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A B S T R A C T   

Thermo-electrochemical cells (TECs) are able to convert heat into electricity. They are formed by two electrodes 
(typically Pt) separated by a redox electrolyte (usually 0.4 M aqueous ferro/ferricyanide). The widely adopted 
architecture of TECs consists of the two electrodes separated by an electrolyte channel. To our knowledge, no 
studies have been reported exploring a different architecture. Here, we evaluate an alternative configuration, 
which comprises a substrate with the two electrodes at its ends and with the electrolyte added on the top 
contacting both electrodes, forming a planar configuration. We explore first the use of the standard Pt electrodes 
deposited on top of a conductive glass substrate. Then, we replace the Pt by nanostructured and porous Sb-doped 
SnO2. The planar configurations are compared with their corresponding typical architectures using the common 
ferro/ferricyanide electrolyte. It was found that the planar TEC with Sb:SnO2 reached a temperature coefficient 
of 1.76 mV/K, higher than the value obtained in the standard configuration with Sb:SnO2 (1.21 mV/K), and also 
higher than the planar architecture with Pt electrodes, which showed the typical value for the ferro/ferricyanide 
electrolyte (1.45 mV/K). As a consequence of this significantly larger value, a 29.7 % higher maximum power 
output than the planar TEC with Pt was observed. Our study identifies for the first time interesting new features 
when a planar architecture is employed, opening the door to explore in more detail this alternative configuration 
in TECs.   

1. Introduction 

More than 60 % of the global energy consumed is lost as waste heat, 
being more than 80 % at low temperature (<100 ◦C) [1]. Only a 10 % 
recovery of this waste heat would exceed the summation of the current 
renewable energies [2]. On the other hand, different heat sources such 
as the sun or even our own bodies are widely spread and could provide 
enough amount of energy to power low-consumption sensors and 
wearable devices [3]. Hence, it would be highly beneficial to have a 
technology able to convert this vast amount of energy into electricity. 

Thermo-electrochemical cells (TECs, or thermogalvanic cells or 
thermocells) are able to perform this by means of electrochemical pro
cesses [4]. They are formed by two electrodes separated by a redox 
electrolyte, which is typically a liquid or a gel. For this reason, they are 
intended for low temperature (<100 ◦C) applications [5,6]. Unlike 
conventional thermoelectrics, they show larger open-circuit potential vs 
temperature difference ratios, typically in the order of mV/K. The open- 
circuit potential in these cells rises due to the temperature dependency 
of the redox potential of the electrolyte (thermogalvanic effect) [7]. The 

benchmark TEC is formed by two Pt electrodes at different temperatures 
contacted by a 0.4 M ferro/ferricyanide aqueous redox electrolyte. This 
redox couple exhibits a temperature coefficient α of 1.40 mV/K [8]. 

The widely adopted architecture of TECs consists of the two elec
trodes separated by an electrolyte channel. Apart from this, U-shaped 
cells have also been reported casually [9,10], and other examples of 
different configurations can be found [11–13]. Here, we evaluate a 
different architecture, which comprises a substrate with the two elec
trodes at its ends and the electrolyte is added on the top contacting both 
electrodes, forming a planar configuration. In our study, we explore first 
the use of the standard Pt electrodes deposited on top of a conductive 
glass substrate. Then, we replace the Pt by nanostructured and porous 
Sb-doped SnO2 (ATO), which has been recently reported to be a suitable 
electrode material in TECs [14]. The planar configurations are compared 
with their corresponding typical architectures using the common ferro/ 
ferricyanide electrolyte. Interesting new features were found that 
encourage the further exploration of this architecture in TECs. 
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2. Experimental section 

Electrodes fabrication: Nanostructured and porous Sb:SnO2 films 
were deposited on top of F-doped SnO2 (FTO) glass substrates (Sigma 
Aldrich, 735167-EA) of 25 mm × 25 mm × 2.2 mm size, for the standard 
configuration, and 25 mm × 15 mm × 2.2 mm size for the in-plane case 
(see Fig. 1a). A previously described procedure was followed [15]. The 
substrates were cleaned before the ATO film deposition by means of 
three sonication steps of 15 min in different media. In the first step, 
sonication was performed using a soap (Labkem, SOAP-0685K0)/water 
solution (1:10 v/v). Then, distilled water to remove soap excess was 
used as second step. Finally, isopropanol (Labkem, PROL-P0P-5K0) 
media was employed for sonication. After this, substrates were dried 
under compressed air flow and treated in a UV-ozone cleaner (Ossila, 
L2002A2-UK) for 20 min. To avoid creating a short circuit in the planar 
configuration systems, two scratches were made on the FTO layer prior 
to the ATO deposition. These scratches were separated 3 mm, which is 
the separation distance between electrodes (see Fig. 1a, c and e). Sub
sequently, an Sb:SnO2 colloidal aqueous dispersion (Keeling & Walker, 
A20W) was deposited by spin coating (Laurell, WS-650MZ-23NPPB) at 
2500 rpm for 15 s, covering a centred area of the substrate of 15 mm ×
15 mm, for the standard configurations, and the whole substrate, except 
the area that separates the electrodes, for the planar systems (see 
Fig. 1a). Five Sb:SnO2 layers were deposited in all cases. After each layer 
deposition, a drying process was carried out on a hot plate at 100 ◦C for 
10 min. Finally, the films were annealed at 550 ◦C for 45 min in a 
furnace (Nabertherm, 400-1) with a 3 ◦C/min heating rate. The 
morphology of the films was analysed by scanning electron microscopy 
(SEM) using a JEOL 7001F instrument (Oxford Instruments). 

On the other hand, Pt electrodes were prepared by depositing Pt 
(target from Aname, SC502-314C) by sputtering (Quorum, Q300T D 
Plus) on the abovementioned cleaned FTO glasses during 6 min. The 
dimensions and location of the films were identical to the case of the 
ATO samples above, and the scratches to separate 3 mm the electrodes in 
the planar configuration samples were also performed (see Fig. 1a). 

Apart from the ATO and Pt electrodes, a bare FTO glass was also 
tested for comparison, which was also scratched as discussed. All the 
electrodes employed can be seen in Fig. 1a. 

Cells preparation: Three different symmetrical cells were prepared 
in the standard configuration. One of them using the FTO/ATO elec
trodes, another one with the Pt films deposited onto FTO glass, and the 

final one using only FTO glass. To improve the electrical contact in this 
configuration, a certain top area of the samples was painted with Ag 
paint (RS, 186–3600), as shown in Fig. 1a. In addition to the standard 
configuration cells, their corresponding planar versions were also pre
pared. In these cases, Ag paint was added at the ends of the electrodes 
and the 3 mm gap between electrodes was covered with tape to avoid 
contact with the electrolyte (see Fig. 1a, c and e). A solution of 0.4 M 
potassium ferrocyanide (Sigma Aldrich, P3289-100G) and 0.4 M po
tassium ferricyanide (Fluka, BCBT1564) in milli-Q water was employed 
as electrolyte in all the cells. All the chemicals were used as received. 

Characterization setups: To characterize the TECs in standard 
configuration, a custom setup was employed (see Fig. 1b and d). In order 
to establish a temperature difference across the cell, two copper blocks 
were employed. One of them, with 30 mm × 30 mm × 10 mm di
mensions and 2 cartridge heaters inserted (Watlow, C1A-9604), acted as 
the heat source. The heaters were powered using a Keithley 2601 source 
meter. A second larger copper block (Tangxi X00170O3IZ) of 40 mm ×
40 mm × 10 mm dimensions with a water circulation channel was used 
as the heat sink. A water circulator (PolySicence, SD07R-20-A12E) 
served to circulate the water at a certain temperature along the Cu block. 

The electrodes for each cell were centered on top of the copper 
blocks. Thermal grease (RS, 1938247) was used at all the glass/Cu in
terfaces to improve the thermal contacts. The electrodes were separated 
by a polytetrafluoroethylene (PTFE) piece which contained the elec
trolyte in a cylindrical channel of 10 mm length and 4 mm diameter. The 
channel connected to two top holes for the injection of the electrolyte. 
These holes were covered with tape after inserting the electrolyte to 
avoid evaporation. 

To avoid electrolyte leakage, two O-rings of 8 mm internal diameter 
were located at the sides of the PTFE piece and were pressed against the 
electrodes by a system formed by stainless steel plates and screws. Two 
stainless steel screws inserted in the Cu blocks were used as electrical 
contacts for the current flow and two spring probes were contacted on 
top of the Cu blocks to sense the voltage (see Fig. 1b). The Cu blocks 
were electrically connected to the electrodes by Ag paint (see Fig. 1b). 

On the other hand, a different setup was fabricated for the planar 
TECs. In order to establish the temperature difference in this setup, two 
metal blocks were employed. One of them made by Cu, with 30 mm ×
30 mm × 10 mm dimensions and 3 cartridge heaters inserted (Watlow, 
C1A-9604), acted as the heat source. The heaters were also powered 
using a Keithley 2601 source meter. A second block made of Al of 30 

Fig. 1. (a) Different electrodes employed. Schemes of the (b, c) setups and (d, e) cells used, when Sb:SnO2 was the electrode. (b, d) correspond to the standard 
configuration and (c, e) to the planar architecture (not to scale). (b) has been reprinted from ref. [14]. 
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mm × 30 mm × 12 mm dimensions (Flyphant 30B3334A) with a water 
circulation channel was used as the heat sink. The same water circulator 
(PolySicence, SD07R-20-A12E) was employed to circulate the water at a 
certain temperature along this block. The FTO substrates with the 
electrodes were placed on top of the metal blocks, which were separated 
3 mm by a PTFE bridge (see Fig. 1c). The latter helps to avoid breaking 
the sample during the time a pressure is applied by an O-ring to allocate 
the liquid electrolyte. Thermal grease (RS, 2173835) was used at the 
substrate/metal block interfaces to improve the thermal contacts. It 
should be noted that the bridge length is the same as the gap between the 
electrodes. 

A holed polyetheretherketone (PEEK) block with a rectangular O- 
ring at the bottom side was placed on top of the glass substrate to allow 
the location of the electrolyte (see Fig. 1c). The location of the O-ring 
pressing the film can be seen in Fig. 1c. Once the electrolyte was added, a 
PTFE lid was placed to avoid evaporation. The PEEK block also has holes 
for positioning two thermocouples and several screws to provide a 
gentle pressure to avoid electrolyte leakage. The electric contacts to the 
external circuit were made with four spring probes (RS, 261–5092) 
contacting on the Ag contacts, as shown in Fig. 1c. The area of each 
electrode in contact with the electrolyte for this setup was 8.5 mm × 4.5 
mm. 

Measurements: The temperature coefficient α, was obtained from 
the slope of an open-circuit voltage Voc vs the temperature difference ΔT 
plot. The Voc was measured with a Keithley 2100 nanovoltmeter. The 
temperature difference was increased in steps of ≈2.5 K, from 0 up to 
≈10 K, keeping the cold side temperature TC fixed at 25.0 ◦C. To monitor 
the temperature, two K-type thermocouples (RS, 814–0134) and a dual 
thermometer (RS,123-2214) were employed. The thermocouples were 
positioned on top of the electrodes in the standard setup (see Fig. 1b) 
and on top of the substrate, aligned with the ends of the metal blocks 
(see Fig. 1c), in the planar system. In both cases, a bit of thermal grease 
was applied at their tips for thermalization. 

To evaluate the performance of the TECs, impedance spectroscopy 
was used. Impedance measurements were carried out oscillating around 
the Voc value when the cells were under a ΔT = 10 K (TC = 25.0 ◦C) using 
an amplitude of 15 mV in a frequency range from 1 MHz to 1 mHz. A 
Metrohm-Autolab PGSTAT302N potentiostat equipped with a FRA32M 
frequency response analyser controlled by Nova 1.11 software was used. 
ZView 3.5 h was employed to fit the experimental impedance results to 
different equivalent circuits. 

3. Results and discussion 

Fig. 2 shows SEM images of the ATO film employed. It can be seen 
that the film is formed by interconnected nanoparticles of sizes below 
10 nm. Moreover, pores are present with sizes not larger than around 30 

nm (see inset of Fig. 2a). A thickness value of 550 nm was estimated 
from the cross-sectional image (Fig. 2b). It should be noted that the 
expected phase (cassiterite SnO2) was previously identified by XRD ex
periments in our previous article [15]. Also, it can be seen in that 
reference that no changes in the XRD patterns were observed after the 
annealing process. Similarly, an EDX analysis from the same article 
showed no changes in the chemical composition of the film after the 
thermal treatment. 

Fig. 3 shows the impedance results obtained for each cell with their 
corresponding fittings, performed using the equivalent circuits shown in 
the inset [14,16]. The fitted parameters with their corresponding errors 
are shown in Table 1. On the one hand, for the TECs with the ATO and Pt 
electrodes, either in standard or planar configuration, an equivalent 
circuit formed by a series resistance Rs (accounting for the cables, con
tacts and electrolyte resistances) and the finite-length Warburg imped
ance with a transmissive boundary (short-circuit terminus Ws), both 
connected in series, was used (see inset of Fig. 3a). The impedance of the 
Ws element is defined as ZWs = Rmt(jωd2/D)-p tanh[(jωd2/D)p], being Rmt 
the mass-transport resistance, related to the diffusion of the redox spe
cies to/from the electrodes, j=(− 1)0.5, ω the angular frequency, d the 
diffusion length, D the diffusion coefficient of the redox species 
(assumed equal for both molecules), and p an exponent, which accounts 
for deviations from the ideal value (p = 0.5) [17,18]. 

On the other hand, when bare FTO glasses were used as electrodes 
two new elements in the equivalent circuit, a charge-transfer resistance 
Rct, related to the kinetics of the transfer of electrons between the redox 
species and the electrodes, and a double-layer capacitor, accounting for 
the accumulation of charge at the electrode/electrolyte interface, were 
added to the previous equivalent circuit (see inset of Fig. 3b). These two 
elements (Rct and Cdl) produce the semicircle observed at the left part in 
the Nyquist plots (see Fig. 3) [19]. In the case of the ATO and Pt elec
trodes, this semicircle does not appear, indicating good redox kinetics, 
as previously reported by our group [14]. 

From the impedance analysis (Table 1), the different processes that 
govern the performance of the cells can be identified. First, it can be seen 
that the Rs values are similar within each configuration, which is ex
pected since the electrolyte and dimensions of the different cell elements 
are similar. When comparing both configurations, a higher Rs value is 
found for the standard case, which we attribute to a larger electrolyte 
resistance due to the higher separation between electrodes (10 mm in 
the standard case vs 3 mm in the planar configuration). 

Regarding the mass transport, Rmt values are again similar within the 
cells of each configuration, as expected, since the same electrolyte is 
used. However, this is not the case for the system with ATO electrodes in 
in-plane configuration, which shows a Rmt value around 7 Ω higher than 
the other two planar cells. This could be due to the somewhat more 
difficult diffusion of the redox species within the nanostructured and 

Fig. 2. (a) Top and (b) cross-sectional SEM images of an Sb:SnO2 film prepared (reprinted from ref. [14]).  
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porous morphology of the electrodes in the direction parallel to the 
substrate. In the standard configuration, the diffusion basically takes 
place in the direction perpendicular to the electrode. When comparing 
both configurations, again higher Rmt values are observed for the stan
dard case (see Table 1), which we also attribute to the larger inter- 
electrode distance. 

If we analyse now the different temperature coefficient values shown 
in Table 1, a significantly higher value of 1.76 mV/K was measured for 

the ATO system in planar configuration, which is 21.4 % higher than the 
value found for the cell with Pt electrodes in the same configuration 
(1.45 mV/K), which is in agreement with the standard value reported for 
this electrolyte (1.40 mV/K). Although we cannot find a clear explana
tion for this significant increase at this stage, we think that it might be 
related to the restrictions that the redox species can find when located 
within the intricated porous structure of the ATO film. In the standard 
configuration, where the temperature coefficient was 1.21 mV/K, the 

Fig. 3. Impedance spectra (Nyquist plots) for the cells in (a) standard and (b) in-plane configurations with Sb:SnO2 (blue), Pt (green) and bare FTO (pink) electrodes. 
The lines correspond to the fittings performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Temperature coefficient (α), series (Rs) and charge-transfer (Rct) resistances, double-layer capacitance (Cdl), mass-transfer resistance (Rmt), exponent (p) and Rdc of the 
different thermo-electrochemical cells in both horizontal and in-plane configurations when ΔT = 10 K. Relative errors are shown between brackets. The maximum 
power output (Pmax) is also indicated.   

Electrodes α 
(mV/K) 

Rs 

(Ω) 
Rct 

(Ω) 
Cdl(µF) Rmt 

(Ω) 
p Rdc 

(Ω) 
Pmax 

(µW) 

Standard FTO/ATO 1.21(0.89 %) 50.3(0.10 %) − − 64.0(0.53 %) 0.459(0.48 %) 114  0.321 
FTO/Pt 1.46(0.19 %) 48.4(0.17 %) − − 62.5(0.98 %) 0.408(0.49 %) 111  0.480 
FTO 1.29(0.13 %) 51.2(0.32 %) 10.0(1.73 %) 0.603(4.59 %) 62.5(0.97 %) 0.455(0.83 %) 124  0.335 

In-plane FTO/ATO 1.76(0.41 %) 25.9 
(0.14 %) 

− − 48.3 
(0.85 %) 

0.430 
(0.59 %) 

74  1.05 

FTO/Pt 1.45(0.29 %) 23.4(0.11 %) − − 41.8(0.44 %) 0.428(0.42 %) 65  0.809 
FTO 1.42(0.22 %) 27.3(0.28 %) 11.0(0.88 %) 0.493(2.52 %) 41.1(0.90 %) 0.442(0.94 %) 79  0.638  

Fig. 4. Current-voltage (solid lines) and power output-current (dashed lines) curves under a 10 K temperature difference (cold side temperature kept fixed at 25 ◦C) 
for the cells with the Sb:SnO2 films, the Pt electrodes, and the FTO-only cell in both configurations. 
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length of the diffusion path of the species within the ATO electrode is 
very short, since the film thickness is 550 nm. However, due to the 
change in orientation, in the planar configuration the diffusion paths can 
reach a few mm (electrodes length is 4.5 mm) when moving in the di
rection parallel to the substrate, which is a much higher value. This 
suggestion is in agreement with the higher Rmt value found discussed 
above. In any case, further studies will be conducted to try to explain in 
more detail this new effect observed. 

In order to analyse the performance of the different cells, the cur
rent–voltage I-V curves [20] and the power output were obtained at ΔT 
= 10 K (see Fig. 4). For the determination of the I-V curves the values of 
the Voc and the dc resistance Rdc were considered. This dc resistance was 
extracted from the impedance results (see Table 1) and comprises the 
addition of all the different resistances identified in the impedance 
analysis (Rdc = Rs + Rct + Rmt). This method to obtain the I-V curves has 
been validated [16] and also employed [14] by us previously. Its validity 
relies in the fact that the dc resistance governs the slope of the I-V curve 
[14,16]. Hence, if the open-circuit voltage (Voc = αΔT) and Rdc are 
known, the I-V curves and the maximum power [Pmax = Voc

2/(4Rdc)] can 
be obtained (Fig. 4 and Table 1). When comparing the cells in planar 
configuration, it can be observed that a 29.7 % higher Pmax can be 
reached in the ATO cell than in the Pt case. This is due to the larger 
temperature coefficient, despite having a somewhat higher Rmt. 

It should be noticed that larger Pmax values were obtained in all the 
in-plane systems when compared to their corresponding standard cells. 
However, this is not a fair comparison since the dimensions of both 
systems differ and the transport of the redox species is not exclusively 
one-dimensional in the in-plane architecture, as it is in the standard 
case. 

4. Conclusions 

An analysis of a new architecture for a thermo-electrochemical cell 
has been performed. Unlike the standard configuration where a redox 
electrolyte is sandwiched by two similar electrodes (typically Pt), the 
new architecture comprises a substrate (FTO glass) with the two elec
trodes deposited at its ends and the 0.4 M aqueous ferro/ferricyanide 
electrolyte added on the top contacting both electrodes, forming a 
planar configuration. Different cells were prepared using Pt films and 
nanostructured and porous Sb-doped SnO2 electrodes in both architec
tures (standard and in-plane). Interestingly, a significantly higher tem
perature coefficient was found for the in-plane configuration when Sb: 
SnO2 was used as electrode (1.76 mV/K), higher than the value obtained 
in the standard configuration with Sb:SnO2 (1.21 mV/K), and also 
higher than the planar architecture with Pt electrodes, which showed 
the typical value for the ferro/ferricyanide electrolyte (1.45 mV/K). An 
analysis of these systems by impedance spectroscopy revealed that the 
main difference between the cells with planar configuration relies on a 
somewhat higher mass-transport resistance found for the Sb:SnO2 sys
tem. In any case, the temperature coefficient improvement was more 
relevant and the maximum power output for the in-plane Sb:SnO2 cell 
was 29.7 % higher than when using the typical Pt electrodes. Our study 
identifies for the first time interesting new features when a planar ar
chitecture is employed, opening the door to explore in more detail this 
alternative configuration. 
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