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Thermal and electrochemical reduction of nickel (11) ferrite
under the influence of polymer stabilizers

Nickel (1) ferrite samples have been prepared by co-precipitation of metal salts in an aqueous solution without
and with the addition of polymer stabilizers (polyvinyl alcohol and polyvinylpyrrolidone) and further heat treat-
ment at 500 °C, 700 °C and 900 °C. Their structural-phase changes before and after using as catalysts in the
electrohydrogenation of acetophenone were revealed by X-ray phase analysis. Morphological features of the
obtained NiFe204 and NiFe204+ polymer samples were studied by electron microscopy. It has been established
that the addition of polymer stabilizer into the co-precipitation medium and its partial preservation in.the com-
position of precursors (metal hydroxides and oxides) and in the formed nickel (lI) ferrite have a noticeable
effect on the structural-phase constitutions of the samples prepared. Differences in the phase constitutions are
also depend on the heat treatment temperature of these samples. It was shown that, in contrast-to nickel ferrite
synthesized without stabilizers, NiFe204 + polymer samples are partially reduced during heat treatment and
additionally in an electrochemical system with the formation of Ni- and Fe-Ni-containing composites. The
reduced samples of nickel (I1) ferrite were tested for their ability to exhibit electrocatalytic properties in the
electrohydrogenation of acetophenone. Their low electrocatalyticactivity in this process was determined, which
is presumably conditioned by the structure of Fe-Ni-alloy particles with iron content predominant, as well as
by the presence of magnetite inhibited the activity of nickel particles.

Keywords: nickel (1) ferrite, co-precipitation method, heat treatment, electrochemical reduction, nickel and
iron zero-valence particles, electrocatalytic hydrogenation, acetophenone.

Introduction

Ferrites are magnetic oxide metal compounds with the general structural formula MFe,O4 (M = doubly
charged metal ion, for example, Cu, Ni, Co, Zn, Mn, Mg, etc.), in which magnetic and electrical properties are
combined peculiarly. It should be notedthe ecological safety of these materials due to their high thermal stability
(melting and decomposition temperatures above 1500-1700 °C), lack of toxicity and insolubility in water.

Materials based on metal ferrites are widely used in instrument engineering, radio electronics, electro-
technical industry, in catalysis'and other branches of science and technology. In catalysis, ferrites of transition
metals (Co, Ni, Cu, Zn) and their mixed compositions have been successfully applied. The particle size of such
catalysts is varied from2'nm.to several micrometers. Moreover, their magnetic properties allow easy to remove
them from the reaction system and repeatedly use them practically without loss of catalytic activity [1]. In the
literature, examples of the application of transition metal ferrites in catalytic reaction have been described,
such as decomposition of methanol into CO and methane or CO and H, oxidation of various alkenes, alkyla-
tion, dehydration, synthesis of quinoxaline derivatives, 1,4-dihydropyridine, etc. [2-4].

Nickel ferrite has an inverse spinel structure, when half of the iron cations occupies tetrahedral positions
in‘the crystal cell, while the other half and all Ni?* cations occupy octahedral positions. The location of nickel
cations in the crystal structure of NiFe,O, is closely related to its magnetic properties. Nickel ferrite shows
itself as a super-paramagnet and applies as gas-sensors, magnetic fluids, catalysts, magnetic storage systems,
photomagnetic materials, site-specific drug delivery, microwave devices, etc. [5]. Recently the possibility of
monodispersed NiFe,O4 nanospheres using as a high-performance pseudo-capacitor [6] and electrode material
for a super-capacitor has been established [7].

Transition metal ferrites are produced by various methods, including thermal decomposition, microemul-
sion method, co-precipitation, hydrothermal, solvothermal and biological methods [8-11]. Low temperature
co-precipitation methods [12] and sol-gel processes [13], including the creation of complexes with the addition
of surfactants, have such advantages as a lower calcining temperature as compared to solid-phase synthesis,
simplicity of fulfilment, high che7mical homogeneity and purity of the materials obtained. The incorporation
of various type additives, which promote the formation of doped structures, into the base system composition
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is considered as a one of the chemical methods for improving the structural and magnetic properties of the
resulting ferrites. In research works [14-15], the effect of an organic stabilizer on crystallinity, phase consti-
tution and morphological features of nickel ferrite nanoparticles has been studied.

The purpose of this work is to study the structural-phase transformations of nickel (1) ferrite samples
synthesized without and in the presence of a polymer stabilizer during their heat treatment, as well as the
possibility of their electrochemical reduction with the formation of Ni°-Fe%-containing composites and their
electrocatalytic activity in electronydrogenation of acetophenone (APh) as a model compound.

Experimental

Dispersed nickel (I1) ferrite (NiFe,O4) was synthesized by the co-precipitation method from agueous so-
lutions of metal salts according to the following procedure. A stoichiometric quantities of nickel.nitrate
(Ni(NOs3)2-6H20) and iron chloride (FeCls-6H-0) (in a ratio of 1:2) were dissolved in 300 ml.of distilled water
and the mixture was stirred for 30 min at 40 °C. Next 1M NaOH solution was poured dropwise to pH =12
under constant stirring. The obtained brown precipitate was filtered and washed with distilled water heated up
to 50 °C. It was dried at 80 °C. The resulting dark brown powder was divided into three‘equal parts and heat
treated at 500 °C, 700 °C and 900 °C for 2 hours. It was crushed in a Tube Mill control at the same speed and
duration of grinding.

Nickel (II) ferrite samples with the addition of water-soluble polymers (polyvinyl alcohol (PVA) and
polyvinylpyrrolidone (PVP)) were obtained by dissolving metal salts in a 3 % polymer solution and co-pre-
cipitating by sodium hydroxide. The filtered precipitates were washed with distilled water having room tem-
perature. After drying the composites were also thermally treated at 500 °C, 700 °C and 900 °C during 2 hours.
The NiFe2O4 samples produced after heat treatment were crushed in-a Tube Mill control.

The nickel and iron metals content in the filtrates after co-precipitation procedure was determined by a
selective complexometric titration [16-17]. According to the results of titration the lack of metal cations in the
obtained transparent filtrates was established, which indicate of their practically complete precipitation in the
form of the corresponding hydroxides or oxides.

The structure and phase constitution of the synthesized nickel ferrite samples were studied by X-ray dif-
fraction (XRD) analysis on a DRON-2 diffractometer. The morphological features of the nickel ferrite samples
were scanned on the TESCAN MIRA 3 LMU electron microscope.

The ability of NiFe,O4 samples prepared to electrochemical reduction and manifestation of electrocata-
lytic properties by the Fe-Ni-composites were tested in the electrochemical system. The electrocatalytic activ-
ity of Fe-Ni-composites was studied in-the process of electrohydrogenation of acetophenone, the product of
which is methyl phenyl carbinol (MPhC), a well-known fragrant substance with a wide range of applications.
Experiments were carried out in an electrochemical diaphragm cell in alcohol-aqueous-alkaline catholyte at a
current of 1.5 A, and a temperature of 30 °C. The cathode was a copper plate that was closely contacted the
bottom of the cell and served as a substrate for the applied nickel ferrite particles (by a weight of 1 g), platinum
gauze was used as an anode. The initial concentration of APh was 0.198M. The nickel ferrite samples deposited
on the cathode were fixed on. it'by an inner magnet and saturated with hydrogen (stage 1). During hydrogen
saturation the electrochemical reduction of metal cations could be occur. The duration of this stage (until the
ratio of the evolved gasesiisset to V(H2):V(O2) = 2:1) was varied from 10 to 200 minutes. Then organic com-
pound was injected into the catholyte and its electrocatalytic hydrogenation carried out (stage I1). The volume
of hydrogen'(Vu,) absorbed on the stage |, and also the hydrogenation rate (W), hydrogen utilization coefficient
(n).and conversion of the hydrogenated compound (o) for the stage Il were calculated from the volumes of
gases evolved (oxygen and hydrogen). The hydrogenation products were extracted from the catholyte with
chloraform, and the extracts were analyzed on a Kristall-5000.1 chromatograph.

Results and Discussion

Structural-phase changes of NiFe,O. samples after heat treatment, and after electrochemical reduction
and use them in electrohydrogenation of APh are studied by X-ray phase analysis (XRD). The X-ray diffraction
patterns of nickel ferrite samples prepared without and with addition of polymer stabilizers are shown in Fig-
ures 1-3.

At the co-precipitation of nickel nitrates and iron hydroxide in an aqueous solution the following reaction
occurs:

Ni(NOs), + 2FeCls + 8NaOH — Ni(OH),| + 2Fe(OH)s| + 6NaCl + 2NaNOs 1)
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Then the dried powder of co-precipitated hydroxides of both metals is subjected to heat treatment at
500 °C, 700 °C u 900 °C for 2 hours. Upon reaching a temperature of 300 °C metal oxides are formed from
metal hydroxides:

300°C
Ni(OH); + 2Fe(OH); — NiO + Fe;03 + 4H20 2
At 500 °C nickel and iron oxides react with the formation of nickel (I1) ferrite:

. 500°C .
NiO + Fe20; — NiFe20s)] 3

The formation of the above phases is confirmed by XRD patterns of nickel ferrite synthesized without
addition of a polymer stabilizer (Figure 1, 1a). According to the XRD results, it was found that the 'samples of
nickel ferrite heat treated contain crystalline phases of nickel (I1) ferrite, as well as nickel oxide (NiO) and
hematite (a-Fe,O3) with low intensity peaks, as shown in Figure 1.
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Figure 1. XRD patterns of NiFe,O4 samples treated at 500 °C before (a) and after (b)
electrohydrogenation of APh (1), at 700 °C (2) and 900 °C (3)

As follows from the given X-ray diffraction patterns, as the heat treatment temperature rises, the crystal-
linity of the present phases/also-increases. It has been established that in the compositions of all NiFe204
samples after electrochemical reduction attempt and their use as electrocatalysts, the phase transformations do
not occur (e.g. Figures 1, 1aand 1b). This indicates the inability of nickel (1) ferrite to electrochemical reduc-
tion under specified conditions and to manifestation of electrocatalytic properties in the studied process.

The addition of a polymer stabilizer into the co-precipitation reaction medium and its partial conservation
in the composition of precipitated metal hydroxides and oxides have a noticeable effect on the structural phase
constitution of nickel (I1) ferrite samples heat treated (Fig. 2 and 3). Differences in phase constitution are also
depended on'the heat treatment temperature of these samples. Thus, the crystalline phases of metallic nickel
(Ni°) reduced from nickel ferrite by the products of PVA thermal decomposition appear in the constitution of
the NiFeO, + PVA sample treated at 500 °C (Figure 2, 1a):

3NiFe,04 + 4CO — 3Ni® + 2Fes0, + 4CO; (4)

In this case, the release of nickel from the NiFe.O4 crystal lattice is accompanied by the formation of
magnetite (Fes04). The crystalline phases of nickel are saved in this sample after the electrochemical reduction
(Fig. 2, 1b). The thermal treatment of a NiFe;O. + PVA sample at 700°C leads to partial reduction of not only
nickel, but also iron:

FesOs + 4CO — 3Fe + 4CO; (5)
which form the Fe-Ni-alloy (Fig. 2, 2a).
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Figure 2. XRD patterns of NiFe;0, + PVA samples before (a) and after (b)
electrohydrogenation of APh treated at 500.°C (1), 700 °C (2) and 900 °C (3)

After electrochemical reduction the amount of reduced iron and its alloy with nickel increases with a
sharp decrease in the crystalline phases of magnetite. The constitution of the NiFe,O4 + PVA (900 °C) sample
after heat treatment (Fig. 2, 3a) is almost similar to the constitution of the NiFe,O4 + PVA (500 °C) sample
(Fig. 2, 1a), but crystalline phases of iron-and Fe-Ni-alloy additionally appear during its electrochemical re-
duction. In so doing, magnetite also present in the composition of this sample.

Nickel (I1) ferrite samples synthesized in the presence of PVP and thermally treated at the same temper-
atures (NiFe,O4 + PVP) have similar phase constitutions (Fig. 3). The effect of this polymer stabilizer on the
electrochemical reduction of both metals from NiFe,O4 + PVP samples has a character similar to the PVA
effect. The most full electrochemical reduction of nickel (1) ferrite is achieved in the case of its preliminary
treatment at 700 °C (Fig. 3, 2a, 2b). As a result, the composite with Fe-Ni-alloy, metallic iron and Fe;O4 resi-
due in its constitution is formed.

Thestructure and morphological features of heat treated nickel (I1) ferrite samples were studied by elec-
tron microscopy using two electron detectors (SE, BSE). Obviously, in the BSE images the light areas are
metal formations (Fe°, Ni° Fe-Ni-alloys), the darker ones are oxygen-containing metal compounds and impu-
rities in the sample (e.g. NaCl).

In the NiFe;O4 + PVA (700 °C) sample after electrochemical reduction and electrohydrogenation of APh
(Fig. 4, b), light areas are significantly more, than in the sample after heat treatment (Fig. 4, a), which con-
firmes the passage of additional reduction of both metals from NiFe,O, and FesO, formation in the electro-
chemical system. Meanwhile the oxygen content significantly decreases and the iron content increases. If after
heat treatment the particles of the resulting Fe-Ni-alloys had compositions with the ratio of metals Fe:Ni = 3:1,
1:1 and even 1:1.5 (i.e. with a high nickel content) according to the energy-dispersive X-ray spectroscopy
(EDS) analysis, then after electrochemical reduction these ratios changed to 6:1 and 5:1. The distribution of
metals in the surface layer of particles is also different (Fig. 5): iron is densely distributed over the entire
surface and nickel is more often distributed along the particle edge and in separate coagulates.
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Figure 3. XRD patterns of NiFe;O4 + PVP samples before (a) and after (b)
electrohydrogenation of APh treated at 500 °C.(1), 700 °C (2) and 900 °C (3)

Figure 4. Micrographs of NiFe,O, + PVA (700 °C) sample after heat treatment ()
and after electrocatalytic hydrogenation of APh (b)
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Figure 5. EDS analysis of NiFe;04 + PVA (700 °C) sample particles after electrocatalytic hydrogenation of APh

All the nickel (1) ferrite samples synthesized without and with polymer stabilizers and heat treated were
investigated for their ability to electrochemical reduction and manifestation of electrocatalytic properties in
the electrohydrogenation of acetophenone:

CsHs-C(0)-CHs + 2H* + 2¢~ — CeHs2CH(OH)-CHs (6)

The main resulting data of both stages of electrochemical experiments are given in Table 1. First the
electrochemical reduction of NiFe,O, samples was carried out, then electrocatalytic hydrogenation of APh on
forming Fe-Ni composites as electrocatalysts. For comparisaon, the results of electrochemical reduction of APh
on a Cu cathode, which proceeds with a relatively low process rate and conversion of the hydrogenated sub-
stance, not exceeding 22,1 %, are also presented here. In addition to methyl phenyl carbinol (equation (1)),
dimeric compounds were formed in the process.

Table 1

Electrochemical reduction of synthesized nickel (I1) ferrite samples
and electrocatalytic hydrogenation of acetophenone in their presence

Metal contentin1g Electrochemical Electrocatalytic hydrogenation
. . of a ferrite sample, g reduction of ferrite of acetophenone
Nickel ferrite ;
Ni Fe T, min Vi, Ml W, mi Ha/min n, % o, %
' ' (0.=0,25) ’ ’

Cu cathode - - - - 1,0 6,9 22,1
NiFe204 (500 °C) 0.245 0.467 40 13.0 0.0 0.0 0.0
NiFe204 (700°C) 0.252 0.481 20 8.8 0.0 0.0 0.0
NiFe204 (900.°C) 0.256 0.488 20 8.9 0.0 0.0 0.0
NiFe;04 + PVA (500 °C) 0.224 0.426 20 8.6 0.0 0.0 8.7
NiFe,04 + PVA (700 °C) 0.245 0.467 140 108.1 0.0 0.0 8.7
NiFe;04 + PVA (900 °C) 0.265 0.506 160 90.4 0.9 7.9 48.2
NiFe204 + PVP (500 °C) 0.236 0.450 50 13.3 0.0 0.0 0.0
NiFe;04+ PVP (700 °C) 0.288 0.549 200 114.7 1.0 8.8 47.7
NiFe,04+ PVP (900 °C) 0.285 0.544 110 52.5 1.1 10.0 63.5

The carrying out of the stage of electrochemical reduction of nickel (1) ferrite samples can be controlled

by the volumes of absorbed hydrogen. According to data of Table 1, NiFe,O4 samples prepared without the
participation of polymers and thermally treated practically do not absorb hydrogen in the first stage, i.e. they
are not reduced electrochemically. During the preliminary heat treatment these samples also were not reduced,
and their constitutions were contained mainly crystalline phases of NiFe;O4 (Fig. 1). The same crystalline
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phases remain in their constitutions even after attempts to reduce them in the electrochemical system and, as
can be seen from the data in Table 1, they do not exhibit electrocatalytic activity during the electrohydrogena-
tion of APh — the second stage. The electrochemical reduction of APh does not pass in the presence of magnetic
powder of nickel ferrite because it has not electrocatalytic properties, and covers the surface of the copper
cathode holding onto it by an external magnet.

It has been established by the XRD analyzes that the NiFe.O4 + polymer samples are partially reduced
during heat treatment by the polymer decomposition products, and their additional reduction occurs in the
electrochemical system (Fig. 2 and 3):

3NiFe,04 + 26 + 8H* — 3Ni® + 2Fe304 + 4H,0 (For samples treated at 500 °C) @)
NiFe,O4 + 8e” + 8H" — Ni® + 2Fe? + 4H,0 (For samples treated at 700 °C and 900°C) (8)
FesO4 + 6€ + 8H — 3Fe + 4H,0 (For samples treated at 700 °C and 900 °C) 9

As can be seen from values of absorbed hydrogen volumes given in Table 1, the samples with heat treat-
ment at 700 °C and 900 °C undergo additional electrochemical reduction. However, only one sample
(NiFe204 + PVA (900 °C)) among the samples prepared with PVA exhibits the electrocatalytic activity and
only in relation to the APh conversion — it increases to 48 % (Table 1). The'NiFe;O4+ PVP samples partially
reduced thermally are also reduced additionally in the electrochemical system (mainly, samples treated at
700 °C 1 900 °C) and they show the electrocatalytic activity slightly higher than samples with PVA (Table 1).

The low electrocatalytic activity of nickel ferrite samples synthesized in the presence of polymers and
partially reduced during heat treatment and additionally in an electrochemical system can be explained as
follows. Firstly, in samples of NiFe;O4 + polymer thermally treated at 500°C, the reduction of nickel (II) cati-
ons (Fig. 2, 1) is accompanied by the formation of magnetite (reaction equation (7)). It is possible that the
magnetite completely closes the reduced nickel, which leads'to the loss of its catalytic activity. Secondly, in
the samples of NiFe;O4 + polymer (700 °C) and (900 °€). after thermal and electrochemical reduction, the
composites are formed consisting of reduced iron (Fe?; Fe-Ni-alloys, possibly reduced nickel and magnetite
residues (Fig. 2 and 3). According to previously performed experiments, iron skeleton catalysts were practi-
cally inactive in the electrohydrogenation of APh. Therefore, the reduced iron should not exhibit high electro-
catalytic activity in the studied process unless it interacts with other components of the composite as with
carriers. Magnetite also did not catalyze theelectrohydrogenation of APh. In this case, particles of Fe-Ni-alloys
are formed with various compositions, but with a predominant iron content, as it was shown by X-ray spectral
analyzes. And such Fe-Ni-particles exhibited low electrocatalytic activity in the electrohydrogenation of APh.

Conclusions

Nickel ferrite (NiFe»O4) samples were obtained by co-precipitation method without and with the addition
of polymer stabilizers (PVP; PVA) followed by heat treatment at 500 °C, 700 °C and 900 °C. XRD analysis
shown that as a result of heat treatment of NiFe.O4 + polymer samples, the nickel and iron partial reduction
occurred due to the thermal decomposition products of polymer stabilizers of low content. The resulting Fe-
Ni-composites possessed-magnetic properties and exhibited low electrocatalytic activity in the electrohydro-
genation of acetophenone, obviously caused by the structure of Fe-Ni-alloys particles with predominant iron
content.

This work was financially supported by the Ministry of Education and Science of the Republic of Kazakh-
stan (Scientificand Technical Program No. BR05236438)
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IMoaumepJiik TYpaKTaHABIPFBIIITAPABIH dcepiMeH HUKeab peppurin (I1)
TEPMUSUIBIK KIHE JIEKTPOXUMUSIJIBIK KAJINbIHA KeJITIpy

Hukens (1I) depputinig yiarinepi cyJsl epiTiHzige NOMMMEpPIl TypaKTaHIBIPFBIITAp/Ab! (TOJTUBHHUII CITUPTI
’KOHE TMOJMBUHWINMMPPOINAOH) KOCHAH jKoHE KOCY apKbUIBI METAT TY3AapblH Oipre TYHIBIPYMEH JXSHE
onaps! ozaH api 500 °C,.700 °C sxene 900 °C ke3iHge TEpMUSIIBIK OHACYIMeH anbiHFaH. OnapbIH KYpbUIbIM-
IbIK-(a3albIK e3repicTepl aneToYeHOH b HIEKTPrHAPIICy/ Ie Oap bl KaTalM3aTopIIap PeTiHIe KONaHy¥Fa Jie-
HiH >KOHE KOJIAHFaHHAH KeHiH peHTreHo(a3alblK Tajjay OiCIMEH aHBIKTaNFaH. AJNBIHFAH YATUIEpIiH
NiFe204 sxone NiFe204 + noaumep MOpHOIOTHAIBIK ePEKIIETIKTEPI ITEKTPOH/IBIK MUKPOCKOIIHS dJIicTepiMeH
3epTrenreH. [loaumepi TypaKkTaHIBIPFRIIITE 0ipre TYHABIPY OpTachlHA CHTI3Y JKOHE OHBIH IpeKypcopap (Me-
Tangap THAPOKCHATEP1 &KOHE OKCHATEP1) MEH KanbinTacaTtbH HuKelb (11) ¢pepputi KypaMbiHaa skapThUIail cak-
TaJTybl aJIbIHFAH YJITIIEpaiH KYPBUIBIMIBIK-(ha3aiblk KypaMbIHa aliTapIIbIKTail acep eTeTiHi aHbIKTanraH. da3za-
JBIK KYpaMIapJaFb! ailblpMallbUIbIKTap OCHI YIITUIEpIiH TEPMUSUIBIK OHJECY TeMIepaTypachIMeH Ji¢ aHBIKTa-
nazpk. TypakTaHIpIPFEIITAPCHI3 CHHTE3AEIreH HuKenb (epputine kaparanaa NiFe2Os + monmmep yirinepi
TePMUSIIBIK OHJIEY OaphIChIHIA KoHE KypambiHaa Ni- sxoHe Fe-Ni-koMMmo3uTTepiH KajiblITacThipa OTBIPBII
DIIEKTPOXUMISIIBIK XKYHe e skapThutail TOTEIKChI3Aabl. Kanmeiaa kenripinren vHukens (11) deppurinin yirinepi
aneTo)eHOH B! HIEKTPOTUIPIEYIE AEKTPOKATATUTHKAIBIK KacCHeTTep i Maiina 60Ty KabineTiHe 3epTTenre .
OTKi3iNreH ToXipuOenep apKbUIBI OCHI YIEpicTe ONapblH dJICi3 EKTPOKATATHTHKAIBIK KaCHETTepl aHBIK-
TaJI/IbL, OJ1 KypaMbiHa 6aceiM Gesiri Temip 6omatein Fe-Ni-6ankpiva GeexTepiniy KypbUIBICHIMEH, COHIai-
aK HUKeJb OeJIIeKTepiHiH OeNCeHUIINH TeKeHTIH MarHeTUTTIH 00JIybIMEH TYCIHIIPINTeH.

Kinm co30ep: uukens depputi (1), TyHABIPY 91iCi, TEPMUSIIBIK OHJIEY, YIEKTPOXUMUSIIBIK KaJIbIHA KENTIpY,
HHKEJIb MEH TeMIpAiH HyJ1b-BaJCHTTI OOIIIEKTepi, IeKTPOKATAIUTHKAIIBIK THIPHPIIEY, alleTO(EeHOH.
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Tepmuveckoe  3JTeKTPOXUMHYECKOe BocCTaHOBJIeHHe (peppurta Hukes (1)
10/ BJMSIHHEM MOJMMEPHBIX CTA0UIU3ATOPOB

O6pasmp! Geppura Hukens (1) momydeHs COBMECTHBIM COOCaXKIEHHEM COJIeH METAJUIOB B BOJHOM pacTBOpe
0e3 u ¢ 1o0aBICHHEM MOJMMEPHBIX CTa0MIN3aTOPOB (MIOJIMBHHIIIOBOTO CIMPTA M MOJIUBUHUINKAPPOIUIOHA) H
nanpHeideit tepmudeckoit o6padotkoit mpu 500 °C, 700 °C u 900 °C. Meronom peHTreHo(ha30Boro aHaimsa
BBISBJICHBI X CTPYKTYPHO-(a30Bble H3MEHEHHU JI0 ¥ [TOCIIe IPUMEHEHHMS X B KaUeCTBE KaTaIU3aTOPOB B HJICK-
TporuapupoBanun areropenona. Mopdorornueckue 0coOSHHOCTH Mony4eHHbIX 00pasioB NiFe:Os u
NiFe204 + nomimep Uccae0BaHbl METOJIOM HICKTPOHHOM MUKPOCKOITHH. Y CTAHOBJICHO, YTO BBEACHHUE ITOJIH-
MEPHOTO CTa0HIN3aTopa B CPely COOCAKACHHS W YaCTHYHOE COXPAaHEHHE €ro B COCTaBe MPEKypPCOpOB (THI-
POKCHIIOB M OKCHJIOB METAIUIOB) U (opmupytomerocs ¢peppura Hukens (II) okassiBaroT 3aMeTHOE BIMSHAE Ha
CTPYKTYpHO-(ha30BEIil cOCTaB MOMy4eHHBIX 00pa3noB. OTimuns B (a30BBIX COCTaBAX ONPEACISIOTCS TAKKe
TeMIIepaTypoi TepMudeckoil 00paboTku 3THX 00pasioB. [lokasaHo, 4To, B oTiIHYME OT heppuTa HUKETST; CHH-
TE3UPOBAHHOTO 03 cTabHIN3aTopoB, 06pasisl NiFe204 + momuMep 4aCTHYHO BOCCTAHABIIMBAIOTCSLB-XO/I€C TEP-
MHYECKON 00pabOTKH U TOMONHUTEIBHO B DIICKTPOXUMHUECKO# cructeMe ¢ oOpasosanuem Ni- u'Fe-Ni-conep-
JKaIux KOMIo3uToB. BoccranoBneHHsle 00pa3ubl peppura Hukens (1) nccnenoBansl Ha CIIOCOOHOCTH K IPO-
SIBJICHUIO SJICKTPOKATAIUTHYECKUX CBOMCTB B AJICKTPOTUIPUPOBaHHH aneTo(eHoHa. IIpoBeAecHHBIMU SKCIIC-
PUMEHTaMH yCTaHOBJIEHBI X CJa0ble 3JIeKTPOKATAIUTHIECKHE CBOWCTBAa B ATOM IIPOIIECCE, HPEAHOIONKH-
TebHO 00yCIOBICHHBIE cTpoeHreM yacTull Fe-Ni-cIutaBoB ¢ npeobiianaiommM cofepxKaHuEM xkere3a, a TAkKe
HPUCYTCTBUEM MarHeTUTa, MHIMONPYIONIEro aKTHBHOCTh YaCTHI] HUKEIS.

Kniouesvie cnosa: deppur uukens (II), meton coocaxneHus, TepMUIECcKas 00padOTKa, BICKTPOXHUMHUICCKOES
BOCCTAHOBJICHHUE, HYJIb-BAJICHTHBIC YACTHUIIBI HUKENS U JKelie3a, MEeKTPOKATATUTUIECKOe THPHPOBAHHUE, alle-
TO(EHOH.
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