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The conditions for measuring thermal diffusion and thermoelectric effects in a non-
isothermal element with composite electrodes based on powdered iron and carbon in al
kaline electrolytes were determined using electrochemical impedance spectroscopy. The
impact of the concentration of the components with various nature of conductivity on the
appearance of additional heat capacitance and the Sore effect was shown by the calcula-
tions of the capacitance and the capacitance’s dispersion in the low and high- frequency
measurement ranges. An electrical equivalent circuit of a non-isothermal thermal gal-
vanic element based on an iron-carbon composite electrode and an alkaline electrolyte
was proposed.
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INTRODUCTION. Directed conwersion
of thermal energy into electrical energy us-
ing thermogalvanic systems (TGS) is one of
the ways of modern chemical current
sources dewvelopment. The first works on
study of thermogalvanic cells were focused
on the establishment of thermal diffusional
potentials, which are related to the Sore ef-
fect under non-isothermal conditions [4-6].
In the work [7], a mathematical approxima-
tion was deweloped for a transitive open
thermal galvanic system that took into ac-
count the equilibrium of thermal diffusion

ions. Later the researches were focused on
using of various redox electrolytes and the
entropy analysis of their reactions with plat-
inum electrodes. They showed that aqueous
ferri/fferrocyanide potassium solutions have
one of the highest entropy (-180 J mol-K™)
of the redox reactions. In addition to that, the
efficiency of these cells was low enough
<0.1% with a maximum electrical power up
to 3 W/m® [8-11]. In 2001 it was demon-
strated the rapid kinetics of redox reactions
using ferric/potassium ferrocyanide on
electrodes from multilayer carbon nano-
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tubes (MWCNT) [11]. This confirmed the
significant influence of the electrode’s mate-
rials and its structure on the ways of redox
reactions and the formation of temperature
gradients Thus, it is possible to realize not
only the Sore effect, but also the Seebeck
effect, when the temperature difference ex-
ists between two different electrical conduc-
tors or semiconductors and creates a voltage
on two materials:

E=S(T,-Ty), VK

S — Seebeck coefficient.

So, it is possible the significant increas-
ing the efficiency of thermogalvanic (TG)
elements by using composite electrodes con-
sisted of the combination of materials with
different nature of the conductivity (presence
of the metal iron particles with electronic
conductivity covered by mixture of iron ox-
ides with ionic conductivity of n- and p-
types according to oxygen content [12-15])
and layered structure.

On the other hand, the thermogalvanic
element could be considered as a normal
current source in which the effective wvoltage
and electric current varies depending on the
external resistance (re,). The ion transport is
realized by combining of conwvection, migra-
tion and thermal diffusion in such source.
The current flow is presented during sup-
porting of the temperature difference [16].
When r.,; — 0, the current I — 1, (I, is the
short-circuit current) and when rg; — oo,
-0, the load woltage U— U, (U, open cir-
cuit voltage). In the general case, the internal
resistance r can be calculated from the se-
cond Kirchhoff equation for a closed circuit
[16]:

(1)

r= UO/I — Text (2)
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Taking that into account it becomes
possible to use electrochemical impedance
spectroscopy (EIS) to establish the nature of
external and internal resistance in such sys-
tems.

Therefore, the aim of this work was to
determine the nature of the thermogalvanic
effects occurrence in non-isothermal ele-
ments with composite electrodes of pow-
dered iron and carbon in alkaline electrolytes
using electrochemical impedance spectros-
copy (EIS).

EXPERIMENT AND DISCUSSION OF
THE RESULTS. The thermogalvanic ele-
ments with composite electrodes based on
mixtures of powedered iron and carbon in
different ratios and 19 M NaOH electrolyte
were selected as non-isothermal TG systems.
The disk elements were assembled in the
standard size 20x16 mm. The iron brand
powder FGD 3.200.28-30 with a bulk densi-
ty of 2.7 0.2 g/lcm® and a particle size of up
to 300 um was chosen as the main compo-
nent of the electrode composition. (Table 1).

Tablel.
Mass fraction of impurities in powdered iron,
wt. %

C Si Mn S P @)

005 008 020 002 002 05

The elements were tested in the tem-
perature range 15-45 °C. OCV. The imped-
ance spectra have been obtained in the fre-
quency range 1072-10° Hz in a two-electrode

cell (disk cell) on an Autolab 30
PGSTAT301N Metrohm Autolab
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gtir?dlaer?i.enthalpy of redox reactions with oxygen and carbon for iron and its oxides [13-16].
Reaction equation AH, kJ/M Reaction equation AH, kJ/M
2Fe + 3/20,— FeO -824 FeO + C— Fe + CO +100
2FeO+ 1/2 O— Fe304 -280 FeO + CO— Fe + CO; +17
Fe,O3+ Fe = 3FeO +14,7 3Fe;03 + CO =2Fe304+ CO, +58
Fe,O3+ Fe = 4FeO +16,8 Fes04 + CO = 3FeO + CO; +38
4Fe0+0; = 2Fey03 -400 2Fe;03+C = 4FeO+CO; +200

electrochemical module equipped by a Fre-
quency Response Analyzer (FRA). For
providing the required temperature interval
during the cyclization it was used a thermo-
stat with temperature performance T + 1 °C.
The EIS measurements were realized in the
frequency range 107%-10° Hz. The results
were processed using Nova 2.1 and ZView2
software. The open circuit voltage (OCV) of
the elements was determined by two meth-
ods: using a DT-832 high-voltage voltmeter
and on the PGSTAT302N Metrohm Autolab
electrochemical module.

The presence of the oxidized surface’s
forms of the iron is the preconditions for the
implementation of seweral thermochemical
reactions. According to thermodynamic
properties of the compounds, the nature of
the oxidation reactions with oxygen is exo-
thermic, the reduction reactions realized as
disproportionated reactions and the reactions
with carbon and carbon monoxide are endo-
thermic (Table 2).

The summary calculations of the basic
molar enthalpy of the iron reactions in these
systems: X AH,,— X AH,,,= -1504 + 4445

110

= 1059,5 (xJ/M) suggest that presence of
external impact of temperature, which
changes the thermodynamic equilibrium and
forms the local zones with appropriate
chemical potential. Thus, the presence of
carbon and powdered iron in the electrode
composition creates thermodynamic precon-
ditions for the appearance of temperature
gradients on the electrode surface in the ab-
sence of external electrical load [14-17].

Elemental analysis of the iron powder
surface determined the presence of the iron
oxides mixture on its surface [15]. Such
mixture of iron and iron oxides is a mixture
of conductors, n- and p-type semiconductors,
which under the exothermic reaction are able
to form temperature gradients and realize the
Seebeck effect. So, it is possible to use the
model of the heat exchanger in the system of
thermogalvanic element. In this case, the
typical values of the thermoelectric indices
considerable shift to the low frequency range
of the impedance spectra and be characteriz-
ing by the maximum of phase angle shift:

@ = arc tan (j—,) (3)
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Correlating with a change |Z]:

2| =VZTHZ7 =2 ()

ac

By the values of |Z| it is possible to

50000 ;Z"-0hm

Q
(]

40000 -

calculate the RI parameter, the voltage drop 300001 .o 3
at the appearance of thermal power and the 20000 4 o0 ©
changing of the current power in conditions o

of constant external temperature:

. RI é

lO - ZI (0)_Z”(O) L (5) 0
V=RI+S(T,—T,) (6)

T, — T, » —26(0) (7)

0(0)- is the maximum shift of phase angle in
the low frequency range (the range of the
thermal power fixation), A — geometric sur-
face area of the electrode, L — length of the
electrode.

Then the impedance in the frequency
domain would be expressed as:

526(0)

10000 - O
v 3
0 ; ,

Z(jw) =R — 0 (8) -100 -
- ) Fig. 1. Impedance spectra of thermogalvanic
and the Seebeck coefficient as: elements with different iron content: a- the EIS
_ (Zo=RpA 9) spectrum of the samples in Nyquist coordinates,
20 L b- the EIS spectrum of the samples in Bode co-

The measurements of the impedance
spectra of the samples with different iron
content have been established the existence
of such shifts (Fig. 1.b), which were fixed
only on the spectra in Bode coordinates (Fig.
1). It well conformed to Equations 4-8. Con-
sidering that the resistance of the thermoe-
lectric material was measured in the low fre-

ordinates. The numbering of the samples accord-
ing to table 4.

Table3

The values of the calculated parameters of
the impedance spectra of TG samples with
different iron content

Z, — 20,
quency range, the Seebeck coefficients were ~ Mass | p | g’ o, A IS|, UV/K
calculated using equation 9 from the exper- Fe, mg Ohm | gree
imental impedance spectra in the frequency 0.1406 0.4 160 0.039 2500
range 10°-10" Hz. Calculated values of See- 0.1481 1.1 190 0.081 3800
beck coefficient are nearest to such values _0.1518 0.6 160 0.250 2900
ISSN 2708-129X. YVKP. XIM . XXVYPH ., 2020, T. 86, No 4 111
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Table4

Dependence of values of thermal EMF volt-
age on the ratio of iron and carbon compo-
nents under a thermal load of 30 °C

Ne m(Fe), | m(C), | m(total) | OCV,
Sample g g , 0 \/
1 0.106 0.046  0.054 0.1
2 0.1492 0.0560 - 0.27
3 0.1586 0.0542 - 0.59

for composite metal-organic thin films at
room temperature and for polymer films [18,
19] (Table 3).

Thus, increasing of the concentration
of iron leads to increasing in thermoelectric
coefficients and creates certain preconditions
for the realization of the thermoelectric
transformations.

The high renewable activity of carbon
and its oxides can create additional precon-
ditions for the occurrence of thermal gradi-
ents in the volume of composites. Therefore,
our experiments were conducted the effect
of carbon concentration on the change in

R Ct R3
YA | —AA
CPE2
\
4

Fig. 2. The model equivalent electrical circuit of
the TGE with composite electrode: R;- electro-
lyte resistance, Ci- capacity of the DEL, Rs —
resistance of the surface’s structures of the elec-
trode, CPE, — constant phase element connected
with dispersion of the capacity
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thermal EMF.

Increasing the concentration of the car-
bon on the occurrence of thermal EMF does
not have the same effect as increasing the
concentration of iron (table 4).

By the modeling of the impedance
spectra of these systems has been established
the most profitable equivalent model scheme
(Fig. 2). Such circuit gives a possibility to
confirm the composition of an external re-
sistance: the resistance of the electrolyte, the
resistance of the capacity of the double elec-
tric layer (DEL) and the resistance of thermo
diffusion, which forms the dispersion of the
capacity.

This electrochemical model is in a
good agreement with experimental data of
the increasing of OCV. In samples with a
maximum OCYV value, the CPE - T (closed
loop) the value is the highest and the C and
CPE — P the value is the lowest. Howe\er, a
clear correlation between the values of these
elements and the OCV is not observed
(table 5).

Tableb

The values of the elements resistance of the
model equivalent electrical circuit of the TGE
with composite electrode

Elec- | OCV, | « o | CPE-T, | CPE-
trodex \Y/ ’ Om P, Om
1 0.1  1e10* 3e10* 0,87
2 0.27 8e10° 210" 0,85
3 0.59 210" 1.7¢10° 0,64

* Numbering according to table 4
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Fig. 3. Diagrams of the capacity distribution
and its dispersion in the frequency range 10'-
10 Hz for composite electrodes. Numbering
according to table 4.
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Fig. 4. . Diagrams of the capacity distribution
and its dispersion in the 10° Hz frequency range
for composite electrodes. Numbering according

to table 4.
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Therefore, it was considered the de-
pendence of the sample capacity distribution
and its dispersion in the frequency range
10*-10" Hz. The capacity and the dispersion
of the capacity were calculated from the im-
pedance spectra according to the technique
[20- 23]. By the resulting calculations have
been established a correlation between the
increasing of OCV, the amount of iron and
the increasing of the dispersion of the capac-
ity with a decrease of the measurement’s
frequency (Fig. 3).

It is known [24] that at high electrolyte
concentrations (above 0.1 M), the diffusion
layer is so compact that most of the interfa-
cial potential only affects the reaction zone.
So, the fixed effects are summarized and
characterize the occurrence of primarily
thermal diffusion phenomena at the elec-
trode / electrolyte boundary [25]. Further
CEIl measurements were performed using a
wide frequency domain of 10°-10™" Hz to
account of the possible impact of other
thermoelectric effects (Peltier, Thomson and
Sore) on the thermal diffusion parameters.

It was found, that the most informative
frequency range for these conditions is at
high frequency, namely 1 - 6 - 10° Hz (Fig.
3), which corresponds to the frequency of
measurement (0.1-1 MHz) of conductivity
on the surface of thin layers of semiconduc-
tors under the action of temperature [25-27].

Under the influence of the alternating
current the local heating of semiconductor
surface structures with a frequency of the
current is possible. It leads to the occurence
of additional heat capacity:

d, = /D¢/nf

(10),

114

f - the frequency of periodic heating, Dy -
the coefficient of thermal diffusion, which is
related to the electric capacity by the follow-
ing equation:

Dy = Af/C; (11)

Ag- the thermal conductivity, Cr- the elec-
tric capacity.

Increasing of a concentration of the
iron leads to the increase of the number of
oxide (semiconductor) structures that in-
crease the additional heat capacity. Such
heat capacity induces electrical capacity and
its dispersion. That is, it creates the precon-
ditions for the occurrence of thermoelectric
effects, especially Sore effects in the non-
isothermal element.

CONCLUSIONS. It was established the
conditions for measuring thermal diffusion
and thermoelectric effects in non-isothermal
elements with composite electrodes of pow-
dered iron and carbon in the alkaline electro-
Iytes using electrochemical impedance spec-
troscopy. By the modeling of the impedance
spectra of these systems has been established
the most advantageous equivalent model
scheme, which confirms that the external
resistance has sewveral components: the re-
sistance of the electrolyte, the resistance of
the capacity of the double electric layer and
the resistance of thermal diffusion, which
forms the dispersion of the capacity. By the
calculations of the capacity and the disper-
sion of the capacity in the low- and high-
frequency measurement range have been
shown the effect of the concentration of
composition components on the formation of
the additional heat capacity, which creates
the preconditions for realizing of the thermal
electrical effects.
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3a 0TIOMOTOI0 CIEKTPOCKOITii eIeKTPOXi-
MIYHOTO IMITEIaHCy OyJI0 BCTaHOBJIEHO YMOBH
BUMIPIOBaHHS TepMOAN(Y3IiHUX Ta TepMOEIeK-
TPUYHUX €PeKTIB y HEBOTEPMIYHUX EIEMEHTaX
13 KOMOO3UIIMHUMH €JIEeKTpoJaMH Ha OCHOBI
MOPOILIKOBOIO 3ajlida Ta BYMIELIO B JYXKHHX
enekrponirax. MoJlenroBaHHS CIEKTPIB iMIena-
HCY IIUX CHCTEM BCTaHOBHJIO HAWOUTIHIIT HMOBIp-
HY EKBIBAJCHTHY CXEMY, SKa ITIITBEPKYE, IO
30BHINHIA OMIp Ma€ ACKUIbKA KOMIIOHEHTIB:
OIip EeJEeKTPOJITY, OMip €MHOCTI MOABIHHOTO
€JIEKTPUYHOr0 IIapy 1 omip TepMoau y3ii, 1o
dopmye mucriepcito e€MHOCTI. Po3paxyHkamu
€MHOCTI Ta Jucnepcii EMHOCT1 y HU3bKO- Ta BH-
COKOYAaCTOTHOMY J(ialla30H1 BUMIPIOBaHb IOKa-
3aHO BIUIMB KOHIICHTpAIlli CyMIllll YacTOYOK
3a1i3a 3 eJIeKTPOHHOIO MPOBIAHICTIO Ta CKJIAJI0-
BUX, II0 YTBOPIOIOTHCS OKCHIAMH 3aii3a 3 Ho-
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HOIO TIPOBITHICTIO Ha BUHUKHEHHS JOJATKOBOT
TEIJIOEMHOCTI Ta CTBOPEHHS MEPEeIyMOB s
peanBauii TepMoranbBaH MHUX epekTB (3eede-
Ky Ta Cope).

KnouyoBi c a0 B a: TepMOTanbBaH MHUN
eNeMeHT, Koe(iieHT 3eeOeKy, iMIeJanCHa CIie-
KTPOCKOM i, JAMCIEPCit €MHOCTI, €KBIBaJCHTHA
eNICKTPUYHA CXEMa, 3ali30-BYIVICHEBUN KOMIIO-
3UTHUM €JIEKTPOJI.

TEPMOT'AJIbBAHUYECKHUE O®®DEKTHI B
HEM30TEPMHWYECKOM OJIEMEHTE HA
OCHOBE XEJIE30-KAPBOHOBOI'O KOM-
[TO3MIIMOHHOI'O JJIEKTPOJA M IIE-
JIOYHOI'O D2JIEKTPOJINTA
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C HCIONBb30BaHUEM CHEKTPOCKOIIHH JJICK-
TPOXHMHYECKOTO  HMMIIEJAHCA  YCTAHOBJICHBI
YCIIOBUSI HM3MEpeHHs TepMoau GY3HOHHBIX U
TEPMOEJIEKTPUUECKUX 3 (PPEKTOB B HEMZOTEPMU-
YECKU X DIIEMEHTAX C KOMITO3UIITMOHHBIMH JJICKT-
polaMH Ha OCHOBE HIIOPOIIKOBOTO JKelie3a |
rpaduTa B IIENOYHBIX dJeKTpoiauTax. Pacuera-
MH €MKOCTH M JUCIEPCUH €MKOCTH B HU3KO- H
BBICOKOYACTOTHOM JIHara30He U3MEPEHHH MOKa-
3aHO BJIMSHHE KOHLEHTPALMH MOJYIPOBOIHH-
KOBBIX KOMITOHEHTOB KOMIIO3HMIIMM Ha TOsBJIE-
HUE JIOTMOJTHUTEIBHON TEINIOEMKOCTH U D deKTa
Cope. Ilpemnoxxena mMozenbHas YKBUBAJICHTHAS
JJIEKTpUYECKasi cXeMa HEM30TEPMHUECKOTO Tep-
MOTaJIbBAHUYECKOT'O DJIEMEHTA Ha OCHOBE JKelle-
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30~ I’paq}I/ITOBOI‘O KOMITO3UIIMOHHOTO J3JICKTPOJa
U MICJIOYHOTO 3JICKTPOJIUTA.

KnmouaeBbr e cio0 B a:TepMoraibBaHUYC-
CKMH 3neMeHT, ko3(d¢uument 3eeOeka, uMmIe-
JAHCHAsI CIIEKTPOCKOIHS, IUCIEPCUsT €MKOCTH,
SKBUBAJICHTHAS DJICKTPUYECKast CXeMa, JKeJe30-
YIIIEPOJHBIN KOMITO3UTHBIN 3JIEKTPO/I.
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