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ABSTRACT: An electrochemical thermocell realizes thermal
to electric energy conversion when two electrodes operate the
same reversible reaction but at different temperatures. Its
Seebeck coefficient is determined by the entropy change of the
redox reaction. Here we report a thermocell containing
acetone and iso-propanol as the redox couple, which can
achieve the highest reported Seebeck coefficient of −9.9 mV
K−1 when the hot side is above the boiling point of acetone.
Vaporization entropy of acetone increases the total entropy
change in the conversion of iso-propanol to acetone. In
addition, a concentration gradient of acetone caused by
evaporation and condensation increases the cell voltage significantly. Stable performance of the thermocell is enabled by a Pt−Sn
catalyst operating in a neutral pH electrolyte solution. The possibility of utilizing a liquid−gas phase change to increase the
Seebeck coefficient of thermocells opens a new venue for exploration.
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The electrochemical potentials of reversible electrode
reactions are usually functions of temperature due to

entropy changes. This effect can be explored to convert thermal
energy into electricity.1,2 Thermocells are constructed with
identical electrochemical redox pairs on both electrodes which
operate at different temperatures. As a result, a voltage is
generated in the thermocell.3−6 This simple setup and the use
of inexpensive materials as compared to solid thermoelectric
materials7 have stimulated its applications for waste heat
recovery,3,8,9 as a power source for wearable devices,10,11 and as
a liquid cooling system.12

Seebeck coefficient is a partial derivative of the electro-
chemical potential with respect to the temperature (∂E/∂T).13

Much effort has been devoted to maximize this value since a
large voltage directly translates to higher thermal efficiency
(η):14
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σ and κ are, respectively, the ionic and thermal conductivities of
the electrolyte solution. Voc is the open-circuit voltage, and ΔT
is the temperature gradient. Consider the following reversible
redox reaction: A + ne− ⇋ B.
Using the equation for Gibbs free energy and the Nernst

equation, the Seebeck coefficient is
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F is the Faraday constant, and R is the standard gas constant. n
is the stoichiometric number of electrons in the redox reaction.
ΔSredox and ΔSvap are entropy changes of redox reaction and
vaporization, respectively. The first term is negative when
oxidation occurs at higher temperatures, and thus the Seebeck
coefficient is negative, vice versa. cA1 and cA2 are the respective
concentrations of the redox species A in the hot and cold sides
of the thermocell, whereas the concentration of the species B is
assumed to be constant.15 ΔSredox of transition metal redox
couples was studied by Weaver and co-workers.16−19 The
solvent effect on ΔSredox and the Seebeck coefficient has also
been systematically studied.20−22 The Seebeck coefficient can
be increased by introducing the concentration difference
between cA1 and cA2 in eq 2, which is previously achieved by
exploring host−guest chemistry.15,23 However, the Seebeck
coefficient is still limited to ca. 2 mV K−1.
The Br2−Br− thermocell, which was first proposed by

Lalancette24 and developed by Endo,25 and Shindo,26,27 can
exhibit a Seebeck coefficient of 5.68 mV K−1 when the hot side
is operated above the boiling point of Br2.

26 The vaporization of
Br2 increases the Seebeck coefficient; however, the extremely
corrosive Br2 vapor limits its application. Previously, a thermally
regenerative fuel cell, using hydrogenation of acetone to iso-
propanol, was studied by Ando and co-workers.28−31 A
chemical heat pump involving dehydrogenation of iso-propanol
and hydrogenation of acetone was studied by Saito and co-
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workers.32−35 However, no study on the Seebeck coefficient
and thermoelectric power of a thermocell based on this couple
has been reported.
Here we demonstrate a thermocell based on the redox

couple of acetone and iso-propanol (Figure 1). When the hot

side is operated at a temperature above the boiling point of
acetone, its vaporization is utilized to create a large
concentration difference (cA1/cA2 < 1). The Seebeck coefficient
is raised to −9.9 mV K−1, the highest value reported so far for
any redox couple. The thermal efficiency is 1.57% with respect
to the Carnot efficiency, which is comparable to the
conventional ferri/ferrocyanide redox couple.36 Unlike the
Br2/Br

− couple, this redox couple is environmentally benign.
Reversible redox reaction of acetone and iso-propanol is
observed for the first time in a neutral pH solution. This is
essential for the application of thermocells, because self-
condensation of acetone occurs in both acidic and basic
solutions at elevated temperatures.37

Oxidation of alcohols including iso-propanol on a Sn-
modified Pt catalyst has been well-studied for the past two
decades.38−43 However, the reaction is usually conducted in
strong acidic solutions. When acetone is heated with strong
acid, the self-condensation readily occurs to produce phorone
and acetone-derived polymers.37 In addition, the reduction of
acetone to iso-propanol on platinum catalysts has not been
reported. Here, we electrodeposited a Pt−Sn catalyst on Pt
substrate, which forms an aggregation of the nanoparticles with
a diameter of 100 nm (Figure 2a, inset). Energy dispersive X-
ray analysis (EDX) reveals that the atomic ratio of Pt and Sn is
9:2 (Figure 2a).
Cyclic voltammetry of a mixture of acetone and iso-propanol

in a neutral pH solution (Figure 2b) shows peaks of reduction
of acetone and oxidation of iso-propanol at −0.35 and −0.15 V
at 21 °C, respectively. The peak height increases with the
square root of the scan rate (Figure S4, Supporting
Information), which indicates that the reaction is limited by
diffusion of the active species.44 The oxidative current of iso-
propanol increases with temperature, while the reductive peak
current of acetone decreases (Figure 2c). Oxidation of one iso-
propanol molecule produces one acetone and two protons,
which increases ΔSredox. Thus, the reaction equilibrium shifts to
the acetone side, and oxidation of iso-propanol dominates at

higher temperatures. These results indicate that a thermocell
with iso-propanol oxidation on the hot side and acetone
reduction on the cold side is expected to generate power.
Open-circuit voltage (Voc) increases linearly with increasing

temperature differences between the hot and cold sides (Figure
3a). The Seebeck coefficient is evaluated as a slope of the least-
squares fitting to the Voc. The Seebeck coefficient is −3.4 mV
K−1, between ΔT = 0 and 40 K; however, the value increases to
−9.9 mV K−1 as ΔT exceeds 40 K. We found out that the
heating of the gas bridge which connects the hot-side and cold-
side cells promotes the mass transfer of acetone vapor and is
essential for the increase of the Seebeck coefficient (Figure S5,
Supporting Information). Because acetone evaporates from the
hot side, cA1/cA2 < 1 in eq 2, and the Seebeck coefficient shift to
negative values. The concentrations of iso-propanol in the hot
side and cold side are approximated to be equal, because the
vapor pressure of iso-propanol is much smaller than that of
acetone (Figure S7a, Supporting Information).
ΔSredox is evaluated as 656 J K−1 mol−1 from the Seebeck

coefficient (−3.4 mV K−1) at ΔT < 40 K, where vaporization of
acetone is negligible. Duan and co-workers45 evaluated ΔSvap of
acetone in water as 230 J K−1 mol−1. According to eq 2, ΔSvap
contributes to the increase of Seebeck coefficient by −1.2 mV
K−1, as indicated in Figure 3b. We evaluated the partial pressure
and the concentration of acetone in the hot-side cell from
Henry’s law46 (Figure S7b,c, Supporting Information). The
partial pressure of acetone vapor increases significantly at ΔT >
40 K, and acetone vapor starts diffusing from the hot-side cell
to the cold-side cell. The concentration gradient has a greater
contribution to the increase of the Seebeck coefficient
compared to the vaporization entropy (Figure 3b).
The Seebeck coefficient and working temperature of the

thermocell are evaluated in this study, and the results reported
in the recent literature are summarized in Figure 3c. As

Figure 1. Scheme of the acetone−iso-propanol thermocell. Oxidation
of iso-propanol to acetone occurs at the hot side, and the reverse
reaction occurs at the cold side. Acetone vaporizes when hot-side
temperature is above its boiling point.

Figure 2. (a) Energy dispersive X-ray (EDX) analysis of Sn-modified
Pt catalyst. The inset shows the scanning electron microscopy (SEM)
image, and EDX was performed at the selected area. (b) Hydro-
genation/dehydrogenation of acetone and iso-propanol on the Pt−Sn
electrode at 21 °C with various scan rates. The first three cycles of
cyclic voltammetry of an aqueous solution of acetone and iso-propanol
(10 vol % each) with 1 M Li2SO4 as the supporting electrolyte are
shown. Baseline = aqueous solution of 1 M Li2SO4. (c) Cyclic
voltammetry when the temperature was raised from 21, to 48, and to
69 °C. Scan rate = 50 mV s−1.
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mentioned above, Seebeck coefficients of most of redox couples
are limited to around 2 mV K−1. Although the Br2/Br

− redox
couple exhibits a high Seebeck coefficient, the working
temperature is confined in a narrow range, because the Voc
rapidly decays to zero below 50 °C.26

An acetone−iso-propanol thermocell exhibits a high Seebeck
coefficient (−3.4 mV K−1) even below the boiling point of
acetone (20−60 °C), which effectively increases the range of
working temperature. Above 60 °C, the phase change of
acetone from the liquid to the gas state increases the Seebeck
coefficient by a factor of 3, reaching the highest value ever
reported. The working temperature of the organic thermocell
can be tailored by selecting the redox species with different
boiling points. For example, quinone-related compound, which
has been used in organic redox flow batteries,47,48 possibly
increases the working temperature above 100 °C.
Linear-sweep voltammetry (LSV) shows that output current

increases with increasing temperature differences (Figure 4a).
The slopes of current−voltage lines are the same, indicating the
resistance of the cell is unchanged with temperature. Cyclic
voltammetry (CV) at ΔT = 50 K (Figure 4b) shows a reversible
current−voltage profile. It is noteworthy that, in LSV
measurement, capacitive current (non-Faradaic current) can
increase the total current, while CV measurement uses a
staircase-voltage step (current is measured after voltage change)
to minimize the influence of capacitive current. The current−

voltage profiles at a scan rate of 5 and 50 mV s−1 overlap,
indicating that the current is limited by Ohmic resistance of the
cell, which is calculated as 11.5 kΩ. This high Ohmic resistance
may be due to the long distance between the hot-side and cold-
side electrodes (18 cm), which is designed to reduce the heat
flux from the hot side and realizes the large ΔT in our setup. At
a slower scan rate (1 mV s−1), reaction kinetics of acetone/iso-
propanol starts to limit the output current, and the current−
voltage profile deviates from linearity. The output current can
be improved by optimizing the cell dimension and decreasing
the distance between the electrodes.49

The output current measured by chronoamperometry at
discharge voltages of 0, 50, 100 mV (Figure 4c) qualitatively
agrees with the current−voltage profile (Figure 4b). The output
current at discharge voltage of 70 mV lasts for 60 h without
degradation, indicating that the Pt−Sn electrode is free from
poisoning of acetone/iso-propanol, and the concentration
gradient of acetone is maintained. Neutral pH solution is the
key for the long-term stable operation, whereas a precipitation
of self-polymerized acetone was observed in the sulfuric acid
solution (Figure S9, Supporting Information).
The ionic conductivity of the acetone−iso-propanol electro-

lyte was evaluated as 40 mS cm−1 at 47 °C (Figure S10,
Supporting Information). Thermal efficiency of the thermocell
discharged at 70 °C versus 23 °C is calculated from eq 1 (see
Supporting Information for the full derivations). The absolute
efficiency is η = 0.215%, which is 1.57% of the Carnot
efficiency. This value is comparable to the previously reported
efficiency of the Fe(CN)6

3−/4− redox couple.36

In summary, the Seebeck coefficient of the acetone−iso-
propanol redox couple is reported, which increases from −3.4

Figure 3. (a) Open-circuit voltage of the hot-side electrode vs the
cold-side electrode in an acetone−iso-propanol thermocell. Exper-
imental data obtained from the two thermocells is plotted. The cold-
side temperature is maintained at 20−23 °C. Seebeck coefficient is
evaluated from the least-squares fitting. (b) Simulation results of the
additional voltage due to the vaporization entropy (ΔSvap term) and
the concentration gradient (Nernst term) calculated from eq 2. The
sum of the two terms agrees with the experimental results in part a. (c)
Comparison between the Seebeck coefficient (absolute value) and the
working temperature of acetone−iso-propanol thermocell (red), and
those of other redox systems (blue): Fe(CN)6

3−/4− = ferri/
ferrocyanide;36 Co(bpy)3

2+/3+= cobalt trisbipyridyl;20 I3
−/I− + α-CD

(α -cyclodextrin as a host molecule);15 Br2/Br
−.26 Vaporization of

acetone realizes the highest Seebeck coefficient.

Figure 4. I−V plot and stability of acetone−iso-propanol thermocell.
(a) Linear-sweep voltammetry of the thermocell at various temper-
ature differences applied. Scan rate = 10 mV s−1. Each line is scanned
from the open-circuit voltage. (b) Cyclic voltammetry of the
thermocell at the temperature difference of 50 K. Each cycle is
scanned from the open-circuit voltage to 10 mV. (c) Chronoamper-
ometry of the thermocell discharged at 0, 50, and 100 mV for 1 h,
respectively, and (d) the thermocell discharged at 70 mV for 60 h.
Current values between each dot were averaged for clarity, and error
bars indicate the standard deviation. Active area of the Pt−Sn
electrode was 0.5 cm2 (a−d).
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mV K−1 to an unprecedented value of −9.9 mV K−1 above the
boiling point of acetone. We circumvented the problematic
poisoning of the catalyst, and self-condensation reaction of
acetone, by using a Sn-modified Pt catalyst, and a neutral pH
solution, respectively. In addition, the neutral pH solution is
free from corrosion and enables the use of metal containers,
which will facilitate the cell design.
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