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is consumed in the cold side and regenerated in the hot side while circulating in two
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chambers during operation. The Seebeck coefficient is 0.531 mV K1 at a cold side temperature of 60.0  C and the maximum power density could reach up to 20 mW cm2 with a
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temperature difference of 15.3  C between two electrodes.
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Introduction
Low-grade thermal energy is abundantly available in forms of
industrial waste heat, solar thermal, and geothermal. Several
devices, such as thermoelectric generators [1e9], thermogalvanic cells [10e14] and electrochemical heat engines [15],
have been developed for thermal to electric direct conversion.
Among them, the thermogalvanic cells are electrochemically
equivalent to semiconductor based thermoelectric devices.
These cells are closed electrochemical systems wherein the
reactants are regenerated by thermal energy from a heat
source which flows through the device to a heat sink
[10,16e19]. The merits of zero carbon emission, high reliability

and noise-free make the thermogalvanic cells an attractive
alternative for scavenging energy from low-grade heat [12,14].
A thermogalvanic cell consists of two electrodes in contact
with an electrolyte [7]. When a temperature gradient is present, a voltage proportional to the entropy change of redox
3
reaction is created. The FeðCNÞ4
6 =FeðCNÞ6 couple in aqueous
solution have been studied for a long time in thermogalvanic
cells because of its high Seebeck coefficient (1.4 mV K1, one
order of magnitude higher than typical semiconductor) and
the large exchange current density [14,20,21]. Series con3
2þ
3þ
nected n type ðFeðCNÞ4
6 =FeðCNÞ6 Þ and p type ðFe =Fe Þ
thermogalvanic element arrays were demonstrated by Maimani et al. and Zhang et al. displaying high power density and
low cost [10,12]. However, it suffers from shortcoming in that
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it is inconvenient to fabricate and packaging an aqueous
based thermogalvanic cell array in order to get a sufficient
voltage to power the application. Although the beta-alumina
00
ðb  Al2 O3 Þ solid electrolyte based alkali-metal thermal-toelectric conversion cells (AMTECs) have been used in spacecrafts with heat supplied from a radioisotope heat source
[16,22], it is unsuitable for low-grade heat harvesting due to its
high operating temperature (600e1200 K). Recently, Yang et al.
fabricate a wearable thermogalvanic device based on gel
electrolyte, demonstrating the facile integration and packaging using quasi-solid-state electrolyte [13]. Inspired by the
successful application of Nafion® in the field of energy conversion, including chemical energy to electrical energy (fuel
cell), kinetic energy to electrical energy (ionic polymer-metal
composites) and salinity gradient energy to electrical energy
(reverse electrodialysis) [3,24], we try to fabricate a proof-ofconcept cell that convert thermal energy to electrical energy
based on Nafion®.
Here we demonstrate a solid electrolyte thermogalvanic
cell transformed from a proton exchange membrane fuel cell
(PEMFC). The transform is realized by feeding hydrogen to
both anode and cathode chamber and connecting the two
chambers with gas tube. With a cold side temperature of
60.0  C and a temperature difference between two electrodes
of 15.3  C, a maximum power density of 20 mW cm2 is
achieved.

on both anode and cathode sides. The MEA with an active area
of 4.5 cm  4.5 cm were prepared by pressing the anode and
cathode on either side of a Nafion 117 membrane at 120.0  C.

Results and discussion
The membrane electrode assembly (MEA) consists of two gas
diffusion electrodes with a very thin layer of catalyst, pressed
to either side of the proton exchange membrane (Nafion® 117),
as shown in Fig. 1. The MEA used in this thermogalvanic cell is
immersed into hydrogen atmosphere. Provided a temperature
gradient is established between the two electrodes, there will
be a potential difference. Upon reaction, hydrogen separates
into protons and electrons at the cold electrode. Protons
migrate through the ion conducting membrane to the hot side
and electrons travel through the external circuit to do useful
work. On the hot side, the reverse reaction occurs, with protons reduced to hydrogen by consuming electrons. Through
the membrane we have a co-transport of proton and water
from the cold side to the hot side. The reaction taking place at
each electrode is: 12H2 þ tw H2 Oð1Þ ¼ Hþ þ e þ tw H2 Oð2Þ where tw
is the transference number of water.
The driving force for the thermogalvanic cell is the transport of entropy from the high temperature source to the low
temperature sink, as is the case for any heat engine [17]. The
open circuit potential across the terminals is given by Ref. [18]:

Material and methods

1
FdE ¼ SH2 dT  SHþ dT  Se ðPtÞ dT þ tw SH2 O
2

MEA preparation

where S is the partial molar entropy, S is the transported entropy, and other symbols have their usual meanings. By
dE
is
analogy with thermoelectric phenomena, the gradient dT
defined as Seebeck coefficient

The electrodes were prepared using a screen painting method.
Pt/C (Johnson Matthey Inc., Hispec 9100, 60 wt% Pt) were used
as the catalyst for both anode and cathode. The metal loadings
for both electrodes were 0.4 mg cm2. Carbon paper (TGP-H060) with a microporous layer was used as gas diffusion layers


ε¼

dE
dT1


¼
T2



1 1
SH2  SHþ þ tw SH2 O  Se ðPtÞ
F 2

(1)

(2)

Fig. 1 e Schematic of a thermogalvanic cell. The MEA consists of a proton conducting membrane (Nafion® 117) sandwiched
by two catalysed porous electrodes. The cell is filled with H2, wherein the anode and the cathode chambers are connected
together. Under a thermal gradient established by heat flow, hydrogen is consuming on the cold side and regenerating on
the hot side during operation.
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where T1 is the higher temperature. As show in Eq (2), ε is
temperature dependent, however, it seems probable that E
can usually be represented by a linear function of temperature
over a narrow range [18]. Fig. 2a shows the open circuit voltages increase linearly with the measured temperature
gradient. The value of ε increases from 0.269 mV K1 to
0.335 mV K1 with the temperature of the cold side end plate
rising from 40.0  C to 60.0  C. The increase in value of ε with
increasing temperature is most likely due to the increased
activity and conductivity of proton in Nafion® membrane.
It should be mentioned that the temperature measuring
points locate in the end plates, not at the electrodes. To get the
temperature difference between the two electrodes ðDTMEA Þ,
Fourier's law of heat conduction is used. At steady state, heat
flow through the sections of the cells must be identical, so
Fourier's law can be applied to each section as follows:
q¼

DTplate
DTMEA
DTt;c
DTtot

¼
¼
¼P
hMEA =kMEA
Rt;c
h=k þ Rt;c
hplate kplate

(3)

where h is the thickness, k is the thermal conductivity, Rt,c is
the thermal contact resistance. According to Eq. (3)

DTMEA ¼

hMEA
DTtot
P
kMEA
h=k þ Rt;c
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(4)

With the material properties given in Table 1, we get
DTMEA ¼ 15:3 C. After the temperature correction, the Seebeck
coefficient are z1.5 times higher than that the uncorrected
one, as shown in Fig. 2b.
The theoretical Seebeck coefficient can be calculated from
Eq (2). The first term, SH2 , i.e., the molar entropy of hydrogen
gas, is 130.68 J mol1K1 [25]. The next two terms, SHþ  tw SH2 O ,
i.e., the reversible entropy transferred due to the Nafion® 117
membrane, is 13.4 ± 0.2 J mol1 K1 at 25  C reported by Ratkje
et al. [26]. The last term, Se ðPtÞ , i.e., the transported entropy of
electrons in Pt, is 0.435 J mol1 K1 at 25  C [18,27], thus the
metallic contribution to the Seebeck coefficient is small,
4.5 mV K1. Substitution of numerical values into Eq. (2) yields
ε ¼ 0.534 mV K1. The estimation given here is close to our
corrected experiment value (0.513 mV K1) at a cold side
temperature of 60.0  C.
The discharge behavior of the cell with a temperature difference of 23.3  C between the end plates is shown in Fig. 3.
The cell voltage decreases linearly in the polarization curve.
Generally, there are three major types of polarization losses:
(1) activation polarization losses rising from electrochemical
reaction; (2) ohmic polarization losses rising from ionic and
electronic conduction; (3) concentration polarization losses
rising from mass transport. Hence, the slope of polarization
curve (Rslope) represents the whole resistance (a sum of the
kinetic, ohmic and mass-transport resistance). The value of
Rslope is 721 mU cm2, while the ohmic resistance of the cell
determined via current interruption method by an electronic
load (Arbin Instrument Corp.) is 691 mU cm2. The two values
are very close, indicating the performance of the cell is limited
by the ohmic resistance. It is reasonable considering that the
electrochemical oxidation of hydrogen on Pt surfaces and
hydrogen diffusion are fast, i.e., kinetic and mass-transport
losses can be neglected.
As shown in Fig. 3, with a corrected temperature difference
of 15.3  C between electrodes, i.e., a temperature difference
between two end plates of 23.3  C (cold side: 60.0  C), a
maximum power density of 20 mW cm2 is achieved. For a
linear ieV curve, the maximum power output is achieved at
V ¼ 12Voc when the internal resistance (Rint) of the cell is equal
to the external resistance:
Pmax ¼

2
Voc
4Rint

(5)

Substitution of Voc ¼ ε$DT into Eq. (5), we get
Pmax ¼

Fig. 2 e (a) Open circuit voltage versus temperature
difference between end plates. (b) Open circuit voltage
versus corrected temperature difference between
electrodes.

ε2 DT2
4Rint

(6)

This means that the maximum power is proportional to DT2
(assuming that ε is a constant). Hence, a normalized power
density, Pmax =A=DT2 , is used to evaluate the performance. The
cell demonstrated in this work without any optimization
shows a normalized power density of 8.5  102m W cm2K2,
as compared with 5.0  102 mW cm2 K2 reported by Hu and
5.4  102 mW cm2 K2 reported by Zhang of aqueous based
thermogalvanic cell [10,14].

25880

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 2 ( 2 0 1 7 ) 2 5 8 7 7 e2 5 8 8 1

Table 1 e Physical parameters and properties of materials used in the cell.
Subscript in Eq. (3)
MEA
End plate (316L)
Contact resistivity

Thickness (mm)

MEA
Plate

Thermal conductivitya(W/m K)

Ref.

0.288
15.24

[31,32]
[33]
[34]

0.58
52
4  104 m2 KW1

Thermal conductivity is temperature dependent, but the value will not differ much in the range of 40e80  C.

a

Fig. 3 e Polarization curve of the thermogalvanic cell with a
cold side temperature of 60.0  C and with a temperature
difference of 23.3  C between two end plates. The
calculated temperature difference is 15.3  C between two
electrodes.

The power conversion efficiency is defined as the ratio of
the electrical power output divided by the thermal power
flowing through the cell:
h¼

Pmax
Pmax
¼
Q
kAðDT=hÞ

(7)

Inserting the values of Pmax and Q into Eq. (7), we get the
efficiency of the cell relative to Carnot efficiency is 0.042%. All
the low temperature thermogalvanic cells suffer from inefficiency. Presently, the efficiencies of thermogalvanic cells
relative to their Carnot efficiencies are very low, ranging from
ca. 0.001% to 4% [11,21].
Substitution of Eq. (6) and Rini ¼ rðh=AÞ into Eq. (7) leads to
h¼

ε2 DT2
4rðh=AÞ

kAðDT=hÞ

¼

ε2 DT
4rk

ε2
rk

material Bi2Te3 (4  104 S m1) [28], the low efficiency is
attributed to the low ionic conductivity.
The durability for the thermogalvanic cell was evaluated by
recording the voltage while operating at a constant temperature difference (23.3  C) and current density (2 mA cm2). As
shown in Fig. 4, the voltage is nearly constant over time,
indicating a good durability of this thermogalvanic cell.
Considering the MEA based on Nafion® membrane is possible
to run 60000 h in PEMFC [29,30], and the operating condition
for thermogalvanic cell (without oxidant O2) is much less
aggressive than that for PEMFC, the durability of this cell is
expected to be much better than PEMFC.

Conclusions
(8)

The figure of merit Z is defined by
Z¼

Fig. 4 e Cell voltage during steady state operation at
2 mA cm¡2 with a temperature difference of 23.3  C between
two end plates and the cold side temperature of 60.0  C.

(9)

Then the efficiency is proportional to Z. Although thermogalvanic cell normally have high Seebeck coefficient ε, they
usually exhibit low ionic conductivity (1/r). The figure of merit,
Z, is 1  105 K1, which is lower than typical values for
semiconductor material (in the order of 103 K1). Considering
the ion conductivity in aqueous solution and Nafion® (in the
order of 10 S m1) is much lower than the electrical conductivity of best known commercially used thermoelectric

In summary, we have demonstrated a thermogalvanic cell
based on polymer electrolyte for harvesting low-grade thermal energy. The cell is transformed from a PEMFC by connecting the anode and cathode chamber with a gas tube and
filling hydrogen to both chambers and. Provided a temperature gradient is established through the cell, hydrogen is
consumed on the cold side and regenerated on the hot side
while circulating in two chambers during operation. The
performance of the cell is limited by the ohmic resistance
and
a
maximum
normalized
power
density
of
8.5  102 mW cm2 K2 is achieved, which is competitive with
aqueous based thermogalvanic cells. The solid state cell
design makes this type of thermogalvanic cell a promising
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device for harvesting low-grade waste-heat and environmental thermal energy.
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