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Abstract: Lithium ferrite was prepared by the thermal decomposition of three
polynuclear complex compounds containing as ligands the anions of malic, tar-
taric and gluconic acid: (NHy),[Fe, sLiy 5(C4H405)3(OH)4(H,0),]-4H,0 (1),
(NHy)g[Fe, sLig s(C4H4O6)3(OH)g]-2H,0 (II) and (NHy)o[Fe, sLig s(CeH1107)3(OH)]
(III). The polynuclear complex precursors were characterized by chemical ana-
lysis, IR and UV—-Vis spectra, magnetic measurements and thermal analysis.
The obtained lithium ferrites were characterized by XRD, scanning electron micro-
scopy, IR spectra and magnetic measurements. The single a-Li, sFe, sO4 phase
was obtained by thermal decomposition of the tartarate complex annealed at
700 °C for 1 h. The magnetization value =~ 50 emu g! is lower than that ob-
tained for the bulk lithium ferrite due to the nanostructural character of the fer-
rite. The particle size was smaller than 100 nm.

Keywords: lithium ferrite; chemical synthesis; thermogravimetric analysis (TGA);
X-ray diffraction; magnetic properties.

INTRODUCTION

Nanocrystalline lithium ferrite has been investigated in the last years due to
its potential use in the microwave field as a replacement for garnets or as a me-
mory core. -2 Lithium ferrite has important magnetic properties, i.e., a high Néel
temperature, a rectangular hysteresis loop and a high dielectric constant.3:4

Lithium ferrite is an inverse spinel which exists in two crystalline forms:
ordered, a-Lig sFep 504, and disordered, BLig sFep 504.5-10

The method of preparation plays a very important role in determining the
chemical, structural and magnetic properties of spinelic ferrites. The conven-
tional ceramic method, which involves high-temperatures sintering, often result
in a low quality material; the volatility of lithium above 1000 °C affects the mag-
netic properties and the resistivity.® In order to overcome such difficulties, a
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number of wet chemical methods have been developed to prepare LiFesOg at low
temperatures. They include the sol-gel method,!!-12 the microemulsion method,!3
hydrothermal transformations of hydroxide precursors,!4 freeze-drying of Li,
Fe-formates, ! the citrate precursors method,!0:16 and autocombustion.!?

The nature of the precursors is very important in the synthesis of spinelic fer-
rites. Polynuclear coordination compounds are preferred as precursors because
they can lead directly to mixed oxides by thermal decomposition.!8 A new syn-
thesis route based on the thermal decomposition of compounds with acetyl-
acetone-(2,4-pentadione) ligands was applied to obtain nano-sized Li-ferrites.!9

The synthesis of nanoferrites by thermal decomposition of polynuclear com-
plex compounds is a non-conventional method which belongs to “chimie douce”
(soft chemistry). This method is sometimes referred to as the complexation me-
thod for the synthesis of ferrites. The polynuclear coordination compounds, which
may be used as precursors for ferrites, should generate only volatile products on
decomposition. Ligands that largely satisfy this requirement are the anions of car-
boxylic and hydroxycarboxylic acids, i.e., acetate, oxalate, citrate, efc.

The goals of the present study were to synthesize polynuclear coordination
compounds, precursors of lithium ferrite, containing as ligands the anions of ma-
lic, tartaric and gluconic acid; to characterize these complex compounds by IR and
UV-Vis spectroscopy and magnetic measurements; to decompose them at low tem-
peratures in order to obtain lithium ferrite; and to characterize the samples of li-
thium ferrite by IR spectroscopy, XRD analysis, SEM and magnetic measurements.

EXPERIMENTAL

All chemicals: Fe(NO3);-9H,0, LiNO;, malic acid, tartaric acid and &~gluconolactone
were of reagent quality (Merck). The precursors — polynuclear coordination compounds were
prepared as follows.

Iron and lithium nitrates were dissolved in the minimum amount of water and mixed
with an aqueous solution of carboxylic acid in a 2.5:0.5:4 ratio Fe3*:Li*:malic (tartaric) acid
and 2.5:0.5:8 ratio Fe3":Li*: S-gluconolactone.

Ethanol was added to the final solution until a yellow precipitate formed. The pH was
raised to 5.5-6.0 by adding NH5:H,O (25 %):ethanol solution (1:1). The yellow polynuclear
compounds were filtered, washed with ethanol and dried over P4,O.

The metal content of the polynuclear compounds was determined by atomic absorption
spectroscopy with an SAAT instrument and by gravimetric techniques; the C, H, and N values
were obtained using a Carbo Erba Model 1108 CHNS-O elemental analyzer.

The IR spectra (KBr pellets) of the polynuclear coordination compounds and the lithium fer-
rites were recorded on a Bio-Rad FTS-135 spectrophotometer in the 4000-400 cm! region.

The thermogravimetric, TG, differential TG, DTG, and differential thermal analysis, DTA,
curves were simultaneously recorded under an air atmosphere using a Shimadzu DTG-TA-
-51H instrument. The reference material was Al,Os. The heating rate was 10 °C min’! in the
temperature range 20-800 °C.

The XRD patterns were recorded on a Rigaku-Multiflex X-ray diffractometer using
CuK,, radiation. For quantitative analysis, the step scanning technique was applied in the 26
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range 20-80° with a scan speed of 2° min'!. The particles size was determined using the
Scherrer Equation.

The morphological analysis of the samples was performed by scanning electron micro-
scopy (SEM) using a Hitachi S2600N electron microscope (image analysis with a secondary
electron detector (SE)).

The magnetic measurements on the complex compounds and lithium ferrite samples are
performed with a Faraday balance (HgCo(SCN)y, x, = 16.44x1076 cgs units and metallic Ni as
calibrants) and a magnetometer based on the extraction method with a resolution of 10 emu,
accessible 1.5-300 K, magnetic field maximum 11 T, increment 10 Oe.

RESULTS AND DISCUSSION

Characterization of the polynuclear complex compounds

Elemental analyses of the polynuclear coordination compounds containing
as ligands: malate, tartarate and gluconate anions (I, II, and III, respectively),
were consistent with the formula:

(NHy)s[Fes sLig 5(C4H405)3(0OH) 4(H20),] 4H>0 (I). Anal. Caled.: Fe, 18.63;
Li, 0.465; C, 19.16; H, 4.79; N, 3.73 %. Found: Fe, 18.76; Li, 0.46; C, 19.28; H,
4.88; N, 3.84 %.

(NHy)g[Fes sLig 5(C4H4O6)3(OH)g] -2H>0 (II). Anal. Calcd.: Fe, 16.13; Li,
0.403; C, 16.60; H, 5.53; N, 9.68 %. Found: Fe, 15.92; Li, 0.395; C, 16.64; H,
5.60; N, 9.85 %.

(NHy)s[Fes sLig 5(CsH107)3(0OH)7] (III). Anal Calced.: Fe, 15.84; Li, 0.396;
C, 24.44; H, 5.43; N, 3.17 %.Found: Fe, 16.03; Li, 0.40; C, 24.46; H, 5.26; N,
3.26 %.

The IR spectra of these polynuclear complex compounds suggest that the hy-
droxycarboxylate anions are coordinated to the metal ions through the COO~ and
C-OH groups.

The band at 1700-1730 cm™! of the free carboxylic acid, assigned to vc=0,
is replaced in the spectra of the compounds by two intense bands, 1,45(OCO) =
1620-1630 cm~! and 15(OCO) = 1384 cm!. On the basis of spectroscopic cri-
teria,20 the magnitude of the separation Av= v,5 — 15 may be indicative for estab-
lishing the mode of coordination of carboxylate ions. Thus, Av values in the
range 140-160 cm™!, i.e., higher than those observed for ionic compounds
(Av(NasL) = 120 cm™1) suggest a bridging bidentate bonding. On the other hand,
values of Av> 180 cm™! are characteristic for monodentate coordination.

The splitting of the 1,4(OCO) vibration detected in the IR spectrum of the
malate complex, compound I, suggests two different coordination modes for the
C4H,402™ : monodentate bonding (1,(0CO) ~ 1620 cm~!; 1(OCO) = 1380 cm1)
and bridging bidentate bonding (1,5(OCO) = 1560 cm™!; vy(OCO) = 1380 cm1).20

For compounds IT (1,4(OCO) = 1621 cm™!; v(OCO) = 1385 cm™!) and III
(vas(OCO) = 1630 cm™L; v,(OCO) = 1384 cm™!), only the monodentate coordina-
tion mode was detected.
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An analysis of these spectra within the 1000-1100 cm™! range reveals a
considerable difference between the spectra of the free acids and the spectra of
the compounds. The peak assigned to the C—O stretching vibration of the secon-
dary OH groups, which appears at = 1100-1097 cm™! in the spectra of the free
acids, is splitted and shifted towards lower frequencies (1080-1040 cm™!) in the
IR spectra of the coordination compounds. The splitting can be explained by a
different bonding of the secondary OH groups present in the molecule of the
hydroxycarboxylate anions. One can advance the hypothesis that the secondary
OH groups coordinate to two different metal ions.

The reflectance spectra of the polynuclear complex compounds revealed the
presence of weak forbidden transition bands with the Fe3* (d5) in an octahedral
high spin configuration (6A1g - 4ng(G) at =~ 540 nm and 6A1g - 4A1g,4Eg(G)
at =~ 450 nm).2!

All the compounds were paramagnetic. The magnetic moments were calcu-
lated: x4 = 6.30 upg for I, u = 5.93 up for II and u = 6.80 up for III. The expe-
rimental values of the magnetic moments were lower than the theoretical ones
(u = 8.53 up). The difference can be explained by antiferromagnetic interactions
between the metal ions.

In order to establish the optimal conditions for the conversion of polynuclear
complex compounds into spinelic lithium ferrites, their thermal decompositions
were investigated by of thermogravimetry. The thermal behaviors of the complex
compounds I, IT and III are presented in Fig. 1.

Based on thermogravimetric analysis and complementary measurements (IR
spectra), the following decomposition pathways may be assumed for these compounds:
(NH4)s[Lig sFe2 5(C4H405)3(OH)q (H20);]-4H0 () —2—2-Cy

. 160245 °C
(NH4)2[Lig.5Fep 5(C4H405)3(0OH)4(H20)2]

) 245-570 °C .
[Lig 5Fe2 5(CO3)2 501 5] —————— > Lip 5Fe 504

. 40-140 °C
(NH4)g[Lig.sFe2 5(C4H406)3(0OH)g]-2H,0 (I) —————>

. 140-237 °C
(NH4)g[Lig.sFe2.5(C4H406)3(OH)g ] —————

) 237-285°C ) 285-370°C . .
[Lig.sFe2 5(C204)4] —————[Lig.sFe2 503(CO3)] ———————> Lig sFe2 504

) 400°C .
(NH4)2[Lig.sFe2 5(CeH1107)3(OH)7] (II) ——— Lig.sFe2 504
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Fig. 1. Thermal analytical curves (TG,
DTG and DTA) of the polynuclear com-
plex compounds:

(NHy)s[Fe sLip 5(C4H405)3(OH)4(HO0) F4H,0
_ . . . . . (a), (NHg)g[Fer.sLig5(C4Hs06)3(OH)s]2H,0O
o 100 200 300 400 500 600 (b) and (NHy),[Fe, sLig 5(CgH1107)3(OH)/] (c).

Temp [C]

Characterization of the lithium ferrites

The XRD patterns of the mixed oxides obtained by thermal decomposition
of the precursors, at = 570 °C for I and = 400 °C for II and III, indicated very
poor crystallinity. In order to increase the crystallinity of the samples, two values
of annealing temperature were chosen: 700 °C and 800 °C. After annealing at a
temperature of 700 °C for 1 h and slow cooling, a-Lig sFey 5O, was formed; all the
required peaks were present in the diffraction pattern. No secondary phases were
detected in the pattern of the sample obtained by the thermal decomposition of
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compound II (Fig. 2a). For the other two samples obtained by decomposition of I
and III, the spinel phase LigsFey sO4 was impure and contained also a-FerOs.
Further increasing of the annealing temperature to 800 °C resulted in an aug-
mentation of a-Fe,Oj3 in these two samples and the appearance of a-Fe,Oj3 in the
sample obtained by decomposition of compound II (Fig. 2b).

According to previously published results,8-10:14 the single lithium ferrite
phase obtained by decomposition of compound II annealed at 700 °C for 1 h, fol-
lowed by slow cooling to room temperature showed the “ordered” (P4132) spinel
structure, i.e., a-Lig sFep 504. The average crystallite size was between 30—40 nm.

Scanning electron micrographs of the lithium ferrite obtained by thermal
decomposition of compound II, at different resolutions, indicate that this material
tended to agglomerate because the particles were very small (Fig. 3).
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Fig. 2. X-Ray diffraction patterns of Liy sFe, 504, obtained by thermal decomposition of
(NH4)6[Fez'SLio_S(C4H406)3(OH)8]’2H20 at: a) 700 °C and b) 800 °C.
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Fig. 3. SEM of the lithium ferrite obtained by thermal decomposition of
(NHy)g[Fey sLig 5(C4H4O06)3(OH) - 2H,O.

To confirm the formation of the spinelic phase, the IR spectra of these
samples were recorded. All the spectra exhibit four bands corresponding to the
four IR active fundamentals inferred by group theory considerations. These
bands belong to the same representation, Ty, and appear in the following regions
of the spectra: v| (630-560 cm™1), v, (525-390 cm1), 13 (380-335 cm 1) and 14
(255-170 cm1).3,16,22-24

The v band may be attributed to vibrations of the MOg octahedral, the 1»
and 3 are assigned to complex vibrations involving both octahedral and tetra-
hedral sites, and the 14 band is assigned to a vibration of the tetrahedral sublat-
tice. The infrared-active modes belong to the same symmetry T1,.6

The presence in the IR spectra of bands at = 590, 550, 470 cm~! with shoul-
ders at = 700 and =~ 680 cm™! substantiate the formation of the “ordered” spinelic
phase.6:25

The magnetization versus H/T for lithium ferrite obtained by thermal decom-
position of compound II annealed at 700 °C for 1 h is presented in Fig. 4.
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The value of the saturation magnetization (=~ 50 emu g-!) is higher than that
of the same sample annealed at 800 °C for 1 h. The presence of a-Fe,O3 impuri-
ties lowered the magnetization of the sample. The magnetization value = 50 emu g~!
is still lower than that obtained for bulk lithium ferrite, in accordance with litera-
ture data,26 due to the nanostructural character of the ferrite.

The hysteresis loops for the lithium ferrite obtained by thermal decomposi-
tion of compound II and annealed at 800 °C for 1 h are given in Fig. 5. These
indicate that the lithium ferrite is a soft magnetic material, revealing minimal
hysteresis.26 It can also been observed from Fig. 5 that the loops deviate from
rectangularity. The shape and width of the loop depend not only on the chemical
composition and the thermal treatment but also on the particle size.2” The width
of the loop decreases with decreasing particle size. The value of coercive field is
very small and approximately constant with temperature.
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Fig. 5. The hysteresis loop for the lithium ferrite obtained by thermal decomposition of
(NH4)6[Fez.sLio_S(C4H406)3(OH)g]'ZHzO at: a) 4.0 K and b) 300 K.
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CONCLUSIONS

Thermal decomposition of polynuclear iron—lithium complex compounds con-
taining as ligands carboxylate anions was found to be a promising method for
obtaining nanoferrite a-Lig 5Fep 504.

The formation temperature of a-LigsFey 5s04.from the malate complex is
570 °C, while for the tartarate and gluconate compounds it is 400 °C.

Single phase a~Lig 5Fe; 504.was obtained by thermal decomposition of com-
pound II at 700 °C for 1 h, followed by slow cooling. The a-Lig sFey sO4.phases
obtained by thermal decomposition of compound I and III were impure and con-
tained a-Fe;03.

All the obtained o~Lig sFe> sO4 phases were nanostructured with a size smaller
than 100 nm. Due to this nanostructural character, the value of the magnetization
was lower than that obtained for bulk lithium ferrite.

Acknowledgement. The authors acknowledge the Ministry of Education and Research
(Romania) for financial support (Research Excellence Project — Cex D11 — 17/2005-2008, “From
molecular and supramolecular multimetallic complexes to novel magnetic materials”).

U3BO
CUHTE3A JINTUIYM-®EPUTA U3 IIOJIUMETAJIHUX KAPEOKCUJIATA

DANA GINGASU!, IOANA MINDRU', LUMINITA PATRON! 1 STEFANIA STOLERIU?

T“Ilie Murgulescu” Institute of Physical Chemistry, Spl. Independentei 202, Bucharest 060021 u
2“Politehnica” University of Bucharest, Faculty of Chemistry, Department SIMO,
Polizu Street 1-7, Bucharest, Romania

Jlutujym-depur je mobujeH TEpMHUUKOM pasrpaimoM TPH HOJHHYKIeapHa KOMIUIEKCHA
jenumema Koja Kao JHraHIe caapiKe aHjoHEe MAaJeHHCKEe, BUHCKE W TIYyKOHCKE KHCEIUHE:
(NHg)[Fey sLig 5(C4H405)3(OH)4(H,0),]-4H,0 (1), (NHg)e[Fey sLig s(C4H4O6)3(OH)g]-2H0 (IT)
(NHy),[Fe, sLig 5(C¢H;107)3(OH);] (IID). TlomuuykiaepHa KOMIUIEKCHA IIOJIa3HA jeMECHba OKapak-
TepucaHa cy XxeMHjckoM aHanmu3oM, IR u UV—Vis ciekTprMa, MarHeTHUM MepemHMa H TepMorpa-
BUMETpPHUjCKOM aHanm3oM. [loOujeHu JUTHjyM-(epuT OKapaKTepHcaH je MeTojama Judpaxmuje
X-3paka M CKeHupajyhe eleKTpoHCke MUKpockomuje, kao u IR crmexrpuma m MarHeTHMM Mepe-
muMa. PerucrpoBano je na je nobujena jemuno o-LijsFe; sO4 daza TepMudkom pasrpaamoM Tap-
TapatHor Komiuiekca Ha temmneparypu 700 °C tokom 1 h. BpemnocT marnerusaimje on OKO
50 emu g'! mama je o1 oHe 06HjeHe 32 KOMITAKTHH JTUTH]yM-(DEpPUT 360r HAHOCTPYKTYPHHUX Kapak-
TEPUCTHUKA CHHTeTHCaHOT (eputa. BennunHa yectuna mMama je oxg 100 nm.

(ITIpumubeHo 6. MapTa, peBuaupano 20. maja 2008)
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