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Cobalt doped lithium ferrite nanoparticles were synthesized at different pH by sol-gel method. The ef-
fect of pH on the physical properties of cobalt doped lithium ferrite nanoparticles has been investigated.
The nanoparticles synthesized at different pH were characterized through X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX), Mossbauer spectroscopy and
impedance spectroscopy. The XRD patterns were analyzed to determine the crystal phase of cobalt doped
lithium ferrite nanoparticles synthesized at different pH. The results of XRD showed the formation of an
unmixed cobalt-substituted lithium ferrite having an ordered phase of the spinel structure. SEM micro-
graphs show that the structural morphology of the nanoparticles is highly sensitive to the pH during the
synthesis process. The electrical properties of the nanoparticles were also investigated: conductivity, real
and imaginary parts of the dielectric constant, loss tangent. These characteristics have been found to differ
for nanoparticles synthesized at different pH values which may be caused by differences in the size and
morphology of the nanoparticle surface.
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1. INTRODUCTION

Spinel ferrites are unique materials that exhibit
ferromagnetic and semiconductor properties and can be
considered as magnetic semiconductors. These materi-
als are widely used in a number of devices, including
recording heads, antenna rods, recording devices, mi-
crowave devices, core materials for energy converters
in electronic and telecommunication applications. Na-
nosized ferrites can have remarkable electrical and
magnetic properties that are significantly different
from microstructured materials, adaptable to modern
technologies such as ferromagnetic fluids, magnetic
transporters for drugs, high density information devic-
es, photocatalysts, gas sensors, and so on [1]. There is
growing interest in studying the effect of synthesis
conditions on the morphology and properties of such
materials.

Compared to other ferrite materials, lithium fer-
rites have one important feature: because lithium ions
are combined with Fe3* ions, the concentration of Fe2*+
ions is reduced, which makes the material resistance
very high.

For the synthesis of lithium ferrite nanoparticles, a
number of methods are used, such as aqueous co-
precipitation, sol-gel method, solid-state reaction meth-
od, hydrothermal, and others. Compared with other
methods, the sol-gel method has several advantages,
such as low process temperature, homogeneous distri-
bution of reagents, the ability to obtain nanosized par-
ticles and great adaptability to the synthesis of nano-
crystalline powders [4]. Finally, several studies on the
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synthesis and physical properties of lithium-cobalt fer-
rite nanoparticles are presented in [5-7]. However, in
these publications there is no information on the effect
of pH on the structural morphology and physical prop-
erties of cobalt-substituted lithium ferrites. Thus, the
results of the synthesis of cobalt-substituted lithium
ferrite nanoparticles at different pH values obtained by
the sol-gel method using citric acid as a chelating agent
are presented in this work. The effect of pH change on
the structure, morphology and electrical properties of
the synthesized nanoparticles was also investigated.

2. SYNTHESIS AND RESEARCH METHODS
2.1 Synthesis

Cobalt-substituted lithium ferrites were synthe-
sized as follows: at the first stage of the synthesis, a
stoichiometric amount of Li, Co and Fe aqueous ni-
trates and citric acid were mixed together into deion-
ized water according to the compositional formula
Lio2Coo.6Fe2204 to prepare 0.06 mol solution [8, 10].
The nitrates of metals and citric acid were mixed
dropwise on a magnetic stirrer in a molar ratio of met-
als to citric acid 1:1.75. Then, the pH of the above pre-
pared solution was maintained by adding the 25 %
aqueous solution of ammonia. Finally, three systems
with different pH values (3, 7, 9) were obtained. Mix-
ture of metal nitrate-citric acid solutions was slowly
evaporated within the temperature range of 70-80 °C to
remove extra amount of water from the solutions. Fur-
ther, the solutions were heated once again at 110 °C to
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obtain a viscous gel and completely remove the ad-
sorbed water. The obtained xerogel was placed in an
oven, where it was heated to a temperature of about
200-220 °C after which the mixture ignited and the
reaction formed a product that was investigated using
an X-ray diffractometer DRON-3 in CuKa-radiation.

2.2 Research Methods

The obtained samples were characterized by a pow-
der X-ray diffractometer [XRD, DRON-3] equipped
with a copper target and nickel filter to examine the
phase purity and crystallinity. X-ray wavelength used
in the study was 0.15406 nm of CuKa operated at
30 kV and 30 mA.

Fig. 1 shows the dried gel and the product formed
after burning.

Fig. 1 — Synthesis of lithium-iron spinel by sol-gel auto-
combustion method: a) dried xerogel; b) the product formed
after the reaction

For the analysis of the experimental diffraction pat-
terns, the full-profile Rietveld method and the Powder-
Cell program were used. ®"Fe absorption spectra were
obtained using Mossbauer spectrometer MS1104EM.
57Co was used as a y-quanta source in chromium matrix
with an activity value of 100 mCi. The decryption of the
received spectra was carried out in the application
package Univem with calibration. Investigation of elec-
trical properties of samples was carried out using an
impedance spectrometer Autolab PGSTAT 12/FRA-2 in
the frequency range of 0.01 Hz-100 kHz. The surface
morphology of the specimens was investigated using
JSM-6700F scanning electron microscope at accelerat-
ing voltage of 15 kV.

Magnetic investigation was carried out using a vi-
bration magnetometer 7407 VSM (Lake Shore Cryo-
tronics).

Experimental magnetic moment for the formula
unit mexp measured in Bohr magnetons (uB) can be cal-
culated using the formula

m. = My M
P 5585

s

where Mw is a molecular weight of the sample and Ms
is a saturation magnetization (emu/g).

The constant of magnetic anisotropy (K) can be
expressed due to the saturation magnetization (Ms)
and magnetic coercive force (H.) [9] as

_ MSHC
"~ 0.96
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Fig. 2 — Experimental XRD patterns of the Lio2CoosFez204

system obtained at different pH values of the reaction media:
pH =3 (a); pH="7(b); pH=9 (¢)

3. RESULTS AND DISCUSSION
3.1 Structural Analysis and Morphology

Fig. 2 presents the X-ray diffraction (XRD) patterns
of the synthesized compounds of the Lio2Coo.sFe2204
composition obtained by the sol-gel method of auto-
combustion at pH values of the reaction medium equal
to 3, 7 and 9 (i.e., in acidic, neutral and alkaline media).

Analysis of the diffractograms of all the synthesized
samples indicates the presence of the inversed spinel
phase of magnesium-substituted lithium ferrite with
major diffraction planes (220), (311), (400), (422), (511)
and (440) (JCPDS-38-0259). The plane (311) has the
maximum value of the diffraction intensity, which is an
indication that this direction is predominant. No dif-
fraction peaks corresponding to other phases such as
a-Fe203, CoO or nitro compounds of these elements were
observed. Thus, based on the observations, it can be
stated that the cobalt ions were completely replaced in
the lithium ferrite lattice for all investigated pH val-
ues. The cationic distribution obtained from the analy-
sis of experimental XRD patterns using the full-profile
Rietveld method can be represented as [Coo.32Feo.72]
(Lio2Fe1.4Coo.37). It can be seen that the Li* cations oc-
cupy only the B-positions, whereas the Fe3* and Co?* ions
occupy both the A- and B-sites. Thus, cobalt-substituted
lithium ferrite is a mixed spinel with a degree of inver-
sion 6= 0.24 and belongs to the spatial group Fd3m.

The dependence of the lattice constant on the pH of
the reaction medium is shown in Fig. 3.

The sizes of coherent scattering regions (CSR) were
determined by the Scherrer method

A
<D> - ﬁl cosf’
2

where A is the wavelength of X-ray radiation, 6 is the
diffraction angle, iz is the half-width of reflection.
Also CSR were determined by the Williamson-Hall in-
terpolation method, according to which the dependence
of pcosf on sinf was built based on the equation
PeosO = A/D + 4esinf (if the approximation was per-
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formed by Lorentz or Cauchy functions) or equation
P2cos26 = (A/D)2+ (4esinf)? (if the approximation was
carried out by the Gauss function). If obtained depend-
ence is approximated linearly, then the angle of incli-
nation of the line will be proportional to the magnitude
of the micro-voltages (¢ or £2), and the intersection of
the line with the ordinate axis is the value inversely
proportional to the size of the CSR (D or D2). Table 1
shows the CSR size values for the Lio.2Coo.cFe2.204 sys-
tem at pH = 3, 7, 9 calculated by both methods.
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Fig. 3 — The dependence of the lattice constant on the pH of
the reaction medium of the Lio.2Coo.cFez2204 system

Table 1 — CSR sizes for Lio2CoocFe2204 system at different
pH values of the reaction media

CSR, nm CSR, nm
pH | The Selyakov-Scherrer | Williamson-Hall
method method
3 30 28.5
7 20 19.0
9 25 23.4

The data in Table 1 indicate that all the synthe-
sized samples are nanosized and the pH of the reaction
medium plays a significant role in the formation of the
microstructure of the synthesized samples. The some-
what larger CSR values in the Selyakov-Scherrer meth-
od are due to the fact that only one intensity peak (the
third one) was taken into account, while the Williamson-
Hall method takes into account all the reflexes. As it is
known, as the angle of reflection increases, the half-
width of the peak increases, so taking into account all
the reflexes can give an average value that may be
slightly smaller than that for one randomly selected re-
flex. Also when determining the magnitude of B2 the
instrumental widening caused by the X-ray beam diver-
gence and the width of the limiting slit were taken into
account; this was determined using a reference sample.
This sample served as a well-annealed sample of lithi-
um-iron spinel obtained in a ceramic way.

The effect of the pH of the reaction medium on the
microstructure of the synthesized systems can be in-
terpreted as follows: ammonia (NH4OH) was added to
establish the appropriate pH value in the precursor
solution. Ammonia increases the chelation of metal
cations with citrate [7], which can help control the oxy-
gen balance [7] and promotes the formation of porous
three-dimensional (3D) structure in nitrate-citrate
xerogels [6]. Fe3* has been found to be complete with
citrate only when the pH is approximately 3 [7]. From
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this, we can conclude that without ammonia citric acid
works only as a fuel. Insufficient chelation of metal
ions with citrates can lead to imperfect 3D gel struc-
ture and thus the nitrate oxidant introduced into the
xerogel can easily decompose both during the drying
process and during the combustion process. This will
reduce the amount of heat generated by the lack of oxi-
dant so that the ferrite compound is formed as a result
[7]. The optimum pH is 6 for spinel ferrite formation,
as to Waqas et al. [6]. It was also found that with in-
creasing pH to 6, the decomposition of citric acid con-
tained in xerogel occurs at 220 °C in one stage and, as a
result, a single-phase spinel ferrite is formed. The de-
composition of citrate-nitrate xerogel without ammonia
fully occurs only at 500 °C. Nitrate-citrate xerogels
without ammonia flash locally and, as a result, amor-
phous powder is formed. Xerogels obtained from a solu-
tion at pH > 7 interfere with the process of spontaneous
flare, thus, even when forming a single-phase structure
of ferrite, its morphology is quite dense and, as a re-
sult, the formed system is characterized by higher val-
ues of CSR. However, in most studies on the synthesis
of ferrite spinel from nitrate-citrate gels, pH values
equal to 7 were chosen. Yue and others found that
when the pH is greater than 4, a crystallized phase
NH4NO3 occurs, which decomposes into NH3, NOx and
H20 during the drying process and, as a result of gas-
sing, 3D xerogel structure forms. For pH = 2 and 3, the
gel detects a dense mesh microstructure, in which
there are only single pores in the gel structure. If the
pH value is increased, a mesh structure develops in the
gel. At pH = 6 and 7, 3D mesh structure is fully formed.
Due to the porous mesh structure, more oxygen is in-
troduced into the xerogel. Oxygen accelerates the com-
bustion process, thus increasing the combustion tem-
perature and speed. The porous structure makes xero-
gel burning fast and very strong. Moreover, the
NH4NOs decomposition is accompanied by the release
of Oz, thus accelerating the combustion process. High
pH values of the solution mixture are desirable for the
synthesis of ferrite compounds with increased values of
initial magnetic permeability. At the same time, with
increasing pH, the size of crystallites increases, which
is an attribute of a higher combustion temperature [5].

The X-ray density of the synthesized compounds
was calculated by the ratio

ey
Na:

where Z is the number of molecules per unit cell (for
the spinel lattice Z=8), M is the mass of the ferrite
sample molecule, N is the Avogadro number, and a is
the lattice constant.

At pH =7, the X-ray density has a minimum. This
is obviously due to the fact that under these conditions
of synthesis (the reaction medium is neutral), the com-
bustion process is most intensive at high speed. As a
result, the particles do not have time to agglomerate,
resulting in a fine powder with crystallite sizes smaller
than 20 nm. Accordingly, for such specimens, the influ-
ence of the surface is strongly manifested and, as a
result, the lattice constant increases, which in turn
leads to a decrease in the X-ray density.
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Fig. 4 — Typical scanning electron microscopic (SEM) images
and EDAX spectra of Lio2Coo.cFe2204 obtained at different pH
values of the reaction medium (pH = 3, 7, 9)

3.2 Mossbauer Studies

Mossbauer spectra of 57Fe at room temperature of
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Lio2Coo.6Fe2204 obtained at different pH values of the
reaction medium (pH = 7) are shown at Fig. 6.

All spectra obtained are a superposition of two sex-
tets corresponding to the A and B positions of iron in
spinel sublattices. The values of the magnetic fields are
490 and 447 kE, respectively. Table 2 shows the main
parameters of the  Mossbauer  spectra  of
Lio2Coo.6Fe2204 systems synthesized at different pH
values of the reaction medium.
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Fig. 5 — Mossbauer spectra of 57Fe at room temperature of the
Lio2Coo6Fe2204 system obtained at different pH values of the
reaction medium (pH = 7)

Table 2 — Parameters for decoding the Méssbauer spectra of Lio2CoosFe2204 nanoparticles synthesized at different pH

pH value Is, mm/s @s, mm/s H, koE S, % G, mm/s
1st sextet 0.295 0.078 447.51 34.82 0.840
3 2nd sextet 0.295 0.022 490.75 23.73 0.469
doublet 0.306 0.640 — 41.44 0.7982
1st sextet 0.220 0.040 440.00 20.12 0.766
7 2nd sextet 0.306 —0.008 489.75 35.60 0.530
doublet 0.313 0.660 — 44.28 0.695
1st sextet 0.233 0.059 442.01 24.42 0.772
9 2nd sextet 0.301 —0.006 490.24 40.17 0.568
doublet 0.311 0.653 — 35.40 0.692

3.3 Conductive and Dielectric Properties

Dielectric constant (¢') and dielectric loss (¢") were ob-
tained depending on the change in the pH of the reaction
medium in the process of synthesis by the sol-gel auto-
combustion method. Dependences of &' and &" on frequen-
cies at pH values of 2, 7, 9 are shown in Fig. 6. It was dis-
covered that both &' and &" increase with increasing fre-
quency, but the nature of the change is strongly dependent
on the pH level. Thus, the features of frequency depend-
ences of &' and &" can be induced by polarization effects
caused by the change in morphology during synthesis at
different pH of the reaction medium. A number of authors
[3, 5] have shown that the mechanism of dielectric polari-
zation i1s similar to the conductivity mechanism, confirm-
ing that the result of interaction in the exchange of elec-
trons leads to a local displacement of electrons in the di-
rection of the electric field, which determines the polariza-
tion of ferrite. The change in spatial polarization is deter-
mined by both the amount of space charge carriers and the
presence of defects between phase or inter-particle bound-
aries. As shown by the results of XRD and morphological
studies, deviation of the pH of the reaction medium in any
direction from neutral (pH =7) leads to a decrease in the
thermal output of the reactions and, as a consequence, to

an increase in the reaction time. This, in turn, leads to an
increase in the size of the crystallites and a decrease in the
partial contribution of the boundaries of the section. Obvi-
ously, this is the main reason for the differences in the
electrical properties of the identical composition.

3.4 Magnetic Measurements

Magnetic measurements were performed on samples
synthesized at different pH values of the reaction medium
2, 7 and 9, which correspond to the acidic, neutral and
alkaline synthesis medium. Initially, measurements were
made in ZFC conditions with the applied magnetic field
(B) of 1 T from 300 K to 1200 K. Magnetization measure-
ments (M) on B were performed at 300 K. Thus, FC
measurements were carried out from 1200 K to 300 K in
the applied 1 T magnetic field.

Fig. 7 shows the dependence of the magnetic suscepti-
bility on the temperature for the sample synthesized at
pH 7. The dependence for other pH values has a similar
behavior, but it is worth noting the increase in the initial
values (M), which can obviously be explained by the dif-
ferences in morphology, that is, the increase in particle
size. This assumption was also confirmed by X-ray analy-
sis and electron microscopy data.
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Fig. 8 shows the temperature dependence of the deriv-
ative of the magnetic susceptibility. As can be seen from
the figure, deviations of the heating mode at temperatures
749, 830 and 1030 K are observed. This characterizes the
change in the structure of the ferromagnetic material. In
this case, at 749 K, the lattice is transformed from an or-
dered to a disordered state due to the influence of the in-
duced temperature factor on the phonon spectrum of the
original sample. 1030 K is the phase transition tempera-
ture of the ferromagnetic-paramagnetic state.

pH =2. This indicates an increase in the probability of
random distribution of magnetic moments, and therefore
an increase in its magnetic quality.

Table 3 shows the main magnetic characteristics of co-
balt-substituted lithium-iron ferrite synthesized at differ-
ent pH values of the reaction medium.

In literature [3, 6, 9], the magnetization of lithium fer-
rites is about 60 emu/g, which is lower than the values
obtained in this paper (Table 3). In these samples, the
increase in saturation magnetization is caused by the
substitution of magnetic ions (cobalt), as well as, as men-
tioned above, by the difference in the morphology of the
samples synthesized at different pH values.
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Fig. 9 — Dependences of magnetization on magnetic field before heating and after cooling at 300 K (a); enlarged area near zero (b)

Table 3 — Magnetic characteristics of cobalt-substituted lithium-iron ferrite synthesized at different pH of the reaction medium

pH of the Molar mass | Coercivity Remnant Saturation Anisotropic Magnetic
reaction medium )2 Hc magnetization Mr | magnetization Ms | constant K x 10¢ | moment m.r
2 223.5 902 37 75.2 7.1 3.00
7 223.5 888.5 39.9 72.23 6.9 2.89
9 223.5 890 35 73.3 6.8 2.93
measurement errors +0.01 +0.1 +0.01 +0.01 0.01 +0.01
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Bruius pH ma mopdgoJiorio cTpyKTypH i MardHiTHi BJ1aCTUBOCTI BIOPAIKOBAHOI pasu
HAHOYACTHHOK K0O0AJIbT-3aMIiIIeHOoro JIiTieBoro ¢gpepury, CHHTE30BAHOTO 30JIb-T€JIb METOI0M

JI.C. Kaiirkan!, }10.C. Masypeuro?, H.B. Ocramosuu?, A.K. Sijo3, H.f. Isamiuox*

L IBH3 "llpuxapnamceruil hauionanvrull yuisepcumem imerni Bacuns Cmeganura”, eyn. Illlesuenka, 57,
76018 Isaro-@panxiecvk, Yrpaina
2 Jsano-@parnKi8cbKUll HAUIOHAILHUT MeOuunul YHisepcumem, 8y, lanuuvka, 2,
76000 lsaro-@panriscvk, Yrpaina
3 Department of Physics, Mary Matha Arts and Science College, Manathavady, 670645 Kerala, India
4 Incmumym memanogizuxu imeni I.B. Kyporomosa HAH YVkpainu, Kuis, Vkpaina

Hanmouactnakn k00aIbT-3aMILIEHOT0 JIiTIEBOTO (hepuUTy OyJIM CHHTEe30BaHI IIpH pisaux pH MeTomom 3071b-
resIb aBTOCIIAIOBAHHSA. Byso mocmimxeno Biums pH Ha cTpykTypy, MopdoJiorio, eJIeKTpUYHI Ta MATHITHI
BJIACTHUBOCTI HAHOYACTHUHOK KOOAJIBT-3aMIiIeHOoro JitieBoro depury. HamouacTmHEM, CHHTE30BaHI IIpH pia-
unx pH, mocmimxysanmcsa merogamu peHTreHiBebKol mudpariii (XRD), ckaHyouol eTeKTpOHHOI CIIEKTPOC-
komii (SEM), emeprommcmepciitioro penrreiBebkoro anamidy (EDAX), meccOayepiBcbkoi Ta iMIIemaHCHOI
CITEKTPOCKOITII. PeHTTeHIBChKI nudpaKkTorpaMu aHATI3yBAIUCS JIJIS BU3HAYEHHS KPUCTAJIIYHOI (pasy HAHO-
YaCTUHOK K00aJIbT-3aMIIIEHOro JIiTieBoro depury, cuHTe3oBanoro upu pisaux pH. PesynbsraTu pentreHiBchb-
Kol mudppakinii moxasasm popMyBaHHS 0e3IOMIIIKOBOIO KOOAJIBT-3aMIIIEHOr0 JITIEBOTO (DEPUTY, IO Mae
BIIOPSAIKOBAHY (pasdy HIMHEJbHOI cTpyKTypu. SEM 300paskeHHs mokasasu, mo MopdoJIorisa CTPyKTypH Ha-
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HOYACTHHOK CHJIBHO 3aJIeKUTh Bim pH peakiriiiHoro cepemoBuina B mpolieci cuHTedy. EHepromucmepciiumia
PEHTTEeHIBCHbKUI aHAJII3 MIATBEPAUB OUIKYBAHUM XIMIYHHN CKJIAJ] CHHTE30BAHOTO IIpoayKTy. MeccOayepiBch-
Kl CIIEKTPH CHCTEM, CHHTE30BAHUX IIPU Pi3HMX 3HaueHHAX pH peakiiiiiHoro cepeoBuina, TAKOMXK CYyTTEBO Bi-
IPISHSAIOTHECA OOUH Bix omuoro. Ilokasamo, 0 KATIOHHWN POSIIONLS YMHUTEH 3HAYHWN BIJIMB HA 3HAYEHHS
130MEPHOTO 3CYBY 1 BEJIMUMHA HAJOOMIHHUX IIOJIIB 3aJIi3a, 110 3HAXOISITHCA B TETPa- 1 OKTA0TOUEHHI. Taromx
JIOCITT;KYBAJIUCSA €JIEKTPHUYHI BJIACTHBOCTI HAHOYACTUHOK: IPOBITHICTD, JIHCHA TA YSABHA YACTUHU J1EJIEKT-
PUYHOI TIPOHUKHOCT], TAHTE€HC BTPAT, 1 BUABUJIOCS, 1[0 BOHH BIAPISHAOTHCA JJIsT HAHOYACTHHOK, CHHTE30Ba-
HUX TpHu pisuaux pH, mo mMoske OyTv BUKJIMKAHO BIIMIHHOCTAMH B PO3Mipax Ta MOPQOJIOrii TOBepXHI HAHO-
vyacTHHOK. J[OC/TIIsKeHHsT MArHITHUX BJIACTHMBOCTEN CHHTE30BAHUX IIOPOIIKIB 34 JOIIOMOIOK BlOPAIIAHOTO
marueromerpa (7407 VSM (Lake Shore Cryotronics)) mokasaiy CUIbHY 3aJI€KHICTh MATHITHHAX [TApPaMeTPiB
Big piBHsa pH peakIriiiHOro cepeqoBHINA IPU OTPUMAHHI JOCTIIKYBAHUX epHUTiB. SHAUCHHS HaMarHI4eHOoC-
Ti HACHYEHHsI HEMOHOTOHHO 3aJIEKUTh BT BMICTY 10HIB KOOAJIBTY 1 Mae BUIle 3HAYEHHS IOPIBHSIHO 3 YACTH-
HKAMH, OTPUMAaHUMH 1HIITUMH cIriocobaMu. BusiBieHa oIHO3HAYHA KOpeJIAIlisa MK piBHeM pH peaxiriiizoro
CepeJIOBHUINA, PO3MIPOM OTPUMAHUX YACTHHOK 1 (PI3UYHUMY ITapaMeTPaMU JIOCIIIKYBAHUX CACTEM.

Kmiouosi ciosa: @epuru, 30/b-TesIb aBTOCIATIOBAHHSA, PeHTreHIBChKa JUQPaKIlisa, 3aMileHHa K00aJIbTy,
Hanoxpucramiumi depurn, pH-edexr, MaruiTai BIacTUBOCTI.
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