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Abstract:

Alumina powders, pure and doped with nickel, were synthetized by sol-gel method
and calcined at 500, 900 and 1100 °C in order to obtain mesoporous structures with a high
specific surface area, well adapTab. to catalytic application. The characterization of samples
was performed by XRD, EPR spectroscopy and electrochemical impedance spectroscopy
(EIS). XRD analysis showed that the addition of Ni**, as well as the annealing temperature,
affects the structural properties of the obtained composites. EPR analysis revealed the traces
of Fe** impurities, the presence of oxy defects in alumina and Ni** in tetrahedral position for
samples calcined at 1100 °C. The impedance of the Nafion/alumina modified GCE depended
on combined effect of porous structure and surface properties of alumina samples. The
electrochemical behavior of a glassy carbon electrode modified with Ni (I1)-doped aluminas
was studied in 0.5 M NaOH solution, with and without methanol. The electrochemical activity
of nickel-doped alumina composites was dictated by the amount of present NiO impurity.
Keywords: Alumina; Sol-gel; Nickel; Annealing temperature; Cyclic voltametry.

1. Introduction

There is an increasingly growing interest in the electrochemistry of ordered solids
based on zeolites, clays, layered double hydroxides with common a nanostructured porous
inorganic matrix able to be permeated with organic and inorganic species [1]. Such materials
comprise a variety of nanoarchitectures in relation to the shape and size of the crystals and
their cavities, pores, channels, etc., from microporous to mesoporous, and a variety of guest’s
species. Adsorption capacity of these materials has motivated their exploitation in the
electrochemistry domain for catalysis, energy production and storage, and sensing. Transition
aluminas are important in the field of various catalytic processes because of their high specific
surface areas, surface property and crystalline structure [2-7]. These properties of obtained
alumina phases depend on the precursor, method of preparation, sample history and the
calcinations conditions. The role of alumina in the catalyst system is often assumed to be
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purely physical acting as an inert solid onto which a catalyst can be dispersed. However, the
surface of alumina is chemically reactive and is a catalyst for many acid/base reactions. Datka
et al. showed that basic hydroxyl groups at alumina surface, that are absent at HY zeolite, can
influence the reaction pathway [5].

It is known that properties of alumina can be modified by addition of different metals
or metal oxides, as well as by changing the consolidation parameters [8, 9].

Nickel/alumina composites have found uses for various applications such as catalysts
[2-4, 6, 7], coatings [10] or sensors [11], but low electrical conductivity of alumina-based
ceramics is one of the reasons that prevent wider application in the field of electrocatalysis.
Since alumina is considered as insulating material, nickel/alumina systems have not been
investigated as electrode material, except from nickel particles deposited on conductive
porous alumina [12] or as sensor for methanol vapor [11]. Electrochemical characterization
can give additional insight in surface and structural properties of materials. Recently,
electrochemical characterization of molecular species incorporated in non-conductive metal-
organic frameworks was performed [13]. The electrochemical characterization of low loading
catalyst, in non-conducting materials prepared in bulk can provide additional information for
catalyst tailoring.

This paper presents the results of studies on the influence of calcination temperature
on the structural and electrochemical properties of nickel-alumina composites with different
Ni/Al ratio. The electrical properties and the activity of synthesized composites toward
methanol electrooxidation were tested in order to investigate the activity of formed Ni-
species. The aim of electrochemical investigation was to establish connection between
electrochemical activity of investigated aluminas and data obtained by other characterization
techniques.

2. Materials and Experimental Procedures

Ni(Il)-doped alumina composites were prepared by sol-gel method using aluminum
alkoxide as a precursor. To prepare boehmite sols, aluminum isopropoxide was hydrolyzed in
an excess amount of water (100:1, H,O:AI** mole ratio) at 80 °C, followed by peptization
with the appropriate amount of HNO; (0.07:1, H*: AI** mole ratio) to form a sTab. colloidal
sol. The sol was kept at a constant temperature for the desired time under reflux conditions,
during which most of the alcohol was evaporated [14]. The freshly prepared boehmite sol,
pure and dopped with variable concentration of nickel nitrate solution, were mixed together
and then vigorously stirred in order to obtain a homogeneous Ni(ll)-doped boehmite sol. The
molar ratios of Ni**/AI** were 0.1, 0.2 and 0.4, i.e. 10, 20 and 40 % of nickel. The pure and
the doped boehmite sols were then gelled at 40 °C, during 24 hours, than at 100 °C in same
time interval. The gels were heated from room temperature to the final temperature of 500,
900 and 1100 °C with the heating rate of 10 °Cmin™ and were kept for a 5 h. The samples
obtained in this manner are designated as A-500, A-900 and A-1100 for pure alumina, where
A stands for alumina and the number stands for final temperature. The samples containing Ni
were designated as A10-500 and so on. The A stands for alumina, the first number describes
the % of Ni in alumina sol, and the second number stands for final heating temperature.

The X-ray powder diffraction measurements were performed on a PHILIPS 1050 X-
ray diffractometer using Ni-filtered Cu Ko radiation and Bragg-Brentano focusing geometry.
The patterns were taken in the 5-90° 28 range with the step length of 0.05° 24 and exposure
time of 5 s per step. The X-ray Line Profile Fitting Program (XFIT) with a Fundamental
Parameters convolution approach to generating line profiles was used for the calculation of
both the crystallite size and the microstrain parameter of the synthesized powders [15].



Z. Mojovié et al.,/Science of Sintering, 51(2019) 339-351 341

The electron paramagmetic resonance (EPR) spectra of the powder samples were
recorded at room temperature by a Bruker Elexsys 11E540 spectrometer operating at X-band
(9.5 GHz) with the following settings: modulation amplitude, 2 G; modulation frequency, 100
kHz; microwave power, 6.3 mW; scan range, 514 mT; scan time, 4 min. The spectra were
recorded and analyzed using the Xepr software (Bruker BioSpin Germany).

In order to use the investigated alumina powders as electrode materials, the samples
were homogeneously dispersed in original 5 wt.% Nafion® solution using an ultrasonic bath.
Droplets (10 ul) of these suspensions (containing 1 mg of alumina powder) were placed on
the surface of a glassy carbon electrode (area = 0.0314 cm?). After solvent evaporation, the
alumina was uniformly distributed on the glassy carbon support in the form of a layer. For the
electrochemical investigations in a three-electrode glass cell, the alumina-modified glassy
carbon electrode (GCE) was used as working electrode. The reference electrode was Ag/AgCI
in 3M KCI, while a platinum foil served as a counter electrode. The electrochemical
measurements were performed using Autolab electrochemical workstation (Autolab
PGSTAT302N, Metrohm-Autolab BV, Netherlands). Cyclic voltammetry was performed at
scan rate of 50 mVs®' from 0.5M NaOH with and without 0.5M methanol. Impedance
measurements were carried out at constant potential using a 5 mV rms sinusoidal modulation
in the 10 kHz-10 mHz frequency range from 0.5 M NaOH.

3. Results and Discussion
3.1. X-ray diffraction
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Fig. 1. XRD patterns of pure and Ni-doped alumina samples calcined at 500 °C and their
phase compositions at (a) 15-90° and (b) 61-71° 2theta range.

X-ray diffraction patterns of alumina samples annealed at 500 °C (A-500, A10-500,
A20-500 and A40-500) are presented in Fig. 1la. As can be seen, A-500 sample contains
reflections characteristic of a cubic y-alumina (y-Al,14403,, PDF No. 79-1558), which has
spinel-type lattice that contains cation vacancies [16]. This was expected, since the boehmite
transforms to y-alumina at about 450 °C [17]. The XRD pattern of A10-500 sample still has
all the characteristic reflections of y-alumina, but the intensities of some reflections change
and their positions slightly move to the left (Fig. 1b), since the d-spacing increase. This
indicates that Ni (or more precisely, NiO) is incorporated into the spinel structure and y-
alumina-NiAl,O, solid solution is formed due to nonstoichiometric composition [18, 19]. A
small impurity of NiO (PDF No. 89-3080) is also detecTab.. With further increase of Ni
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content in alumina samples A20-500 and A40-500, positions of diffraction reflections keep
moving to the left, which means that a greater amount of nickel is incorporated into the spinel
structure and for sample A40-500 a spinel NiAl,O, phase (PDF No. 73-0239) is stabilized.
Also with increasing Ni-doped level, amount of NiO impurity increases. Formation of NiO
alongside nickel aluminate is common phenomenon [20].

Microstructural parameters of all samples were obtained using the model of isotropic
broadening of diffraction peaks due to isotropic shape of crystallites and isotropic microstrain
(Tab. I). Crystallite size and microstrain of y-alumina phase in A-500 sample are 6.1 nm and
0.8 %, respectively. A considerably high value of microstrain (imperfection of crystal
structure) arises from the presence of a large number of cation vacancies and that is why the
y-alumina, is known as a defect spinel [21]. According to Tsybulya et al. [22], vacancies in
low-temperature Al,O; polymorphs (such as y-alumina) are not statistically distributed point
defects but ordered chains associated with the planar faulting. Such stacking faults are the
main origin of the broadening of diffraction peaks. Hence, the values of microstrain
parameters of our samples, obtained using the isotropic model, should be taken as a first
approximation. Microstrain in A10-500 sample of spinel phase corresponding to a solid
solution of y-alumina-NiAl,O, was somewhat higher than for pure alumina sample, amounting
0.9 %. This result indicated that the small amount of Ni introduce some more defects in
already defect spinel structure. A decrease of microstrain values with further increase of Ni
content (Tab. 1) indicates that more stabilized spinel structure appears, due to less cation
vacancies.

Tab. | Calculated values of the crystallite size and microstrain parameters.

Sample Crystallite size (nm) Microstrain (%)
aluralizlzz\lllzlgloAZI:OJ NiO alun&li:,i/:::g:;o“/ NiO
A-500 6.1 0.8
A10-500 4.1 0.9
A20-500 4.6 0.64
A40-500 3.3 16.6 0.42 0.018
A-900 8 0.7
A10-900 8.2 0.6
A20-900 12.7 0.59
A40-900 12.9 22.7 0.47 0.131
A-1100 135 0.22
A10-1100 18.3 0.3
A20-1100 30.1 0.89
A40-1100 14.7 36.5 0.002 0.001

Fig. 2a shows the results of X-ray diffraction analysis of alumina samples annealed at
900 °C (A-900, A10-900, A20-900 and A40-900). The XRD pattern of pure alumina sample
(A-900) could be assigned to a mixture of tetragonal d-alumina (3-Al,03;, PDF No. 16-0394)
[16] and monoclinic 6-alumina (0-Al; 470364, PDF No. 79-1559). é-alumina can be formed
from y-alumina during the calcination at 700-800 °C [23], while 0-alumina could be formed
from d-alumina during the calcinations at 900-950 °C [23]. However, it can be seen that Ni-
doped alumina samples calcined at 900 °C crystallized neither in tetragonal §-alumina
structure, nor in monoclinic 6-alumina structure. These samples crystallized in cubic spinel



Z. Mojovié et al.,/Science of Sintering, 51(2019) 339-351 343

structure, indicating that nickel stabilizes the cubic spinel structure. Positions of diffraction
reflections obtained fo samples calcined at 900 °C move to the left (Fig. 2b) with an increase
of Ni content, same as for Ni-doped alumina samples calcined at 500 °C. This shift indicated
that a greater amount of nickel is incorporated into the spinel structure. In samples A10-900
and A20-900 y-alumina NiAl,O, solid solution is formed due to the nonstoichiometric
compositions, while in sample A40-900 a main phase is a spinel NiAl,O,. A10-900 sample
has all the characteristic reflections of the spinel structure, without visible reflections of NiO
impurity. Reflections of NiO impurity start to appear in the XRD pattern of A20-900 sample
and then increase in the XRD pattern of A40-900 sample.
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Fig. 2. XRD patterns of pure and Ni-doped alumina samples calcined at 900 °C and their
phase compositions at (a) 15-90° and (b) 61-71° 2theta range.

Phase composition of alumina samples annealed at 1100 °C (A-1100, A10-1100,
A20-1100 and A40-1100) is shown in Fig. 3. The XRD pattern of A-1100 sample contains
only reflections characteristic of a rhombohedral a-alumina (a-Al,O3;, PDF No. 81-2266). In
samples A10-1100 and A20-1100 the main phase is monoclinic NiAl;(O (5AI,03-NiO, PDF
No. 37-1292), which is a metasTab. B phase [24]. In these samples a-alumina remains, but as
minor phase. In sample A20-1100 both, monoclinic NiAl,zO¢ and spinel NiAl,O, phases are
present, whereby, the spinel NiAl,O, is in the formation process. With further increase of Ni
content in sample A40-1100 monoclinic phase NiAl(O5s vanishes and dominant phase
becomes spinel NiAl,O,4, with some amount of NiO impurity.
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Fig. 3. XRD patterns of pure and Ni-doped alumina samples calcined at 1100 °C and their
phase compositions.
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3.2. Electron paramagnetic resonance (EPR) spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy provides information about the
existence of unpaired electrons. The g-factor from calculated characteristic resonance line of
EPR spectra can be used to analyze paramagnetic center’s electronic structure. The EPR
spectra of all investigated samples are presented at Fig. 4. The EPR spectra of non-doped
alumina samples recorded at 77 K (Fig. 4) showed two main peaks at g = 4.23 and g = 2.00.
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Fig. 4. EPR spectra of pure and Ni(ll)-doped-alumina samples recorded at 77 K.

Literature data show that the low field EPR signal with g = 4.23 can be ascribed to isolated
Fe** ions in regular or distorted octahedral and tetrahedral positions [25]. Iron and silicon are
the key trace impurities in aluminum isopropoxide used as precursor for alumina synthesis
[26]. This signal decreased with the increase of Ni*? content in Ni-doped alumina indicating
that the surrounding of Fe** ion was changed. Similar decrease of signal intensity was noticed
in glass matrix with the increase of iron content [27, 28]. The decrease was ascribed to the
decrease of amount of isolated iron ions due to the increased density of paramagnetic ions.
The signal intensity decrease in our experiment can be explained in similar fashion. The
addition of nickel disrupted isolated positions of Fe** ions leading to the decrease of signal.
The signal of A-500 at g = 2.00 showed hyperfine structure. Paramagnetic site in the
alumina that can give rise to hyperfine structure are located on aluminum center Al [29] or on
aluminum-oxygen hole center [30]. The nuclear spin of #Al is 5/2 causing the signal
originating from these paramagnetic sites to split. The hyperfine structure could not be
observed for the EPR spectra of non-doped alumina calcined at 900 and 1100 °C. This can be
ascribed to the formation of different paramagnetic site than above mentioned. It is considered
that oxy defect has Al-O-O° structure in which the distance between aluminum atom and the
electron spin is long enough to neglect the hyjper interaction with Al [31]. The EPR
spectra of Ni-doped aluminas calcined at 500 and 900 °C showed that introduction of nickel in
alumina structure led to decrease of g = 2.00 signal intensity. Similar decrease was noticed for
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Tb** doped sol-gel derived alumina films [31] and ascribed to the bond formation between
Tb** and oxy defect.

The EPR spectra obtained for Ni-doped alumina calcined at 1100 °C were
significantly different. Low field EPR signal was shifted to g = 5.14 for sample A-1100
indicating the change of the surrounding of the iron ion. The literature data ascribe this line to
the Fe** ion in a-alumina [32]. Additionaly, these spectra were dominated by broad wave at
low magnetic field. The sharp peak at g = 2.16 was observed for all Ni-doped sample calcined
at 1100 °C. This g value is attributed to Ni** ions in octahedral coordination [33]. NiAlLO,
spinel or NiO phases containing octahedral coordinated Ni** ions are found on the surfaces of
nickel/alumina catalysts [34]. The highest intensity for this g value was observed for A20-
1100 sample. According to XRD analysis, the signal at g = 2.16 probably originated from
nickel in NiAl;,Oqs, since this form of Ni-aluminate was observed only with samples calcined
at 1100 °C.

3.3. Electrochemical impedance spectroscopy
The characterization of the Nafion/alumina modified GCE was performed by the

electrochemical impedance spectroscopy. For a modified electrode, the Nyquist plot (Fig. 5)
shows characteristic semi-circle pattern due to barrier to the interfacial electron-transfer.
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The Nyquist plot of all Nafion/alumina samples almost overlapped at high frequencies, while
more obvious variation of traces occurred at lower frequencies. The impedance data (Fig. 5)
were fitted to simplified Randles circuit (Fig. 6), that consists of internal resistance (Rs) in
series with the parallel combination of charge transfer resistance Ry and constant phase
element CPE (designated as Q) instead of true capacitor.

R

ct

Q

Fig. 6. The equivalent electric circuit used to fit EIS data.

CPE usually represents the double layer capacitance and can be described by following
equation:
1

Z= Yo(Gw)™

where Y, is CPE admittance, j is the imaginary unit, w is the angular frequency and n is CPE
exponent which is associated with the system inhomogeneity. The capacitance element CPE
will be pure capacitance when n = 1 while it will be pure resistance when n = 0. For values
0.5 <n < 1and CPE is non-ideal capacitor that is influenced by surface heterogeneity.

In this circuit model R represents the solution resistance and it amounted around 50
Q for all investigated samples. The values of circuit elements obtained by fitting were
presented in Tab. II.

Tab. Il The electrochemical parameters extracted from the EIS data recorded in 0.5 M
NaOH.

Sample R (KQ) Y (USs" n

A-500 256 1.74 0.70
A10-500 227 291 0.71
A20-500 184 4.13 0.70
A40-500 217 4.02 0.70

A-900 166 5.05 0.72
A10-900 131 5.20 0.70
A20-900 161 5.00 0.72
A40-900 100 5.38 0.69
A-1100 179 3.60 0.80
A10-1100 195 3.49 0.80
A20-1100 155 3.72 0.80
A40-1100 149 3.76 0.80

GCE+Nafion 118 3.97 0.83
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The EIS measurements were performed at OCP (about 0.18 V vs. Ag/AgCl), where
was no electron transfer process, leading to large values of resistance [35, 36].

The variation of parameters was determined by surface and textural properties of
alumina samples imbedded in Nafion, i.e. by porous structure of Nafion/alumina samples and
penetration of electrolyte in pores. According to Song et. al. [37] impedance of porous
electrode is determined by penetrability and pore size distribution. Increase of impedance is
obtained for increased penetrability and smaller pore size distribution and vice versa.
According to results obtained from nitrogen adsorption-desorption isotherms (presented
elsewhere [38] specific surface area and pore volume decreased with increase of calcination
temperature and nickel content. The reduced porosity led to increased penetrability and
decreased impedance as obtained for sample annealed at 900 °C. However, samples annealed
at 1100 °C showed largest pore sized distribution that probably was cause of increase of
impedance.

When alumina is immersed in aqueous solution, double layer is formed as the result
of electrostatic interaction between ions in solution and the surface charge of the alumina
[39]. The surface charge is mostly created of —AIO™ and —AIOH?* groups [40]. The surface
charge profile is influenced by dehydration and the change of phases with the annealing
temperature [39, 41]. The variation of admittance of constant phase element was most
pronounced for series of samples calcined at 500 °C. The introduction of nickel in alumina
samples calcined at 500 °C influenced surface charge distribution more than in samples
calcined at higher temperatures. XRD and EPR analysis showed that sample A-500 had more
defects than samples calcined at higher temperatures. Both analysis showed that introduction
of nickel stabilized the structure.

3.4. Cyclic voltammetry

The nickel species formed during in synthesized samples were characterized by cyclic
voltammetry. In order to test electrochemical activity of introduced nickel GCE modified with
synthesized material was tested in alkaline solution. The electrodes were cycled up to ten
times in order to test stability of Ni-doped aluminas. The stability of alumina samples
increased with increase of nickel content and with increase of calcination temperature. The
10™ successive cycle for each investigated sample are presented in Fig. 7a and b. Cyclic
voltammograms recorded in 0.1M NaOH for A10-500 only showed current rise at high anodic
potential due to oxygen evolution reaction. With increase of Ni content in sample
characteristic Ni(Il) — Ni(lll) pair of peaks appeared at potential range 0.3-0.6 V wvs.
Ag/AgCl electrode and was well pronounced for A40-500 sample. The redox Ni(Il) — Ni(lll)
originates from electroactive layer of Ni(OH), that is formed over Ni-containing species upon
immersion in alkaline solution. The current of oxygen evolution also increased with increase
of Ni content, as expected since Ni-based electrodes are good catalyst for the OER [42]. The
current of NiOOH formation decreased with the increase of calcinations temperature of
samples (Fig. 7b). The XRD analysis showed that NiO was formed in samples annealed at
500 °C. A40-900 contained NiO, while A40-1100 contained mixture of Ni-oxide forms. The
electrochemical activity of Ni-modified alumina samples was probably also influenced by
alumina surface charge.

Further testing was performed in the reaction of methanol oxidation from alkaline
solution. The continuous cyclic voltammetry in methanol containing alkaline solution was
performed and the 30™ cycles for each electrode are presented in Fig. 8. The current rise due
to methanol oxidation was observed at same potential as the formation of NiOOH. There was
no current of NiOOH reduction during reverse scan. The same dependence of current of
methanol oxidation on Ni content and calcinations temperature as for the current of NiOOH
formation was observed. The characteristic feature of recorded voltammograms is hysteresis
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between the anodic and the cathodic sweeps, in which a higher methanol oxidation charge is
observed in the cathodic sweep. Broadening of cathodic limit to hydrogen evolution resulted
in higher current of methanol oxidation in forward than in reverse scan (not shown). This can
be ascribed to reactivation of the electrode by the reduction of surface oxides in the region of

hydrogen evolution [43, 44].
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The electrochemical activity of nickel-doped alumina samples was dictated by the
amount of formed Ni(OH),, i.e. methanol electrooxidation current was correlated with the
amount of present NiO. The sample A10-500, where all nickel was dissolved in y-alumina,
showed only oxygen evolution current. The low methanol electrooxidation current (around 1
MA) obtained for A40-1100 sample could be expected. XRD analysis showed that most of
nickel was incorporated in NiAl,O,4 spinel while NiO was present in very small amount.

It is unclear how much Ni inside alumina structure affects the electrochemical
response of nickel-doped alumina. According to Ojani et al. [45], who investigated Ni-
modified zeolite Y, the presence of Ni ions inside zeolite cages beside Ni ions present on the
surface of the zeolite was essential for good electrochemical activity of NiY. It was proposed
that the methanol oxidation takes place on the oxy-hydroxide species formed on the surface of
the electrode, while nickel species incorporated in zeolite act as an electron relay to the
Ni(OH),/NiOOH redox system. It can be speculate that this kind of synergy effect was
observed for samples annealed at 500 °C. The samples annealed at higher temperatures have
sTab. Ni-spinel structure as main phase and synergy effect was probably absent.

4. Conclusion

Alumina samples dopped with different amount of nickel were synthetized by sol-gel
method and annealed at 500, 900 and 1100 °C.

XRD diffraction analysis has confirmed that the phase composition of Ni-doped
alumina samples, as well as crystallite size and microstrain of detected phases, were
dependent on the amount of Ni added and the annealing temperature. With increase of Ni
content dominant phase becomes spinel NiAl,Q,, with some amount of NiO impurity, which
indicates that nickel stabilizes the spinel structure. Formation of NiO alongside nickel
aluminate is common phenomenon.

The EPR spectra revealed the presence of Fe** impurities in alumina samples
originating from starting chemical for synthesis. This signal decreased with the increase of
Ni** content in alumina indicating that introduction of Ni ions changed the surrounding of
Fe®* ions. The EPR spectra obtained for Ni-doped alumina annealed at 1100 °C showed the
sharp peak at g = 2.16 attributed to Ni%* ions in NiAl,;Oy6

EIS study confirmed that the impedance of the Nafion/alumina modified GCE
depended on combined effect of porous structure and surface properties of alumina samples.
The electrochemical activity of nickel-doped alumina composites was dictated by the amount
of present NiO impurity. The activity of NiO in the samples toward methanol oxidation
greatly depended on the cathodic limit indicating that the methanol oxidation was mainly
governed by the nature of the electrode surface.

The amount and structure of nickel content in catalyst are of great importance. The
results presented in this paper can be used as guidelines for tailoring of Ni-alumina
composites synthesis for future applications.
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Caopocaj. Ilpaxosu anymune, 6e3 000amra u ca 000AMKOM HUKAA, CURMEMUCAHU CY COJI-2ell
memooom u scapenu na 500, 900 u 1100 °C ¢ yumwem da ce 006ujy mezonoposne cmpykmype
ca  BUCOKOM  CHeYUpUYHOM  NOBPUIUHOM, NPUMEHHUBE Y  KAmaiumuuke — cepxe.
Kapaxmepusayuja y3opaxa spuena je ca XRD, EPR u EIS cnekmpockonujom. XRD ananusa
nokasana je 0a u dodamax Ni**-jona, kao u memnepamypa sjcapersa, Ymudy Ha cmpyKmypHe
ocobune Oobujenux xomnosuma. EPR ananuzom ymepheno je npucycmeo Fe'-jona y
mpazoeuma, oxcu-deexama y anymunu u Ni**-jona y mempaedapckum nosuyujama y
yaopyuma scapenum na 1100 °C. Humnedanca cmaxno-kapbon enekmpooe moouguxosare
Haguon/arymunom, 3aeucuila je 00 KOMOUHOBAHOZ epeKma nopo3ne Cmpykmype u
NOBPUWIUHCKUX — KapaKmepucmuka y3opaka —aiymune. Enexmpoxemujcko  noumawarse
MOOuguKogane cmaxno-kapooun erekmpooe ucnumusaro je y 0.5M pacmeopy NaOH, 6e3 u
ca memanonom. Enexmpoxemujcka axmugHOCM HUKI-QIYMUHA KOMRO3UMA OUKMUPAHA je
npucycmeom NiO ¢ase.

Kuoyune peuu: Anymuna, Con-cen, Huxn, Temnepamypa sicapersa, Llukauuna éonmamempuja.
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