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The phenomenological model of nikel-iron spinel nucleation with spinel structure based on the partial charge
theory and analysis of hydrolysis and polycondensation processes at the interaction of Fe**-, F&*"- and Ni%'-
hydroxocomplexes at different pH values of reaction medium was proposed. UV-vis optical spectroscopy was
used for verification of the obtained results about the regularities of hydroxocomplexes formation. Crystal
guasi chemistry approach was applied for nucleation of nikel-iron spinel under the conditions of predomination of
different defect types in NiyFe; O, (d is oxygen non-stoichiometry) spinel lattice. The anaysis of changes in
electricad conductivity and lattice parameter of defect nickel-iron spinel as a function of Ni%* atomic
concentration was done for different values of d parameter.
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I ntr oduction

Ultrafine ferrites with spinel structure are attractive
materials due to interesting magnetic, electrical, catalityc
and electrochemical properties. Nickel-iron spinel has
attractive wide application field because of its fascinating
electromagnetic characteristics which alow using of
these materials as magnetic storage systems [1], catalysts
[2], photocatalysts [3], materials with negative
differential resistance [4], gas sensors [5], in drug
delivery [6] as MRT imaging agent [7], eectrode
materials. The possibility of successful application of
ferrite nanopowder is determined by the magnetic and
electrical properties that depend on the crystal ordering
and average particle size. There are several synthesis
approach of ultrafine nickel spinel. Ceramic, sol-gel and
self-combustion syntheses [8-10] are the most widespead
ones. The conrtol and prognosis of crystal structure
formation at a stage of oxide phase nuclegtion is an
important task which allows obtaining of ultrafine spinel
materials with complex predicted properties.

. NiFeO,4 spinel nucleation: protolysis
and polycondensation

The nucleation of the condensed phases from the
solution of metal (M) salts is based on the procesess of
hydrolysis and  polycondensation  of metal
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hydrocomplexes and is described by the terms of
nucleophilic substitution as:
—M-OR + XOH® -M-OX + ROH,
where Risaradical, X = H for protolysisand X = M for
condensation processes. Partial Charge Modde (PCM)
[11] allows decribing the hydrolization of metal ions and
finding out the regularities of olation and oxolation
interactions between hydrocomlpexes which determine
the nuclaetion of new phases. The theory is based on the
Sanderson principle of electronegativity equalization.
The hydrolysis of metal ions in an agueous medium
involves the formation of [M(OHzn]*" complexes, where
N is a coordination number (for transtion metals the
formation of octahedrally coordinated ionic complexesis
typical, N = 6), z is an oxidation degree. Iron chloride
hydrolysis in acidic medium leads to the formation of
chlorine-containing complexes [Fe!""CI(H,0)s]** and
[Fe""Cly(H,0),)" [12] but in diluted solutions
[Fe(H,0)¢]*" and [Fe(H,0)s)*>* mononuclear complexes
are predominant [13]. Redistribution of charges between
the cation and the ligands occurs with the formation of s-
bonds of M-OH,, which leads to the redigribution of the
electron density from the binding 3a molecular orbita of
the coordinated water molecules to the unburned cation
orbitals. As a result O-H bond in the coordinated water
molecules is weakened and the protolysis occures
according to the scheme:
[M(OHN]**+hH20 ® [M(OH)n(OH)n.r) " +hH50"
The €electronegativity (cp,) of the obtained
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Fig. 1. The protolysis degree of M(OH),(OHy)e.n] “™*
(M = Fe**, Fé**, Ni%*) hydrocompexes vs pH value of
reaction medium.

hydrocomplex is determined by the type of central cation
and the hydrolysis degree (h). The theory of partia
charge allows calculating the electronegativity of the
complex, which alows determining the degree of
hydrolysis and defining the most possible nucleation
mechanism of the condensed phase [14]. The pH of the
reaction medium is one of the key factors to determine
the hydrolysis degree. The electronegativity of water
molecules at a 25 °C isafunction of pH according to the
equation: ¢,~=2.732-0.035xH. The protolysis degree h of
[M(OH2)\]** species at a certain pH value can be
determined from the condition of equality of the total
charge +(zh) and the sum of charges of al the
components of the complex as.

2[F")(OH),(OH,)4]" —[ Fe"",(OH)4(OH,)e] ** + 2H,0
Fe!")(OH)2(OH,)4]* +[Fe"(OH)(OH,)s] “—[Fe"" Fe'"” (OH)3(OHy)7] % + 2H,0

2[F")(OH)(OH,)s]* —[ Fe",(OH),(OH,)g] % + 2H,0

Transmittance, arb.units

T T T
400 600 800

Wavelength, nm

T
200

Transmittance, %

_ z- ndo- 2NdH - dM
1-dy
degrees of the cation and anion, N is a coordination

h , Where z and n are oxidation

0
number (N = 6), ¢ =M (i=0, H, M). The
1.36,/c/
electronegativity values in Allred-Rochow symbols for
oxygen, hydrogen, iron and nickel are 3.50, 2.10, 1.72
and 1.80, respectively [11].

The calculated h(pH) dependences for the hydrolysis
of Fe*, Fe" and Ni** cations under the condition of
octahedrally coordinated hydrocomplexes formation
(Fig. 1).

The transmission spectra of 0.0001 M iron nitrate
aqueous solution were analyzed depending on the pH
value which was determined by ammonia solution adding
(Fig. 2, 8).

The local decreasng of transmittance was observed
a pH=6.3 and pH=10.1 that corresponds to
[Fe(OH)(OHZ)s]*" and [Fe(OH),(OH,)s]'~ complexes
formation (theoretically predicted values are 6.1 and 9.7,
respectively. At the same time the protolysis degree for
Fe*"- and Ni**- based hydrocomlexes is about 1 at
pH=10-11 and doesn’t exseed 2 at pH = 13-14. The pH
of the reaction medium a magnetite synthesis was of
about 105-11.0 and [Fe"(OH),(OH.),* and
[Fe'"(OH)(OH,)s]* are dominated species. In these
monorers OH groups have a thermodynamic preference
to basal plane[15].

Three type of olation reactions are possible
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Fig. 2. (a) The transmission spectraof 0.0001 M iron nitrate aqueous solution at different pH values
and (b) trangmittance as a function of pH at different wavelengths.
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Fig. 3. Models of (a,b) [Fe"",Fe",(0H)s(OH,)10] ™ and (c) [Fe"",Fe",0% (OH),(OH,)10] ™ complexes.
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Fig. 4. The transmission spectra of 0.0001 M iron nitrate agueous solution at different pH values
in arange of 1000-1100 nm.

An additional asymmetry of the tetramer complex
formed by both Fe** and Fe** ions stimulates the olation
combining of two dimers [FE") Fe') (OH);(OH,);]™
(Fig. 3,a,b) with the possible olation as a next step
(Fig. 3, ©).

Spectroscopic studies demonstrate changes in the
tranamittance of the iron nitrate solution at pH value of
about 11.3 that corresponds to the olation-oxolation
interactions  between  [Fe""",Fe!),(OH)s(OH,)10]
tetramers (Fig. 3) At the next stage the oxolation
processes are  occured  with  [Fe'",Fel,0*
(OH)»(OH,)10] ™ complexes formation (Fig. 3,c)

The olation-oxolation reaction and
[Fe",Fel,(OH)s(OH,)10]** complexes formation took
place with the nucleation of the oxide phase (Fig. 5).

The energy optimization of
Fel",Fe!)(OH)s(OH,)10]"* complexes can  occur
accompanied by hydrolysis oxolation transformation of
the central zone of the cluster with the formation of Fe
(111) -O-Fe (1) bridges:

[Fe""",Fe"(OH)s(OHz)10] “*+4H,0®
® [Fe"",Fe",0,(OH)(OH,)10]°.

The formed complexes are eectrically neutral that
leads to the loss of sol aggregate stability and the starting
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Fig. 5. Probable mechanism of olation-oxolation
reactions of iron oxyhydroxide phase nucleation.
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Fig. 7. Thetransmission spectra of 0.0001 M iron and nickel nitrate aqueous solution (Ni:Fe molar ratio is 1:2) at
different pH values.

of a coagulation. The magnetic ordering has an important
role in the processes of clusters organizing a the
nucleation stage. Structures of this type were predicted
theoretically in [16].

Similar approach was used for the case of the
formation and interaction of ni ckel -based
hydrocomplexes. Changes in the transmission spectra of
0.0001 M nickel nitrate aqueous solution at increasing of
pH were andlyzed (Fig.6). A redistribution of a
transmittance between the spectral regions in the vicinity
of 390 nm and 360 nm was found at pH value in a range
of 10.75-10.95 (Fig. 6, a). According to PCM the
formation of [Ni"”(OH)(OH,)s]* hydrocomplexes occurs
at pH values of about 10.0-10.5 (Fig. 1) At the same
time, an increase in the absorption coefficient in the
vicinity of 1040 nm was observed, that may be the
evidence of the possible formation of low-dimensional
polymeric complexes like [Ni,(OH),(OH,)s]° (Fig. 6, b).
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Nickel ferrite nucleation takes place according to a
scheme similar to the formation of magnetite with the
Ni?*-based hydrocomplexes instead Fe?".
Spectrophotometric studies of the mixture of 0.0001 M
iron and nickd nitrate aqueous solutions (Fe:Ni molar
ratio is 2:1) were carried out at different pH values. The
transmission spectra at pH>10.28 were observed
(Fig. 7).

The formation of  [Fe"",(OH)4(OH,)s]™,
[Fe'""Fe")(OH)5(OH,)/]*?, [Fe",(OH),(OH,)s] %, and
aso [Fe"'Ni"(OH)3(OH,)7] ™ and [Ni"(OH),(OH,)g]
complexes is probable. At pH values of about 11.0 the
formation  of  [Fe!"),Fe"'Ni"™0*(OH),(OH,)] ™
complexes begins with the next olation and oxolation
(Fig.5). These processes leads to complex
oxyhydroxydes spieces formation which are the centers
of spinel phase nucleation.
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II. Crystal-quasichemical analysis of
nikel iron spinel nucleation and
properties

The precipitation synthesis from mixture of nickel
and both (II) and (Ill) iron agueous solutions was
performed. Ammonium hydroxide solution was used for

increasing of pH value of reacton medium up to 11-12.
The next equation describes the darting stage of
synthesis: FeCl, +2NH,OH ® Fe(OH), +2NH,Cl and
NiCl, +2NH,OH ® Ni(OH), +2NH,Cl. The Fe(lll)
hydroxyde is unstable [17] and decomposes to
FeO(OH) oxyhydroxide asfollows:

2FeCl, + 6NH,OH +(n- 3)H,0 ® FeO, nH,0+6NH,Cl ® FeO(OH) nH,0 + 6NH Cl
. The spinel structure formation can be formally represented as a result of interaction of FEOOH, Fe(OH), and

Ni(OH), precursors as:

b - FEOOH +xNi(OH), +(x- 1)Fe(OH), ® Ni,Fe  FeO,+H,O.

Crystalline structure of ferric spinel (space group
Fd3m) is based on a cubic lattice of the oxygen ions and
consists of 32 O% anions, 16 Fe** cations and also 8 Me**
cations in each unit cell (Me= Ni, Ci, Zn, etc). There are
64 tetrahedral (A) Stes and 32 octahedra (B) ones per
unit cell. The cation digtribution is described as
(Me)a[ Fey] g0, where the semicircle and sguare brackets
indicate the tetrhedral and octahedra sites, respectively.
There are two limit type of cation distribution e g.
normal and inverse spinel. In normal spindl the divalent
ions are located in tetrahedra B-sites when trivalent
cations are in B-sites only. Nickel ferrite NiyFes O, isan
inverse spinel where Ni** ions occupy B-sites only and
the Fe** ions are distributed in A- and B-sites. The
presence of octahedrally coordinated Fe?* is required
condition for electrical neutrality of alatticeat 0 < x < 1.

Crystal-quasichemical approach is based on the
anadysis of superposition result of basic matrix
antistructure and the crystallochemical formula of the

compound [18, 19]. "Antistructural"
(Vi) gy (vid), v EJIB{V4"}O cluster is a result of

sequential "removal" of ions from cationic and anionic
sublattice of (Fe3+)A|_Ni j*Fej_*XJB{Oj' }O as a basic
structure. The Kroger's formalism was used where V,/

and V. are double- and triple- charged vacancies,

respectively and "/, "¢" and "X" symbols denote
negative, positive and neutral charges, respectively.
According to PCM theory the olation-oxolation
processes  with  participation  of  Fe**-based
hydrocomplexes occur at relatively low pH value of
reaction medium. The increasing of pH value leads to
Fe**- and Ni**-based complexes formation and the
nucleation of nicked-ion spinel. Stoichiometric spind
structureisaresult of superposition of these clusters:

x(Fe ), gFe Ni'g (0, ), +(1- x)(Fe ), gre Fe'f (O, ), ®
® (FexFe.L- x)A gFex Fe.l.- X Nlin- X EIB (O4><l )0 (04(1- x)l )0 ®
® (Fe),gFe NiiFe [ (O, ), ® (Fe ). gre Ni,Fe g (O, ),
The deviation of NixFes xO4.5 spinel from stoichiometric one can be defined using 6 parameter. The vacanciesin the
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oxygen sublattice correspond to positive 8 when vacanciesin the cationic one correspond to negative ¢ values [20]:

d>0p NiFe, 0,,=(Fe

d<0P Ni,Fe,_ ,0,, =N a F&,., 0,

4-d
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u
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4d 4-d 4d 4dl

The concentration of oxygen vacancies for NiFe;O, nanopartlcles obtained in agueous medium is up to about 0.10

per formula unit [21]. The Fe** content decreases drastically
values of oxygen non-stoichiometry when Fe®
same time the presence of the oxygen excess leads to non-li

" content doesn'

with the increasing of Ni?* concentration and at different
t depend on the presence of Ni* ions (Fig. 8, a,b). At the
near growth of cation vacancies concentration located in

octahedra site. The next analysis can be done applying basic crystal quasichemistry approachesat d>0andd < 0:
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The crystalquasichemical formulas obtained at d> 0
demonstrates the presence of non-compensated negative
charge per formula unit in B-sublattice of NiyFes;O4s
spinel. The eectrica neutrality of whole lattice is
provided by the presence of anionic vacancies. The
neutrality of crystal lattice at d <0 is a result of mutua
charge compensation in the octahedral sublattice. These
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conclusions are important for the prediction of chemical
activity and adsorbtion mechanisms on surfaces of defect
crystals [22]. Ancther important characterigic that
depends on the stoichiometry and cation distribution is
an electical conductivity of the material. It is known that
the electron hopping between octahedrally coordinated
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Fig. 9. The dendencies of (a) Fe** ions content in B-sites
spinel as afunction of Ni
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the dominant mechanism of eectrical conductivity of
bulk NiFe,O, [23]. The increasing of the specific
electrical conductivity of NisFe;.«O, spinel at theincrease
in Ni%" ions content was observed experimentally in [24].

The changes in Fe** ions content in B-sites of
NiFes,Oss spind a increasing of Ni?" concetration

corelate with specific eectrica conductivity dependency
(Fig. 9), but the oxygen non-stoichiometry can cause the
additional influence on the electrical characteristics of
the material. The analysis of an e ectron percolation was
donein the crystal-quasichemical terms:

d=0p (Fe ) &Ni, (Fe ,)(Fe, )(Fe , )L {0,V }, ® (Fe O Fe*)®
® (Fe )AgNi;<F@.2x>Fe;.2d Fel, 8 {OLaVi},
d<op (Fe), eN| s Feln voan) FE. 16V dV by 3{0 }, @ (Fe U Fe")@®
] 4d 4-d 4-d 4d d[jB
é ) ) u
© (Fe), 0. {Fem PV § (0],
e 4d 4-d 4-d
As follows under d>0 condition the concentration of bondlengths causes the interlattice stresses. The

exchange pairs linearly decreases with Ni®*content
increasing regardless of oxygen non-stoichiometry. The
presence of cation vacancies in B-sites (d<0) causes
more complex behaviour that corresponds to increase in
exchange pairs Fe*'« Fe* concentration with the
increasing of d.

The crystallochemical approach allows us to
establish the relationship between the cations distribution
and the geometry of crystal lattice. The semiempirical
correlations between the parameters of the nickd ferrite
lattice and the crystallographic parameters (the ratio of
nickel cations to iron cations, the availability of
vacancies in cationic and anionic sublattices, and
deviation from oxygen stoichiometry) can be cal culated.

Each anion in the crystal spind lattice is surrounded
by one tetrahedrically coordinated and three
octahedronically coordinated cations. The displacement
of one of the anions determines the change in the
coordinates of the other atoms. The change in

mimimization of a resulting energy of an dastic
deformation determines the equilibrium value of the
|attice parameter. The correlation between ion radii of the
lattice component and interatomic distances is caused by
close-packing character of a spinel structure. There is a
number of semiempirical models that calculate the lattice
parameter as a function of distances between anion and
cation, type, coordination number and ions oxidation
degree [25]. The development of [26] approach was
implemented in our case which is based on using the

B S, S0 yraes, s,
§s, s, s,

and S;3 matrix elements are concentrations of Ni%*, Fe?*
and Fe*" in tetrahedral lattice positions and S, Sy, and
S,3 are concentrations of these ions in octahedral sites.
This matrix for a case of d>0 and

(Fe3+ )A gNif+ Felz»+><+2d Fefza Ela {Oj:d } o can be written as

configuration matrix
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Fig. 10. Thetheoretical dependencies of |attice constant of NiFes 045 Spinel on Ni

2* concetration at differeent

values of oxygen non-stoichiometry d.
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where IhT,,f are corresponding unstrained metal-anion
distances in tetrahedral and octahedral coordinations
[25], Z,.ae ion charges. The lattice parameter

dependencies as functions of Ni?* ion concentration were
compared to experimental datafrom [27] (Fig. 10)

It can be assumed that the case of negative values of
oxygen non-stoichiometry d with the formation of cation
vacancies in the B-sites are the most probable at
relatively low (0.0-0.4 at per formula unit) concentration
of Ni** ions for NiyFe;Os; sping structure. For the
same case the increasing of substitution degree leads to
changes in the predominant defect type wtih the anionic
non-stoi chiometry predomination.

Conclusions

The hydrolysis of iron and nickel salts was analysed
from the point of view of partia charge theory. A
relationship between the pH and the hydrolysis degree
(h) was defined. It is assumed that nucleation of specific
polymorph is caused by spatid arrangement of the
primary monomers M(OH)(OH,)sn]“™ (M = Fe**,
Fe**, Ni?") during the polycondensation. UV-vis
spectroscopy allowed to observe the changes of optical
transmission of iron nitrate and nicke nitrate agueous
solution at predicted pH values which correspond to
formation of different types of hydrocomplexes. In
particular, a pH values of about 11.0 the formation of
[Fe!",Fe""Ni" 0% (OH),(OH,)0] ™ complexes begins
with the next olation and oxolation and this leads to
nucleation of oxyhydroxydes as centers of spinel phase

T T T
/3 Sty nigr AP e e * A et

o) o) 0 5
+33212Ni2+|Ni2+ S22t p vl g2t T 2 peBt ?
Sl i+t S22l e TS e p

(%)

formation. The crystal-quasichemical analysis revealed
the precence of non-compensated negative charge in B-
sublattice of NiFe;O4s pingd at d>0 values when
electrical neutrality of crystall lattice at d<O is a result of
mutual charge compensation in the octahedra sublattice.
Under d>0 condition the concentration of Fe?*« Fe*
pairs, that are responsible to percolation-type eelctrical
conductivity, linearly decreases with increasing of Ni%*
regardless to anionic non-stoichiometry. Under the
condition of d< 0 the formation of cation vacancies in
octahedra  sublattice is probable a Ni** ions
concentration < 0.4 per formula unit when the anionic
non-stoichiometry is predominant at relatively higher
values of Ni" ions concentration.
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MexaHi3M eHyKJIeanil HiKeJIb-3a/1i3HOI HIIiHeJIi 3 BOAHOI0 PO3YHHY:
KPHCTAJOKBA3IXiMiYHMH miaxia
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3anponoHoBaHO (HEHOMEHOJIOTIYHY MOJAEIb TpoleciB  (hopMyBaHHS HiKeJIb-3a1I3HOr0  heputy 3i
CTPYKTYPOIO IIIIIHEl Ha OCHOBI TEOPIi 4aCTKOBHX 3apsiiB Ta aHAJN3y IIPOLECIB TiApoi3y 1 MOIiKOHAeH ALl TPy
Baemonii Fe -, FE¥'- i Ni®*-rizpokcokoMIuiekcie mis pisHux 3mauenb pH peaxuiiinoro cepemopmma. Js
TIEPEBIPKM OTPHMAHUX PE3YNIBTATIB MIOJI0 3aKOHOMIPHOCTEH YTBOPEHHS T1APOKCOKOMIDIEKCIB, BUKOPHCTOBYBAJIH
METOJI ONTHYHOI criekTpockorrii. Iporecu Hykiearii s HecTexioMeTpuuHol Hikenb-3ai3Hoi mimiHem NigFes
xOs.5 (d - KHCHEBa HecTEXiOMETPist) OIMCaHI KPUCTAIO-KBa3iXiMIYHOK METOIMKOIO 3 BPaXYBaHHSAM PIi3HHUX THIIB
nedexriB y miiHenpHid rparii. Jist pisHUX 3HaueHb BenmndrHd d TMPOBEICHO aHaIli3 3MiHH eJIEKTPOIPOBITHOCTI
Ta IapaMerpa rparku JeeKTHOI HiKeJIb-3aJ1i3H01 mITiHe K GyHKIIT BMicTy Ni2*,

KorouoBi cioBa: nedexTHa Hikenb-3ali3Ha INIIHENb, TiJPOKOMIUICKC, [ApaMerp TIpaTKH, ONTHYHA
CIIEKTPOCKOIIsL.

164


mailto:vmbojchuk@gmail.com
mailto:banduracristina@gmail.com

