fe2+/Fe3+. ΔT, d, s,
and Wmax are the temperature difference, electrode distance, electrode
area, and maximum output, respectively

Solvent ΔT (K) d (mm) s (mm2) Wmax (W m−2) Ref.

H2O 25 8 64 0.60 20
H2O 20 7 200 0.07 21
H2O 30 10 13 0.50 22
H2O 30 2 42 0.51 This work
MeOH 30 2 42 0.52 This work
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values at 0.8 M are 0.23 and 0.46 W m−1 K−1 in the MeOH

and aqueous solutions. α ¼ V0

ΔT

� �
of the MeOH and aqueous

LTEs can be evaluated from Fig. 7: α = 1.48 and 1.22 mV K−1,

respectively. σ ¼ d
sR′

� �
of the MeOH and aqueous LTEs can be

evaluated from Table 2: σ = 0.213 and 0.280 S cm−1 in the side
configuration. We obtained ZT = 0.040 and 0.018 in the MeOH
and aqueous LTEs, respectively. The larger ZT in the MeOH
LTE is ascribed to the smaller κ of MeOH solution.

2.5 Resistance components of LTE in operation

Table 2 shows the R′ of the operating LTEs (ΔT = 30 K) and
the R of the non-operating LTE. We carefully performed a
series of measurements using the same LTE. Looking at
Table 2, one may notice a significant orientation dependence
of R′; R′ decreases in the order side, top, and bottom
configurations. As discussed in the previous subsection, the
orientation effect can be ascribed to the electrolyte
convection driven by ΔT. We further investigated the ΔT
dependence of R′ in the side configuration with fixing TL at
298 K (Fig. S6†). In the MeOH and aqueous LTEs, R′
decreases as ΔT increases: R′ = 26.8 (20.3), 24.4 (18.2), and
22.4 (15.6); Ω at ΔT = 10, 20 and 30 K, respectively. It is
reasonable that the convection effect becomes stronger (R′
becomes smaller) as ΔT increases. We further performed EIS
measurements of the operating and non-operating LTEs. The
Cole–Cole plot of the operating LTE is almost the same as

that of the non-operating LTE at T ¼ TH þ TL

2
(Fig. S7†). In

the MeOH and aqueous LTEs, Rs = 6.4–6.6 (3.4) Ω and Rct =
3.2–3.5 (4.8) Ω, respectively. Therefore, the convection effect
in the operating LTE mainly affects Rdif, but has little effect
on Rs and Rct.

Finally, let us compare R′ with the average value of R at TL
and TH. In the MeOH LTE, R′ in the top and bottom
configurations is larger than the average (= 24.1 Ω). In the
aqueous LTE, R′ in the top and bottom configurations is
larger than the average (= 16.1 Ω). This means that the
electrolyte convection has an enhancing effect on Rdif, in
addition to the aforementioned suppressing effect.25 As the

redox reaction progresses, the concentration of reactants/
products at the electrode surface changes in a way that
prevents further reaction. The resultant concentration
gradient drives the diffusion of reactants from (products into)
the bulk region, causing Rdif. The electrolyte convection also
enhances the mass transfer of the reactants/products,
causing the suppressing effect on Rdif. On the other hand,
the electrolyte convection tends to make the concentration in
the electrolyte uniform and to suppress the concentration
gradient in the vicinity of the electrode. This may be the
origin of the enhancing effect on Rdif.

3 Conclusions

In conclusion, we systematically investigated the resistance
components of LTEs composed of aqueous, MeOH and
acetone solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. We
found that the Rct of the MeOH LTE is the smallest among
the three LTEs. We demonstrated that the Wmax of the
MeOH LTE (d = 2 mm) is slightly larger than or
comparable with that of the corresponding aqueous LTE.
The MeOH LTE with small d is a promising LTE candidate
with high Wmax.

4 Experimental section
4.1 Coated electrode and electrolyte

Graphite powder (CAS RN: 7782-42-5, Wako Special Grade)
was purchased from FUJIFILM Wako Corp. and used as
received. The Raman scattering spectrum (Fig. S1†) at room
temperature shows two characteristic bands at 1350 cm−1

and 1580 cm−1. The former and the latter bands are ascribed
to the disorder (D) and graphene (G) bands, respectively. The
intensity of the D band is much smaller as compared with
that of the G band, indicating a small content of the defects.

The graphite powder and polyvinylidene difluoride (PVDF)
were mixed thoroughly in a ratio of 9 : 1 with N,N-
dimethylformamide (DMF).28 The mixture was coated onto
stainless steel foil (SUS304, 10 μm) with the use of a coating
machine. Then, the electrode was dried in vacuum at 60 °C.
The electrode thickness t, which was evaluated with a
micrometer, was controlled by the roll height of the machine.
Except for the measurement of the t-dependence of the
resistance components, t was fixed at ≈ 100 μm. Fig. S2†
shows the cross sectional and surface scanning electron
microscopy (SEM) images of the electrode (t = 131 μm). The
electrode consists of graphite particles with uneven surfaces.
The size distribution of the particles was determined to be 19
± 12 μm from 40 particles.

The electrolytes were aqueous, MeOH, and acetone
solutions containing 0.8 M Fe(ClO4)2·6.0H2O and 0.8 M
Fe(ClO4)3·7.1H2O. The solutes and solvent were purchased
from FUJIFILM Wako Corp. and used as received. The solute
concentration (= 0.8 M) was selected because the Wmax of the
aqueous LTE shows a maximum around 0.8 M.9

Table 2 Device resistance (R′) of LTEs in operation (ΔT = 30 K) together
with the device resistance (R) of the non-operating LTE (ΔT = 0 K). s and
d were 42 mm2 and 2 mm, respectively. The electrolytes were MeOH and
aqueous solutions containing 0.8 M Fe(ClO4)2/Fe(ClO4)3. The high (TH)
and low (TL) electrodes were 298 K and 328 K, respectively. R was
measured at TL and TH. Side means that the LTE was oriented
horizontally. Top and bottom means that the LTE was oriented vertically
with the TH-electrode located at the top and bottom, respectively

R′ (Ω) R (Ω)

Side Top Bottom TL TH

MeOH 22.4 25.9 27.7 27.3 20.8
H2O 17.0 18.2 20.2 18.6 13.5
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4.2 Fabrication of LTE

Resistance and output characteristics of LTE were
investigated with a specially-designed two-pole cell (Fig.
S3†).33 The cell consists of a cylindrical electrolyte tank and
two electrode plates. The electrolyte tank was a 7.3 mm ϕ

polytetrafluoroethylene (PTFE) cylinder. The electrode plate
was a Pt disk, whose inner surface was completely covered
with the coated electrodes. An aluminum base is attached to
the outside of each Pt electrode, and a Peltier element and a
cooling fan are attached to the base. The temperatures of the
high (TH) and low (TL) electrodes were independently
controlled with the Peltier element and cooling fan. TH and
TL were monitored with T-type thermocouples. The electrode
area s was 42 mm2. The electrode distance d was 10 mm or 2
mm.

4.3 Device resistance and resistance components

Device resistance, i.e., R at ΔT = 0 and R′ at finite ΔT, was
evaluated from the current I–voltage V relation. In the
measurement of R, TL and TH were fixed at T. The slope of
the I–V plot corresponds to R. The measurement of R was
performed with horizontally oriented LTE (side
configuration). In the measurement of R′, TL was fixed at 298
K. With the open circuit voltage V0 as the reference, V
changed in proportion to I. The slope of the I–V plot
corresponds to R′. We further investigated the orientation
and ΔT dependence of R′.

Resistance components, i.e., Rs and Rct, were evaluated by
electrochemical impedance spectroscopy (EIS) with the use of
a potentiostat (Vertex.One.EIS, Ivium Technologies). In the
EIS measurement, an alternative electric field is applied, and
the induced current component is sensitively detected. The
frequency range was from 1 Hz to 20 kHz, and the amplitude
was 10 mV. The EIS data were analyzed with a Randles
equivalent circuit,27 which consists of Rs, Rct, Cd, and ZW. ZW
is expressed as ZW = AW(ω

−1/2 − iω−1/2), where AW and ω are
the Warburg coefficient and angular velocity, respectively.
Unless otherwise stated, measurement was performed at ΔT =
0 K and in the side configuration.

4.4 Output characteristics of LTE

Output characteristics of LTE were investigated with fixing TL
at 298 K. The voltage V was measured against current I (≤ 1.0
mA). W is expressed as IV. V0 and R′ were evaluated by least-
squares fitting of the I–V plot. Wmax is expressed as

Wmax ¼ V0
2

4R′
. To accurately evaluate the convection effect on

V0, R′ and Wmax, we carefully investigated their orientation
dependence using the same LTE.
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