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Abstract 
 
The important strategy for sustainable energy development is harvesting and conversion of low-grade 
waste heat into electricity using thermo-electrochemical cell. The presented paper is devoted to 
research of influence of electrolyte concentration on thermo-electrochemical cell output power at 
temperature gradients from 10 to 50 degrees. Investigated cells were prepared using oxidized multi-
walled carbon nanotubes based electrodes and ferri/ferrocyanide redox electrolyte. The parameters of 
equal electrical scheme of thermo-electrochemical cell were calculated using impedance spectroscopy 
date. It was found that thermo-electrochemical cell performances significantly depended on electrolyte 
concentration and it was shown that concentration dependence had a minimum at  
0.4 mol/L and a maximum at 0.3 mol/L. 
 
Keywords: carbon nanotubes, concentration, electrolyte, thermo-electrochemical cell, waste heat 
harvesting 
 
 
1. Introduction 
 

Harvesting of low-temperature waste heat is one of the most effective ways of 
sustainable energy development. The main feature of this type of energy is its immediate 
permanent presence in the surrounding objects. Most technological processes in various 
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industries, as well as the work of many machines and mechanisms, are accompanied by the 
release of a large amount of thermal energy that is dispersed into the environment. 

There are also many natural sources of low-grade heat, such as solar energy, heat of 
geothermal sources, daily temperature gradients etc. In addition to the low cost of energy 
production, it is one of the most environmentally friendly. The use of thermoelectric 
generators, along with solar panels and wind generators can make it possible to reduce 
electricity generation at classical power plants, including thermal power plants, which are 
one of the main problems of the ecological situation of individual regions. 

Thermo-electrochemical сells (thermocells or thermo-galvanic cells, TEC) are the 
cheapest and the simplest devices for conversion of low-grade waste heat (i.e., at 
temperatures ~ 200 °C) into electricity (Gunawan et al., 2013; Im et al., 2016). Low-grade 
waste heat produced via industrial or geothermal processes, is a particularly significant 
source of energy that has the potential to be harvested for the production of electricity. 
However, heat from low-grade thermal sources cannot be harvested in practice readily 
because of the absence of efficient, inexpensive technologies that can convert the waste heat 
into electricity.  

TEC have major advantages by comparisons of Wh/$ of solar or solid-state 
thermoelectric devices due to low cost. TEC consist of a redox electrolyte solution and two 
identical inert electrodes placed at different temperatures. TEC produce a steady electric 
current under an applied temperature difference between electrodes, i.e. it relies upon an 
entropy difference between two sides of a redox process. Currently there are no commercial 
applications of TEC because of their low energy conversion efficiencies and low areal output 
power (Im et al., 2016). The value of thermoelectric power of TEC about l-2 mV/K is higher 
than of semiconductor thermoelectric devices, that is why TEC are promising for harvesting 
of low-temperature waste heat. Various designs of TEC, electrolytes, electrode materials and 
redox couples were studied for improvement of energy conversion efficiency (Dupont et al., 
2017; Im et al., 2016; Shindrov et al., 2017). 

At the present a lot of research (Dupont et al., 2017; Zhang et al., 2017) is devoted to 
TEC based on the [Fe(CN)6]3-/[Fe(CN)6]4- system due to possibility of this redox system to 
produce high reaction entropy, which gives the high Seebeck coefficient and high exchange 
current. The reduction process (on the cold electrode) is represented by reaction scheme (1): 

 
3 4
6 6( ) ( )Fe CN e Fe CN− − −+ =  (1) 

 
This means that a trivalent iron atom Fe3+ getting an electron becomes a bivalent iron 

atom Fe2+ (Eq. 2): 
 

3 2 74.39 kJFe e Fe
mol

+ − ++ = +  (2) 

 
Since the reduction of Fe3+ to Fe2+ proceeds with energy release, it means that this 

reaction occurs on the cold electrode. The reverse (oxidative) reaction occurs on the hot 
electrode (Eqs. 3, 4): 
 

4 3
6 6( ) ( )Fe CN e Fe CN− − −− =  (3) 

 
2 3 74.39 kJFe e Fe

mol
+ − +− = −  (4) 
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Efficiency of TEC with electrolyte based on solutions of ferrates / ferrites is ensured 

by the rate of the electrode reaction according (Kazim and Cola, 2016). So it seems if the 
concentration of electrolyte in the near-electrode space is higher, the greater current will be 
produced by the cell and, accordingly, the output power will be higher. Considering that 
chemical processes in solutions are associated with ion activity, which is not always linearly 
dependent on the concentration, various nonlinear dependences of cell power on the 
electrolyte concentration are possible.  

Electrode material has a significant impact on characteristics of electrochemical 
devices (Alavanthar and Ellappan, 2018; Parulekar et al., 2018). Carbon nanotubes are 
considered as a promising electrode material (Bondarenko et al., 2013; Burmistrov et al., 
2017; Dupont et al., 2017; Wang et al., 2013), for many electrochemical devices. Many 
publications in the field of TEC with ferrates/ferrites electrolyte (Dupont et al., 2017; Im et 
al., 2016; Zhang et al., 2017) are devoted to electrodes based on native multi-walled carbon 
nanotubes (MWCNTs). However, MWCNTs surface is poorly wetted with aqueous solutions. 
Therefore, we used oxidized carbon nanotubes to improve the interaction between electrolyte 
and the surface of electrodes. 

Some authors (Dupont et al., 2017; Im et al., 2016; Quickenden and Mua 1995; Zhang 
et al., 2017) suggest that the high concentration of electrolyte can improve cell efficiency, 
because the high ions concentration improves the mass transfer. However, ion activity and 
solvation shell can also influence on the rate of electrode processes. Therefore the purpose of 
this study is the research of influence of the ferrates/ferrites electrolyte concentration on 
efficiency of TEC with oxidized MWCNTs electrodes. 

The main objective of this study is to study the dependence of the output specific 
power of a thermoelectrochemical cell on the electrolyte concentration and to establish the 
most optimal concentration value. 

This work is divided in six main parts: 
• Assembling a model capable of creating conditions for the study of 

thermoelectrochemical cells; 
• production of electrode materials and electrolytes; 
• study of the obtained electrode materials; 
• study of potentiodynamic characteristics of TEC; 
• study of the dependence TEC’s impedance on the electrolyte concentration; 
• analysis of results, drawing conclusion and explanation of the observed 

phenomena; 
 
2. Materials and methods 

 
2.1. Materials 

 
Figure 1A shows the TEC assembly scheme. Cell body consists of hot and cold plates 

(Fig. 1B) made of stainless steel to ensure the best thermal conductivity. These plates contact 
with the electrodes, the distance between them is provided by the distance frame. Hot and 
cold plates contact with the Peltier elements through a thermal interface. Radiators with 
active cooling are installed on the Peltier elements. (Fig. 1А). (Each Peltier element is 
actively cooled by CPU radiator with fan, which removes up to 65 W of heat flow.) Titanium 
foils (Ti – 99.9%, “MTK Metatechnika”, Russia) with a deposited layer of oxidized 
MWCNTs were studied as an electrode material. The electrodes size was 10 × 10 mm with 
the thickness of 0.34 mm. Oxidized MWCNTs of “Taunit-M” brand produced by 
NanoTechCenter LLC, Russia were used as a cover layer for electrode. The oxidation 
technique was described in detail in our previous work (Burmistrov et al., 2016). The 
specific surface area of the native MWCNTs is about 170 m2/g. Oxidized MWCNTs was 
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obtained by oxidation for 2 hours in concentrated HNO3 at the reaction temperature between 
100 and 105 °С and they are characterized with 2.6 nm-2 of oxygen-containing groups and 
specific surface area 140 m2/g. The decrease in specific surface area is due to surface 
cleaning, metal catalyst and amorphous carbon dissolving and also partial degradation of the 
MWCNTs. 

The cover layer using deep-coating technique was prepared. Titanium foils was 
vertically positioned into a dip-coater. It was immersed in the solution for 20 s then 
withdrawn upward at a continuous speed of 10 mm min–1. Immersion process was repeated 3 
times. The dip-coating was conducted in a glove box under an Ar atmosphere in order to 
avoid contamination. Titanium foils with coated MWCNTs was annealing at 200 °C for 30 
min. This heat-treating of CNT-coated film can improve adhesion between the CNTs and the 
electrode. The thickness of the MWCNTs cover layer was 1-2 μm.  

 

 
 

Fig. 1. A) Schematic assembly construction for heating and cooling the TEC; B) Schematic 
representation of TEC 

 
The device at Fig. 2A was used to provide the required electrode temperature. Peltier 

elements were used to create heat flow through the cell. These elements were controlled by 
regulation of the voltage in the DC circuit. The multi-channel DC source was designed (Fig. 
2) on the basis of a rectifier, four dimmers and four ripple smoothing circuits for this purpose. 

Excess heat from the Peltier elements was removed by system of radiators with fans 
to extend the range of measurement temperatures. Efficient heat transfer between the Peltier 
elements and the radiators was achieved by installing a thermal pad with thermal 
conductivity 6 W/mK. 

 
2.2. Measurement and characterization technique 

 
The cell was thermostated until a stable potential was established before starting the 

measurement. Electrochemical measurements were carried out using potentiostat P-50Pro 
(“Elins”, Russia) in the potentiostatic mode at the sweep with the scan rate of 1 mV/s; the 
initial voltage of the cell setting for the open circuit voltage, was measured in the voltmeter 
mode to the final value of 0 V). A new plate temperature was established. The next 
measurement was carried out after establishing a constant potential after the measurement. 
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Fig. 2. The Multichannel DC source: A) Scheme; B) Appearance 
 

The structure of the MWCNTs was studied by means of a transmission electron 
microscope JEOL JEM 1400 with an accelerating voltage of 120 kV. The studied samples 
were prepared by ultrasonic dispersion in ethanol followed by particle sedimentation from 
the upper part of stable suspensions on a substrate.  

Scanning electron microscopy (SEM) images and chemical composition of electrodes 
were obtained by scanning electron microscope «Explorer» ASPEX (USA) equipped with 
EDS analyzer. Raman spectroscopy measurements were carried out using Thermo DXR 
Raman microscope with 532 nm excitation laser set to output power of 9 mW in a spectral 
range of 50 – 4000 cm-1. Exposure time was set using OMNIC 8 function “auto exposure”.  

The impedance curves of a TEC in the frequency range from 0.01 Hz to 50 kHz with 
voltage amplitude of 15 mV were obtained by a Novocontrol impedance meter. 
 
3. Results and discussion 

 
The structure of studied MWCNTs is presented in Fig. 3. The MWCNTs have outer 

diameters around 20-60 nm, with an inner diameter around 20-30 µm and lengths in the 
range 2-20 µm.  As can be seen from SEM images (Fig. 3B), the thickness of the oxidized 
MWCNTs electrode layer is 1-2 μm. At the same time, the layer is rather dense and consists 
of tangled randomly oriented nanotubes. Results of elemental analysis (EDX) show that 
carbon predominates in the composition of the electrode layer; the manifestation of Ti peaks 
is associated with reflections from the titanium substrate of the electrode. The Raman 
spectrum of the MWCNTs sample is shown in fig. 4 and the bands are assigned as follows: 
1342 cm-1(D), 1573 cm-1 (G), 2676 cm-1 (2D). The intense 2D band and the ID/IG ratio of 
0.95 can indicate MWCNTs with a small amount of defects and a few numbers of layers. 

Measurements of the current-voltage characteristics (I-V curves) and the output 
power at the electrolyte concentrations of 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, and 0.6 mol/L were 
made in the presented research. The step of concentration change about 0.4 mol/L was 
reduced due to a significant change of cell efficiency indicators in this range. 

The cell output power (P) was calculated by the formula (5): 
 

0.25 OC SCP V I= ⋅ ⋅  (5) 
 

where VOC – open-circuit voltage and ISC – the short-circuit current. The dependences 
of the concentration on output power are presented in Fig. 5. 
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Fig. 3. A) Structure of the filler used in the work; B) SEM and TEM images of the MWCNTs 
 

 
Fig. 4. The Raman spectrum of the MWCNTs 

 
The analysis of the obtained dependence shows that the minimum power is observed 

at the concentration of 0.4 mol/L, and the power passes through the maximum at 
concentrations about 0.3 and 0.45 mol/L with the highest efficiency at the concentration of 
0.3 mol/L (Fig. 5). The observed dependence can be associated with the influence of ion 
activity and the contribution of solvation shells, the formation of which substantially depends 
on the concentration. It is obvious that processes, impeding the passage of the transition 
[Fe(CN)6]3- and [Fe(CN)6]4- occur with the concentration about 0.4 mol/L. Figure 6B shows 
complex impedance plots of TEC measured at different temperatures (Cole-Cole diagrams). 
The increase in concentration affects nonlinearly on the diameter of the semicircles. It is 
necessary to take into account that, obviously, the plotting of Cole-Cole diagrams represents 
two semicircles related to intergrain and bulk impedance (two types of relaxation processes) 
(Srinivas et al, 2003); in our case, one semicircle only takes place, indicating much higher 
value of bulk impedance. 
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Fig. 5. The dependence of the cell output power on the concentration 

 
The scheme in Fig. 6A was chosen as equivalent. The equivalent scheme of TEC 

consists of electrolyte resistance Rel, half the capacity of the electrical double layer Cdl/2, 
double Faraday resistance 2Rf (it corresponds to the resistance to charge transfer through the 
electric double layer), and the Warburg diffusion element. The element in the form of 
resistance is a classic in electrochemistry. In particular, it is used to simulate the resistance of 
an electrolyte, to image the transition of charges through a double layer, and to simulate the 
effective speed of this transition. It may be used for formal modeling proportional ratios in 
complex systems. The capacity element that shown in Fig. 6A, has the following physical 
meaning. The voltage on this element is proportional to the charge accumulated in it. In other 
words, the capacity element is a charge accumulation model. In addition to modeling the 
accumulation of charged particles of a substance, this component may be responsible for the 
delay of one process to another. 

The Warburg diffusion element is added to show the impedance of an ideal linear 
semi-infinite diffusion, which obeys Fick's law in the time domain. It is worth noting that the 
diffusion impedance of the Warburg type has one feature related to its additivity, which is 
predetermined in the initial hypothesis. This hypothesis assumes and establishes that the 
simulated linear diffusion is semi-infinite. This means that experimental conditions are set in 
a such way that the sinusoidal regime of the diffusion process never reaches the boundary of 
the diffusion layer. In real objects, layers with infinite thickness do not exist; therefore, the 
using of a such model means that sinusoidal frequencies are not sufficiently low to ensure the 
penetration of the diffusion sine wave to the boundary of the real diffusion layer.  

Values of the equivalent scheme parameters are shown in the summary graph (Fig. 7).  
Systems were at a temperature difference of 50 K. The electrolyte resistance value has a 
regular decline with increasing concentration. This can be explained by an increase in the 
number of charge carriers in the interelectrode space. The point of abnormally low resistance 
of charge transfer through the double layer is on the graph of Faraday resistance 2Rf. This 
behavior in the area of the electric double layer causes a decrease in the total electric charge 
accumulated by the double layer.  The analogous abnormally low value can be found in the 
dependence of the double layer capacitance Cdl/2. This is reflected in the fall of the open 
circuit voltage relative to other samples, which affects the value of the maximum power 
density. 

 325 



 
Artyukhov et al./Procedia Environmental Science, Engineering and Management, 6, 2019, 3, 319-327 

 
The low value of the Warburg diffusion resistance at a concentration point of 0.4 

mol/L confirms the hypothesis of a conductivity hopping in an electric double layer. One of 
the reasons for this phenomenon may be a change in the mechanism of conductivity. 

 
Fig. 6. A) Equivalent scheme of TEC; B) Cole-Cole plots obtained at different temperatures  

for the TEC 
 

 
Fig. 7. Values of equivalent scheme parameters 

 
4. Concluding remarks 
 

The concentration dependence of the output power density of the thermo-
electrochemical cell based on MWCNT electrodes and ferri/ferrocyanide redox electrolyte 
was studied. It was shown, that the current-voltage characteristics and power density of 
depended significantly on the electrolyte concentration.  

It was shown, that the impedance value depends on the electrolyte concentration 
nonlinearly. The influence of electrolyte concentration on each parameter of the cell’s 
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equivalent scheme was shown. The behavior of charges in the electric double layer in the 
presence of an endless redox process is complex and depends on many factors - the total 
concentration of the mediator in the electrolyte, for example. 
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