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1. Introduction

Thermogalvanic cells [1-3] may be used to generate

electricity through direct conversion of thermal

energy. Redox-type thermogalvanic cells with aque-
ous potassium ferrocyanide/potassium ferricyanide
solution have been studied by many researchers [4-7].
The solution fills the space between two inert elec-
trodes which are kept at different temperatures. Bur-
rows [4] measured a power density (w) of about
0.9 W m 2 at a temperature difference (AT') of 50K at
steady state. Quickenden et al. [5] measured w =
0.3Wm 2 at AT = 20K during the initial stage
immediately after loading the cell. In our laboratory,
thin layer redox-type cells [6, 7] have been under
research and development for several years. In two
earlier papers, w = 2.6 Wm~2at AT = 73K [6] and
w = 32Wm™2 at AT = 50K [7] were reported as
steady-state power densities. The latter power density
was obtained after optimizing values of the initial
concentrations and cell positions [7]. In the work
reported previously [4-7], temperature differences
were less than 100K, since aqueous electrolyte solu-
tions were used in conditions open to the atmosphere
[4, 5] or in cells with no antipressure mechanism [6, 7].
The purpose of the present work is to investigate the
performance of the cells at temperatures above 373 K
and subject to temperature differences larger than
100K using a high pressure cell. The redox couples
potassium ferrocyanide/potassium ferricyanide and
ferrous chloride/ferric chloride were used. The former
couple gives one of the highest thermoelectric powers
except for some radio isotope species [8].

2. Experimental procedure

A schematic of the experimental cell is shown in Fig.
1. Two circular platinum electrodes (10 mm diameter
and 1 mm thick) were mounted on two stainless steel
support plates. The cell was operated at temperatures
of up to 482K (vapour pressure = 1.8 MPa). The
electrodes were kept apart by a Teflon space (5 mm
inner diameter and 1 mm thick). The space between
the electrodes was filled with a 1:1 mixture of an
aqueous solution of the redox couple. When an
additional platinum electrode (0.5mm thick) was

placed between the original ones, the electrodes were
separated by two Teflon spacers (0.5 mm thick). The
temperature of the cold electrode was controlled by
circulating water while the temperature of the hot
electrode was regulated by an electric heater attached
to its support plate. The temperature of each electrode
was measured by thermocouples mounted near the
electrodes. The temperature of the cold electrode
(Tow) was 290 + 10K except for the cell with 0.8 M
[Fe(CN)]*~"~ solution, in which T}, was 323K.
Measurements were made for three cases; vertical
electrodes, horizontal electrodes heated from below,
and horizontal electrodes heated from above.
Aqueous solutions of potassium ferrocyanide and
potassium ferricyanide of 0.40 + 0.40 mol (kg water) ™'
(0.4 M [Fe(CN),]* - solution) and 0.80 + 0.80mol
(kgwater)™! (0.8M [Fe(CN),]* ~ solution) were
used. Solutions of ferric chloride and ferrous chloride
of 0.82 + 0.82M in 1M hydrochloric acid (0.8 M
Fe?*P* solution) and 1.6 + 1.6 M in 2 M hydrochloric
acid (1.6 M Fe?*”+ solution) were also used. With the
exception of the 0.8 M [Fe(CN);]* "~ solution, which
was prepared at about 320K to avoid precipitation,
all the solutions were prepared at room temperature.

3. Results and discussion
3.1. Open circuit potential difference

Figure 2 shows the measured values of open circuit
potential difference (A, ) at steady state against the
imposed temperature difference (AT). For a 1 mm
thick cell, it took about 10-20min to reach steady
state conditions [6, 9]. Measurements were carried out
with the cell placed in three different positions. Only
small differences were observed between the values of
A, in those positions. This indicates that the influ-
ence of natural convection on the measurements of
Ao, is negligible. The measured values of the
thermoelectric power (&6 = Ao, /AT), for small AT,
are given in Table 1.

In the experiments with the [Fe(CN),I*~"*~ redox
couple, |A¢,,| increased monotonically from 0V,
under isothermal conditions, to 0.25V for AT =
180 K. This process was obviously irreversible, since
when the same cell returned to isothermal conditions,
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Table 1. Performance of thermogalvanic cells with redox couples

Redox couple  Concentration  &* Wi AT
/M mVK' |Wm™? |[K
[Fe(CN),J**~ 04 —1.18 34 133 A
—1.24 20 137 v
—1.24 22 139 0O
Fe**/+ 0.8 0.68 24 142 A
0.68 6.6 142 v
0.67 7.9 142 0O
Fe**/3+ 1.6 0.49 1.5 133 &
0.44 2.7 133 v
0.50 4.1 133 [0
Fe? i+ 0.8 0.66 24 142 A}
0.65 2.6 142 v
0.66 4.5 150 0*

* at small temperature difference.

Wc

L

Wc

Fig. 1. Schematic illustration of the stainless steel cell. Eh, electric
heater; Pt, platinum electrode; Tc, thermocouple; Ti, Tefion
insulator; Ts, Teflon spacer; Wc, water circulation.

A open Was not zero. This was probably due to decom-
position of [Fe(CN)]*~”*~ during the experiment [10].

In the cell with the Fe**** redox couple, A¢,,, first
increased with increasing AT up to a maximum value
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Fig. 2. Open circuit potential difference (Ad,,.,) as a function of
temperature difference (AT). (a) Cells with [Fe(CN)]*~*~. Open
symbols, 0.4 M (T,,,, = 290 £+ 10K); filled symbols, 0.8 M (T,,,, =
323K). (b) Cells with Fe***+ solution (7,,, = 290 + 10K). Open
symbols, 0.8 M; filled symbols, 1.6 M. (c) cells with 0.8 M Fe?t/+
solution with an inserted electrode (7, = 290 £ 10K). (a) and
(a): horizontal electrodes heated from above; (v) and (¥): horizon-
tal electrodes heated from below; ([7]) and (M): vertical electrodes.

* under steady state at temperature difference of AT

¥ with an inserted electrode.

(a) horizontal electrodes heated from above; (V) horizontal elec-
trodes heated from below; ([1]) vertical electrodes.

of 0.065V for AT = 130K, and decreased thereafter.
This process proved to be reversible. It is possible to
explain this nonlinear behaviour of A@,,., in several
ways. (i) Increasing AT may at some stage initiate a
charge transfer reaction other than the Fe>*** redox

T T T T T T Y T T
50— ~
L (a) o’ J
R 7 v i
v
0 {W P — A—'l/. !
L] T ' T v T L}
R o
- (b) / 4
- a .
100 7 i
~ L v J
£ i 1
< L i
E S50~ o —
- ,V o
| D/Af\‘\/ R
A o -
A
L ooV J
0 —t—
50 ~ .
() /D/‘:‘ ]
L i
I o oo
| !///9/ :
: ) L ) | 1 L 1 L
0o 100 200

Fig. 3. Steady state current density (/) after applying A¢, ., —
(Adopen 1A 550, ) x (10mV) to the cells. (See also notes in Fig. 2).
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Fig. 4. Steady state current density (J) as a function of applied potential difference (A¢). (See also notes in Fig. 2.) (a) AT = 138K

(b) AT = 134K; (c) AT = 133K.

reaction, or may change the complex form of Fe?* or
Fe’*. Nonlinear behaviour due to the conformational
change was observed and reported previously for the
redox potential of cytochrome ¢ [11]. (ii) Thermo-
electric power is generally a linear function of the
applied temperature difference, i.e. ¢ = a + bAT,
where a and b are constants. This would imply that
A¢,, is a parabolic function of the temperature dif-
ference and, for certain values of ¢ and b, can have a
maximum value within the domain of the applied
values of AT [12].

The role of natural convection for the nonlinear
behaviour of A, in the Fe?*?* cell was investigated
by inserting an additional electrode, which suppressed
convection. The experimental results showed that the
value of AT for which A, had a maximum was only
slightly displaced (~20K) compared to the cell with
two electrodes, indicating that convection played only
a minor role.

3.2. Onset of convection

In order to study the influence of natural convection
on mass transfer, a potential difference of A, —
(AP open /|ADopen]) x (10mV) was applied on the elec-
trodes after the temperature difference had settled.
The steady state current densities are plotted against
AT in Fig. 3.

Experiments showed that, with the [Fe(CN)s]*~"~
redox couple, convection occurs both when the cell is
heated from below and when the cell is placed ver-
tically. The current density measured for the latter
case was larger than that for the former, Fig. 3(a).

With the Fe?*”+ redox couple, the current density
for small values of AT was larger when the cell was
heated from above than when heated from below,
indicating that natural convection occurred in the
former case, Fig. 3(b). This phenomenon, which does
not take place in the purely thermal counterparts of
this problem, can be attributed to Soret diffusion of
species moving to hotter regions under the influence of

a temperature gradient. For large values of AT
(> 120K), the current density was larger for the cell
heated from below than for the cell heated from
above.

3.3. E-I relations

Due to concentration polarization, the electric current
depended non-linearly on the applied potential for the
three different cell placements, Fig. 4(a) and (b). The
potential-current relationship, (E-I), became more
linear after the insertion of an additional platinum
electrode halfway between the first two, Fig. 4(c). The
currents measured for the three-electrode cell were
lower than those for the corresponding two-electrode
cell. This is perhaps due to a reduction in convective
transport.

3.4. Electric power

In previous work [6], the maximum power density
(Wmax) Observed for a potential difference A¢,.,/2 at
AT was shown to exceed a simple prediction of
W ~ (AT)* with g and electric conductivity (k) con-
stant. This was attributed to the increase in x caused
by a high average temperature in the cell. The increase
in electric power in the present case was below that
predicted by wy,, ~ (AT ) This is perhaps due to the
non-linearity of the E-I relationship (Fig. 4) and,
in the case of the Fe?*/* redox couple, due to the
decrease of ¢ with AT (Fig. 2(b) and (c)).

The vertically placed thermogalvanic cell, which
contained 0.4 M [Fe(CN)]*~"*~ solution, gave the lar-
gest electric power (22 W m~?) for AT = 139K (tem-
perature of the hot electrode: 433 K), Table 1. This is
seven times larger than the electric power generated in
a similar cell [7] for AT = 50K. For the Fe?*** solu-
tion, the electric power decreased for AT > 139K due
to the large decrease in [Ag,y.,|. Solutions with high
concentrations had lower power density for both the
redox couples, probably due to the lower « in the cell.
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The low k may arise from: (i) formation of ionic pairs
which do not contribute to ionic conduction, and (ii)
precipitation of salts on the low-temperature electrode
due to saturation.
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