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THE ELECTROCHEMICAL FACING OF POWDER IRON FOR
THERMOGALVANIC ELEMENTS

Background. The oxygen impact for electrochemical formation of surface structures on iron particles is not suffi-
ciently taken into account in the production technology of composite electrodes for thermogalvanic energy sources;
the main conditions of the performance improvement are considered.

Objective. The aim of the paper is to define the electrochemical conditions of oxide layers formation on the surface
of the iron powder composite electrode with the presence of oxygen in neutral and basic media.

Methods. For better performance of the oxygen impact the study of composite electrodes was conducted in open
air and inert atmosphere, the assembly of cells with composite electrodes was carried out on air in two versions: her-
metic and perforated. Electrochemical studies were carried out on the electrochemical module Autolab 30
PGSTAT301N Metrohm Autolab using 3-electrode cells. The microtexture of the iron powder during redox reactions
was examined using a high resolution scanning electron microscope Mira 3 FESEM Tescan USA Inc. on a cathode
with field emission at SEM HV-10 KeV and automatic measurement on the image. The analytical regime of the
scanning microscope was used to determine the surface components distribution and their degrees of oxidation.
Results. It was determined that with a low oxygen partial pressure in potential range from —0.23 to —0.88 V surface
iron structure has two stages of organization: 1 — mosaic stage with partial covering of iron surface FeO and Fe,0; ;
2 — transformation of mosaic structure into core—shell structure. Under a high oxygen partial pressure and cathodic
potential >—0.88 V thick iron oxide layers have been formed on the surface structure of iron particles. Thus, the oxy-
gen partial pressure has a key role in electrochemical formation of nanolayers on the surface of iron particles and re-
alizes the thermoelectrochemical activity of composite electrodes.

Conclusions. The study found that thermoelectric parameters of an electrode based on iron powder are determined as
a function of the pH of the medium and the oxygen content. In the neutral medium electrodes lose ability to rever-
sible processes needed for the formation of the thermogalvanic properties. The ability of a powdered iron-composite
electrode to a thermo-galvanic element is formed in an alkaline medium.

Keywords: iron; carbon; composite electrode; oxygen; coatings; electrochemical formation.

Introduction parameter in describing the surface organization of
iron particles is transport properties of oxygen and
cation vacancies. Hence the kinetics of surface film

growth is the vacancy diffusivity (Do), which ap-

Now, significant attention has been assigned
to the design and controlled synthesis of semicon-

ductive nanomaterials representing particular func-
tional characteristics such as thermoelectric activity
in narrow temperature range. In this case a corre-
lation of n- and p-types of oxides is the main fac-
tor of the thermal gradients formation. Hence the
regulation of the oxide types and thickness of their
surface oxide layers become one of the main goals
connected with the production of a new generation
of thermoelectric and thermogalvanic cells. If the
defects act as the dopants, oxygen vacancies and
cation vacancies have been indicated n-type and
p-type conductivity, respectively. So, Fe-ferric oxide
systems can be used for such purposes due to there
ability for changing of the conductivity type in the
presence of oxygen and reductant. The first key
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pears in the Nernst—Planck equation for the flux
and temporal dependence of the vacancy concen-
tration. Typically, the oxide layer of iron surface
consists of the magnetite (Fe;O,) or a mixture of
magnetite and maghemite (y-Fe,0;) [1]. Thick iron
oxide layers may contain multiple metal and oxide
layers, i.e. Fe; FeO; Fe;0,; Fe,0; [2]. More over
Fe,0; and y-Fe,O; have a similar spinel crystal
structure with only a small difference in the lattice
constants. Such local surface combination of two
conductivity types should lead to the appearance of
new electrochemical and thermochemical proper-
ties of electrode/electrolyte interface. Thus the
presence of oxidizes (particularly O,) and reduc-
tants (e.g., carbon) of iron and iron oxides can ap-
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pear for regulator of surface structure and change
types of conductivity. In all these cases the volume
chemical reactions have been used for formation of
surface oxides. Such technologies have one main
limitation — the absence of the surface thickness
layer control. On another hand, the electric cur-
rent also can be use as oxidizing or reducing agent.
In this case the thickness and composition of the
surface oxide film depends on applied potentials,
pH of the electrolyte and kinetic of the current
passed through the cell [3, 4]. All these parameters
are well controlled and give an opportunity to re-
ceive the surface layers with given properties [4, 5].

Problem statement

The aim of the paper is to study electro-
chemical conditions of oxide layers formation on
the surface of the iron powder electrode with the
presence of oxygen in neutral and basic media.

Experimental

A predetermined amount of the iron powder
(PGR 3.200.28-30) with bulk density 2.7 £+ 0.2 g/cm?
(Ukraine), activated carbon BAU-A (Ukraine)
(Table 1) and 1% solution of polyvinylidene fluo-
ride (PVDF) in acetone (Sigma-Aldrich) were stir-
red by ultrasonic mixer to homogeneity. Then,
electrode mass was pressed on steel grid with size
of 1 cm?.

Electrolyte solution was prepared from so-
dium hydroxide (NaOH) pellets (Sigma-Aldrich,
minimum 99.0% purity), sodium chloride (NaCl)
(Sigma-Aldrich >99%, AR grade) and distilled wa-
ter.

Table 1. Content of the iron powder and carbon in the active
electrode mass composition

m(Fe), g m(C), g m, g
0.106 0.046 0.152
0.149 0.0560 0.205
0.159 0.0542 0.213

The assembly of cells with composite elec-
trodes was carried out on air in two versions: her-
metic and perforated. The electrode mass and sep-
arator were saturated with the 5 M solution of
NaOH in water. The thickness of anode provided
the dimensions necessary for disk elements in the
standard 2016. After that, the elements were her-
metically sealed. For the probability of contact
with air, some covers were perforated before sea-
ling.

Electrochemical studies were carried out on
Autolab 30 PGSTAT30IN Metrohm Autolab elec-
trochemical module using 3-electrode cells. The
powdered iron was used as working electrode, as
counter electrodes were platinum (Pt) and carbon
(C) and Ag/AgCl — reference electrode. Cyclic
voltammograms (CVA) and open circuit potential
(OCP) data were recorded at the potential scan
rate of 0.1 and 50 mV/s in 0.1, 5 M solutions of
NaOH and 1 M NaCl. Resistance of cells was de-
termined on Autolab 30 PGSTAT301N Metrohm
Autolab electrochemical module, in the two-
electrode cell (disk cell) in the frequency range
102—10° Hz. Current (I) was calculated using
Ohm’s law. Power-to-weight output was calculated
by P = IV/m, where I — current, V' — OCP, m —
weight of the active electrode mass.

The microtexture of the iron powder during
redox reactions was examined using Mira 3
FESEM Tescan USA Inc. high resolution scanning
electron microscope on a cathode with field emis-
sion at SEM HV-10 KeV and automatic measure-
ment on the image. The analytical regime of the
scanning microscope was used to determine the
surface components distribution and degrees of ox-
idation.

Thermal impact was tested using electrome-
chanical middle temperature thermostat with lead
accuracy *1 °C.

Results and Discussion

CVA of the iron powder electrode in neutral
and basic media have considerable differences in
cathodic and anodic wave shapes. Also they have the
different potential ranges of stability (Fig. 1, a, b).
In the neutral media such range is 0,5-0,75 V
with surface passivation in wide potential range
-0.76 —+1,9 V via NHE (Fig. 1, a). In the basic
media the potential range of stability increased up to
1.2—1.4 V without any passivation (Figs. 1, b and 2, a).

By logarithmic dependences of current chang-
es differences in electrochemical behavior of elec-
trodes were specified (Fig. 2). According to Tafel
equations composite electrodes have only one zero
net current potential at —0.173 V with further dis-
solution in wide potential range from — 0.5 to -2.29 V
in neutral media (Fig. 2, a), but in basic media
such system has two zero net current potentials at
—-0.68 and +0.35 V with passivation range between
-0.23 and -0.88 V (Fig. 2, b) [5, 6].

Using the theory of mixed potentials based on
the independence of the partial anodic and ca-
thodic reactions, it can be assumed that more than
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a
Fig. 1. CVA curves of iron powder electrode: @ — in 1 M NaCl (neutral media), b — in 0,1 M NaOH (basic media)
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Fig. 2. Polarization curves of iron powder electrode in: a — 1 M NaCl; » — 0,1 M NaOH

Table 2. Main standard potentials of iron redox reactions in water media [10]

Ne Electrode reaction Standard potential via NHE, V
1 |Fes04+H" +e— FeO+8H™ -0.173

2 | HO; + H,0 + e > OH(aq) + 20H™ -0.245

3 | Fe(OH); + e —» Fe(OH), + OH™ -0.56

4 | Fe(OH), + OH™ — FeOOH + H,O +e -0.56
5105(g)+e—>0, -0.563

6 | FeO5 +e — FeO3~ ~0.68

7 | [Fe5(OH)¢(OH ;)12 + 3nOH ™ — [Fe,03(0OH)3(OH )13 + 3nH,0 + 2ne~ -0.88

8 |3Fe’" +4H,0+e - Fe;0, +8H" +0.35

one electrochemical reaction takes place simulta-
neously on the composite electrode surface [7—9].
According to value of potential on the ferric sur-
face the reaction 1 (Table 2) can take place in the
neutral media. More over in all regions (cathodic
and anodic) electrode has tendency to dissolve iron
from their surface. So, ferric composite electrode
can’t have enough driving force for reversible redox
reactions of the chemical energy transformation [7].

On the other hand, if the pH medium is not
basic enough, ferric compound may be dehydrated
with generation of a ferric oxide without high con-
centration of oxygen and cathion vacancies. In
such case the ability of thermoelectric conversion
of material disappeares [3, 4]. In the basic media
the ability of the composite electrode charging in-
creases due to presence of two zero net current po-
tentials corresponding to reactions 6 and 8.
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Fig. 3. CVA curves of iron powder electrode polarized via: a — Pt electrode: I — first cycle, 2 — second cycle, 3 — cycles 3—10; b —

carbon electrode: I — first cycle, 2 — cycles 2—10

Also occurrence of three peaks on CVA curve
at potentials —0.245, —-0.56, and —0.88 V initiated
formation of the various ferric hydroxides. How-
ever, if the pH is around 8 or 9, ferric hydroxide
can be reduced at the cathode to form Fe;O, as
represented in the equation 8 (see Table 2). Ac-
cording to [7], the formation of a polymeric mi-
crodispersed hydrous oxide layer on the iron sur-
face in alkaline media (pH 10—12) can be expected
during cycling of the iron electrode (eq. 7). Reac-
tion (7) initiates hydrous oxide films formation on
the oxide/solution interface (see Fig. 1, b). This
interface has compound structure and consists of
an inner compact anhydrous layer MO, and an
outer microdispersed hydrous layer of general form
MO,(OH),(OH,)..

According to Tafel equations such structure
starts to generate at —0.23 V via NHE. Maximum
film thickness is obtained at —-0.9—1.0 V. So on
powdered iron/solution interface hydrous oxide
layers are generated during cycling in the potential
range from —0.23 to —1.0 V via NHE.

CVA curves of composite electrodes polarized
relatively platinum and carbon have no differences
in peak potentials in basic media (Fig. 3). But the
first cycle of the composite electrodes under pola-
rization relatively carbon found non stable behavior
(potential range —1—+1 V) in comparison with fur-
ther cycles (Fig. 3, b). So, the first cycle is the cy-
cle of the formation of new surface structure in the
Fe-C-NaOH electrochemical system. More over
the new peak appears at potential +0.22 V. Ac-
cording to standard potentials of iron redox reac-
tions in water media of such potential is the poten-
tial of the reaction [10]:

3a-Fe,0, +2H" +2e —» 2Fe 0, + H,0+0.22 V.

Hereby, the formation of iron oxides mixture
(Fe;0,) in basic media on the particle surface takes
place during cycling of composite electrode in po-
tential range —1—+1 V via NHE.

Taking into account various structures of iron
oxides (the FeO has layer structure and all modifi-
cations of Fe,O; have spinel crystal structure) the
structure of electrode surface would be complicated
under the cycling [11—14].

SEM analysis of the electrode samples after 1
cycle found decreasing of amount of pure iron (Fe®)
on 0.24 mas. % and covering of the particles sur-
face with spherical and layer structures (Fig. 4, a)
like mosaic. Cycling under limited presence of oxy-
gen brings the surface into a state of increasing of
particle size with retention of the mosaic surface
structure (Fig. 4, b). If the electrode surface has
the long contact with air, such mosaic structure
became to monolayer structure (Fig. 4, ¢). In this
case the formation of the core—shell structure takes
place.

The common scheme of the electrode surface
transformation in basic media at potential range
from -0.23 to -1V has two stages: 1 — mosaic
stage with partial covering of iron surface FeO and
Fe,0;; 2 — transformation of mosaic structure into
shell-core structure (where a shell, is the FeO,
core is an iron particle) or shell,-shellg-core struc-
ture (where shell; is the mixture of FeO and
Fe,0,).

Such oxide mixture on the iron surface is
conditional on the formation of contacting n-type
and p-type semiconductors with various ther-
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Fig. 4. Microphotos of the electrodes surface in the potential range from -0.23 to -1 V: @ — 1 cycle; b — under the limited presence

of oxygen; ¢ — at the long contact with air
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Fig. 5. Scheme of iron particles surface organization in various conditions

Table 3. Thermoelectric coefficients of hermetic and perforated thermogalvanic elements

Mass of Fe, g OCP, V ig, A Power-to-weight, W/g Conditions
0.1481 3.51 £ 0.01 0.081 £+ 0.001 1.89 £ 0.04 Hermetic
0.1518 4.02 £ 0.01 0.25 £ 0.001 6.58 £ 0.04 Hermetic
0.1481 0.08 = 0.01 0.041 + 0.001 0.022 + 0.005 Perforated
0.1518 0.03 + 0.01 0.083 + 0.001 0.016 = 0.005 Perforated

moelectric properties. So it caused the occurrence
of the thermo electromotive force and thermal gra-
dients in the contact place. If the surface of elec-
trode has a long contact with air such structures
transform into core—shell structure (Fig. 5). In this
case the oxygen partial pressure increased and
thick iron oxide layers formed on iron surface with
low ability to vacancy diffusion [4, 15].

Further testing of the disk elements with
composite electrodes proved the oxygen depend-
ence of the thermoelectric power density (power-
to-weight). In hermetic elements such density was
higher than in contacted air (perforated) elements.
So, the thick oxide layer on the surface of iron
particles blocked thermoelectric activity of the
thermogalvanic elements. After the long contact
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with air perforated elements have lost their ther-
moelectric activity while hermetic elements have
retained this activity for 8 months (Table 3).

Conclusions

The comprehensive study has shown key fac-
tors of formation of the composite powdered iron
electrode thermochemical activity. The thermoe-
lectric parameters are defined as a function of pH
medium and oxygen content. In the neutral media
electrodes lose ability to reversible processes need-
ed for the formation of the thermogalvanic proper-
ties. Such ability is formed in alkaline media. Un-
der high oxygen partial pressure and cathodic po-
tential > —0.88 V thick iron oxide layers have been
formed on the surface structure of iron particles. In
low oxygen partial pressure in potential range from
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ENEKTPOXIMIYHE MOKPUTTA MOPOLWLKOBOIO 3ANISA B TEPMOIANBBAHIYHUX ENEMEHTAX

Mpo6nemaTuka. Bnnme KNCHIO Ha enekTpoxiMiyHe hopMyBaHHA NOBEPXHEBMX CTPYKTYP Ha YaCTMHKaxX 3anisa HefoCTaTHbO Bpa-
XOBYETbCA B TEXHOMOrii BUPOBHMLTBA KOMMO3UTHUX €NEKTPOAIB ANsi TepMoranbBaHiYHUX Kepen CTpyMy; pO3rnsifalTbCs OCHOBHI
YMOBW NiABULLEHHS NPOAYKTUBHOCTI.

MeTta pocnipxeHHA. MeTa poboTn nonsrae B TOMy, LWO6 BU3HAYUTH €NEKTPOXIMiYHI yMOBM POPMYBaHHSA OKCMAHMX LLAPIB Ha Mo-
BEPXHi KOMNO3MLINHOIO efeKTPoAa i3 3aMi3HOro MOPOLLKY 3a HAsBHOCTI KMCHIO B HEWTParbHUX i OCHOBHUX CepefoBuLLaX.

MeToguka peanisauii. [1na niaBuweHHs edeKTUBHOCTI BNNMBY KUCHIO AOCHIMKEHHS KOMMO3UTHUX €NEeKTPOAiB NpoBOANMIOCa Ha
BiAKPMTOMY MOBITPi Ta B iHEPTHI aTMOCcdepi, MOHTaX KOMipPOK i3 KOMMO3UTHNMMN eNeKTpoAaMM 3IMCHIOBaBCA Ha MOBITPi Y ABOX BapiaH-
Tax: repmeTMyHoMmy i nepdopoBaHOMy. EneKTpoximiyHi AOCnifjKeHHS npoBOAMMMCA Ha enekTpoximiyHomy wmogyni Autolab 30
PGSTAT301N Metrohm Autolab i3 BukopuctaHHAM 3-enekTpogHuMx KOMIpok. MIKpoTeKCTypy 3ani3HOro nopoLuky Mig 4ac OKUCHO-
BiJHOBHMX peakLiii AOoCMiAXyBann 3 BUKOPUCTAHHSIM CKaHYHYOro €ereKTPOHHOrO MiIKpockona 3 BMWCOKOK PO3AiNbHOK 34aTHICTIO
Mira 3 FESEM Tescan USA Inc. Ha kaToai 3 nonboBoto emicieto npy SEM HV-10 keB i aBToMaTU4HNM BMMIipHOBaAHHSIM Ha 306paKeHHi.
AHanITUYHUIA pexrM CKaHy4oro MiIKpockona BUKOPWCTOBYBABCS AN BU3HAYEHHS pO3MOAiNy KOMMOHEHTIB MOBEPXHi Ta CTyneHs ix
OKWCHEHHS.

Pe3ynbTaTu pocnigxeHHs. BcTaHOBMNEHO, WO 3a HM3bKOrO MapuianbHOro TUCKY KUCHIO B Aiana3oHi noTeHuianis Big —0,23 oo
—-0,88 B noBepxHeBa CTpykTypa 3ani3a mae ABi cTagii opraHisadii: 1 — Mo3aiyHa cTagis i3 4acTKOBUM MOKPUTTAM NoBepxHi 3anisa FeO i
Fe,03; 2 — nepeTBOpPEHHS MO3aiYHOT CTPYKTYPY Ha CTPYKTYpY SAp0—060MoHKa. 3a BUCOKOro napuianbHOro TUCKY KMCHIO | KATOQHOTO Mno-
TeHuiany >-0,88 B Ha NnoBepxHi CTPYKTypy YaCTMHOK 3ani3a yTBOPUIUCS TOBCTI LUapu okcuay 3anisa. Takum YMHOM, napuianbHuUi TUCK
KUCHIO rpae OCHOBHY POSb B €NeKTPOoXiMiYHOMY popMyBaHHi HaHOLLAPIB HA NOBEPXHi YaCTUHOK 3ari3a i peanisye TepMoeneKkTpoxXimMiyHy
aKTUBHICTb KOMMO3UTHUX ENEKTPOAIB.

BucHoBKuU. Y xoai gocnimkeHHs 6yno BCTaHOBIEHO, WO TEPMOENEKTPUYHI NapaMeTpy enekTpoaa Ha OCHOBI MOPOLLIKOBOTO 3ari-
3a € yHKUisMu pH cepenoBuLLa | BMICTY KUCHIO. Y HeNTpanbHOMY cepedoBULLI enekTpoan BTpadatoTb 34aTHICTb 40 060pOTHMX npoLie-
ciB, HeobXigHUX Ans POpMyBaHHS TepmoranbBaHiYHUX BNacTMBOCTEN. 34aTHICTb MOPOLLKOBOrO 3ari3o-KOMMNO3UTHOro enekTpoga Ao
TepmoranbBaHiYHOro enemeHTa QOPMyeTLCH B MY)KHOMY CEPELOBULL.

Knto4yoBi cnoBa: 3ani3o; ByrneLb; KOMNO3UTHWUI €NeKTPoa; KUCEHb; NOKPUTTSH; enekTpoXiMiyHe (hopMyBaHHS.

K.O. NepwwuHa, O.B. KpaBueHko, .M. LLlepbaTiok

SNEKTPOXMMNYECKOE MOKPbLITUE NMOPOLLIKOBOIO XEJIE3A B TEPMOTIAJIbBAHNYECKMX SNEMEHTAX

Mpo6nemaTuka. Bo3gencTBne knucnopoga Ha anekTpoxmmmuyeckoe popmMmpoBaHMe NMOBEPXHOCTHBIX CTPYKTYP Ha YacTuuax xe-
ne3a HeJOCTaTOYHO YYMTbIBAETCH B TEXHONOMMM NPOU3BOACTBA KOMMO3UTHBIX 3NEKTPOAOB ANS TepMOranbBaHNYECKNX UCTOYHUKOB TO-
Ka; paccmaTpyBalOTCs OCHOBHbIE YCIOBUS MOBbILLIEHUS NPOU3BOAUTENBHOCTH.

Llenb nccnepoBaHua. Llenb paboTbl COCTOUT B TOM, YTODObI ONpeaennTb reKTPOXMMUYECKUE YCNOBUSt 06pa3oBaHNst OKCUAHbBIX
CrnoeB Ha MOBEPXHOCTU KOMMO3ULIMOHHOIO 3MEeKTPOoAa M3 XKenesHoro nopoluka npy Hanmuunm Kucropoga B HeWTpasibHbIX U OCHOBHbIX
cpepax.

MeToguka peanusauuu. [1ns nosbileHNss 3PHEKTUBHOCTM BO3AENCTBUS KMCIIOpoda UCCreoBaHWe KOMMO3UTHBIX 3MeKTPoaoB
NpOBOAMIOCH Ha OTKPLITOM BO34yXe U B MHEPTHOW aTMocdepe, coopka S4eek C KOMMNO3UTHBIMW ANIEKTPOAAMM NPOBOAMINAch Ha BO3ay-
Xe B ABYX BapuaHTax: repMeTu4HoM 1 nepcgpopmpoBaHHOM. DNEKTPOXUMUYECKUE UCCMEeA0BaHNS NMPOBOAUIUCE Ha 3NIEKTPOXMMUYECKOM
mogayrne Autolab 30 PGSTAT301N Metrohm Autolab ¢ ncnonb3aoBaHnem 3-anekTpogHbix syeek. MUKpOTEKCTYPY Xene3Horo nopoLuka Bo
BpPEMSI OKUCIUTENbHO-BOCCTAHOBUTENbHbBIX peakuuid nccrefoBany ¢ UCMoSIb30BaHWEM CKaHMPYIOLLLEro 3MEKTPOHHOMO MUKPOCKONa Bbl-
cokoro paspelleHust Mira 3 FESEM Tescan USA Inc. Ha kaToae ¢ nonesol amuccueit npy SEM HV-10 KaB 1 aBToMaTuyeckum mame-
peHvemM Ha u3obpaxeHun. AHaANUTUYECKUIA PEXMM CKaHMPYIOLLEro MMKpPOCKOMNa WMCMoNb3oBasncsa Ans onpedeneHus pacrnpeneneHuns
KOMTMOHEHTOB NMOBEPXHOCTU U CTEMEHMN NX OKUCTIEHWS.

Pe3ynbTathl uccnegoBaHus. OnpeaeneHo, YTo Npy HU3KOM NapuuanbHOM AaBIEHUM KUCTIOPOAa B Avana3oHe NoTeHLManos ot
—-0,23 po —0,88 B noBepxHOCTHas CTPYyKTypa xenesa uMmeeT ABe CTaguu opraHusauun: 1 — Mmo3anmyHas ctagusi C YaCTUYHBIM MOKPbITKH-
eM nosepxHocTu xene3a FeO u Fe,0;; 2 — npeBpalleHne Mo3andHoW CTPYKTYpbl B CTPYKTYpY siapo—o6onoyka. [pu BbICOKOM napuu-
anbHOM [aBrieHun kucrnopoaa v katogHoMm noteHumane >—0,88 B Ha NOBEPXHOCTU CTPYKTYpbl YacTuL, xene3a obpa3oBanucb TONCTble
crnov okcuaa xenesa. Takum o6pa3om, napumanbHOe AaBfieHUe KUCNopoaa UrpaeT OCHOBHYIO POfib B 3NIEKTPOXMMUYECKOM 0bpasoBa-
HWUM HAHOCIOEB Ha MOBEPXHOCTU YacTuL, XKenesa 1 peanuayeT TeEpMO3NEKTPOXUMUYECKYH0 aKTUBHOCTb KOMMO3UTHbIX 31EKTPOAOB.

BbiBoabl. B xoae uccnegosaHus 6bino yCTaHOBMNEHO, YTO TEPMO3NEKTPUYECKME NapaMeTpbl 3M1eKTPoAa Ha OCHOBE MOPOLLKOBO-
ro Xenesa onpegensaoTcsa Kak pyHKuma pH cpefpbl 1 cogepxanust kucnopoga. B HenTpanbHow cpefe aneKkTpoabl TePSOT CNOCOBHOCTb
K obpaTvMbIM npoueccam, Heo6XOAMMBIM Ansi POPMMPOBaHUSA TepMoranbBaHUYeCKUX CBOWCTB. CNocoBHOCTb MOPOLLKOBOrO Xeneso-
KOMTMO3WTHOrO 3NEKTPOAa K TePMOrarnbBaHU4YECKOMY 3fIeMEHTY (DOPMUPYETCS B LLIENOYHOW Cpeae.

KnioueBble cnoBa: xerneso; yrnepoa; KOMMO3UTHBIN 3MEeKTPOL; KUCIOPOA,; NOKPbITUS; SMNEKTPOXUMUYECKOe o6pasoBaHme.
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