
Introduction

Nickel–zinc ferrites are a well-known class of techno-

logically important soft ferrites, due to their low mag-

netic coercivity, high resistivity values [1] and little

eddy current loss in high-frequency operations

(10–500 MHz) [2].

The synthesis of Fe2NixZn1–xO4 ferrites has to

solve two major problems. The first is related to the

presence of zinc. The volatilization of zinc at high

temperatures changes the desired stoichiometry and

also leads to Fe2+ formation, thereby increasing the

electron hopping and reducing the resistivity. The

second is connected with the presence of three differ-

ent cations, which may determine a greater variety of

intermediate phases.

The solid-state synthesis from individual oxides

of these ferrites is associated with the formation of

simple ferrites (Fe2ZnO4 and Fe2NiO4) as intermedi-

ates [3]. Starting from homogenous nickel–zinc–iron

oxalates solid solution a homogenous ferrite may be

obtained only above 750°C [4, 5]. At lower tempera-

tures (400–750°C), areas rich in nickel and zinc are

identified [4].

The spinel ferrite phases prepared hydrothermally

from the coprecipitated hydroxide precursors contain

either the individual ferrites or defect, non-stoichio-

metric oxides, dissimilar to their high-temperature

analogous formed at ~1000°C [6, 7]. These cation defi-

cient ferrimagnetic spinel phases may be considered as

precursors of real stoichiometric ferrites, which are

formed at ~850°C [7]. Recently, the literature reports a

variant of this method where ferrites with particle sizes

of 3–15 nm are obtained.

Although the temperature of obtaining a pure

Fe2Ni0.5Zn0.5O4 ferrite by a variant of the combustion

method is relatively high (1100°C), a mixed oxide

with a surface area of 44.26 m2 g–1 is obtained [8]. A

citrate method [9], leads to NiZn ferrites with a resis-

tivity of �108�, higher by at least two orders of mag-

nitude than the reported one for ferrites prepared by

conventional ceramic method [10, 11].

One of the unconventional routes to oxide materi-

als is the use for synthetic gains coordination com-

pounds (mono- and polynuclear). Thus, the exploita-

tion of monocarboxylic, polycarboxylic and hydroxo-

carboxylic acid anions as ligands, leads to a wide vari-

ety of ordered molecular precursors, which decompose

with evolving nontoxic compounds (H2O and CO2) at

low temperature, leading to simple and mixed oxides.

The present article, which is part of a systematic

study on mono- and polynuclear coordination com-

pounds with malic anion as ligand [12–18], shows the

possibility of nickel-zinc ferrites synthesis by the

thermal decomposition of such compounds.

Experimental

Precursors preparation

As starting materials, Fe(NO3)3�9H2O, Ni(NO3)2�

6H2O, Zn(CH3COO)2 and malic acid of reagent grade

(Merck), in a ratio 2Fe(III):1Me(II) (Nix

2� and

Zn 1–x

2� ):4malic acid are used. Metallic salts 2 mmol

(0.808 g) of Fe(NO3)3�9H2O and 1 mmol M2+

(0.072/0.145/0.218 g of Ni(NO3)2�6H2O and

0.137/0.091/0.045 g Zn(CH3COO)2) are dissolved in

a minimum amount of distilled water (50 mL). Sepa-

rately 4 mmol of malic acid (0.536 g) are dissolved.
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Subsequently, the two solutions are mixed, tempted at

~60°C. At the cooled solution, methanol is added.

The precipitation begins. For a complete precipitation

the pH is adjusted to 5–6 with a NH4OH 25%:metha-

nol 1:1 solution. Afterward, the precipitates were fil-

tered, washed with methanol and vacuum dried.

Characterization

IR spectra (400–4000 cm–1) are recorded with a

BIO-RAD FTIR 125 type spectrophotometer in KBr

pellets. The crystalline phases in the calcinated pow-

ders are identified by XRD powder methods using a

Seifert X-ray diffractometer (CuK� radiation).

SiO2-�-quartz was used as internal standard. Diffrac-

tion peaks are fitted assuming Voight-function for the

peak profile. A simplified least squares procedure

(Savitsky–Golay) is applied in order to smooth the

primary XRD collected data. The background is

treated as a linear function. For the determination of

the average crystallites size it has been used the

Scherrer formula D =0.91�/(�cos	), where D is the

crystallite size, � the wavelength (CuK�), � the cor-

rected half-width obtained using �-quartz as refer-

ence and the Warren formula, and 	 the diffraction

angle of [311] diffraction peaks [19].

The thermal measurements (TG, DTG, DSC) are

performed using a Netzsch STA/PG/PC device in a dy-

namic synthetic air atmosphere, gas flow 15 cm3 min–1

at a heating rate of 5 K min–1. The magnetic properties

(the magnetic susceptibility and the saturation magne-

tization) at room temperature are determined using a

Faraday balance with Ni as calibrant.

Results and discussion

From the system Fe3+–Ni2+–Zn2+–malic acid the fol-

lowing coordination compounds are isolated:

(NH4)[Fe2Ni0.25Zn0.75(C4H4O5)(OH)3]�5H2O (I)

(NH4)[Fe2Ni0.5Zn0.5(C4H4O5)(OH)3]�3H2O (II)

(NH4)[Fe2Ni0.75Zn0.25(C4H4O5)(OH)3]�3H2O (III)

The IR spectra of the synthesized compounds

(Fig. 1) suggest that malic acid is coordinated to the

metal ions through both its two COO– and C–OH

groups. This statement is supported by the split of the

free acid carboxylic group band (~1730 cm–1) into

two strong bands characteristic for coordinated

carboxylic group [20], (
as(OCO)~1600 and


s(OCO)~1380–1390 cm–1) and by the shift towards

lower frequencies (1120 � 1040–1100 cm–1) of the

band assigned to 
C–OH.

The three compounds underwent multistep de-

compositions in the temperature range 50–560°C

(Fig. 2). The experimental mass loss recorded by TG

measurements is 66.84/66.12/65.40% ((I)/(II)/(III)

compounds) in comparison with the theoretical values

of 67.23/65.69/65.85% when assumes the solid resid-

ual to be Fe2NixZn1–xO4 (x = 0.25, 0.50 and 0.75).

Three decomposition regions characterize the

thermal decompositions of the three coordination

compounds. The first one, (44.1–174.2/50.1–159.4/

44.2–144.2°C, (I)/(II)/(III) compounds) is associated

with an endothermic effect and assigned to dehydra-

tion and deamination (mass loss experimental/theo-

retical: 16.24/16.99, 12.49/12.08, 13.37/13.79% for

(I)/(II)/(III) compounds).

The second decomposition region, (174.2–374.4/

159.4–359.5/144.2–324.4°C, (I)/(II)/(III) compounds),

represents the oxidative fragmentation of the malate

ion via a malonate intermediate. A reaction mixture

containing Ni, NiCO3, iron oxides and hydroxides and

zinc hydroxo-carbonate, probable hydrozincite

[Zn5(CO3)2(OH6)] is formed. The IR investigations of

the reaction intermediates confirmed the presence of

CO3

2– group, (~1400 and ~670 cm–1) and HO– group

(~3650, ~1730 and ~1100 cm–1). A higher content of

nickel in the coordination compound lowers the final

temperature of this decomposition step. The experi-

mental mass losses corresponding to the malonate in-

termediate formation are in good agreement with the

theoretical ones (experimental 12.83/13.74/14.17%

and theoretical 12.32/12.99/13.02% for (I)/(II)/(III)

compounds). The presence of malonates as intermedi-

ates of malates decomposition is reported by earlier

studies [13, 14, 16, 17].

The third decomposition region is dependent on

the relative ratio of the two M2+ contained in precur-
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Fig. 1 IR spectra of the three coordination compounds;

a – (NH4)[Fe2Ni0.25Zn0.75(C4H4O5)(OH)3]�5H2O,

b – (NH4)[Fe2Ni0.5Zn0.5(C4H4O5)(OH)3]�3H2O,

c – (NH4)[Fe2Ni0.75Zn0.25(C4H4O5)(OH)3]�3H2O



sors. A lower content of Ni2+ (compound (I)) is asso-

ciated with a two-stepped thermal decomposition

(399.4–479.4 and 479.43–544.3°C) assigned mainly

to the thermal decomposition of the NiCO3 and re-

spective [Zn5(CO3)2(OH6)] present in decomposition

product. At an equal content of zinc and nickel, a sin-

gle well-distinctive decomposition step assigned to

NiCO3 decomposition is identified (359.5–554.4°C).

In the case of the coordination compound precursor of

Fe2Ni0.75Zn0.25O4, a mass gain (354.4–414.4°C) fol-

lowed by a mass loss (414.4–559.3°C) is identified.

The mass gain (0.4%, corresponding to the addition

of 0.086 oxygen moles), supports the assumption that

the sample underwent an oxidizing reaction and may

be explained as following: NiO formed during the de-

composition promotes oxidation of carbon containing

materials being concomitant reduced to Ni. Since the

process is conducted in air, the metal undergoes a

rapid reoxidation. A similar comportment at heating

is registered for the nickel mononuclear coordination

compound containing malate as anion ligand [15].

The registered subsequent mass loss may be attrib-

uted to the decomposition of the formed NiCO3.

Nickel–zinc ferrites is identified as single prod-

uct (Fig. 3) after a relative mild heating treatment

(1 h–500°C) in comparatively with the literature data

[7, 8, 21]. The mean crystallite particle sizes calcu-

lated with Sherrer formula using [311] diffraction

peaks are 83/84/65 � for Fe2Ni0.25Zn0.75O4/

Fe2Ni0.75Zn0.25O4/Fe2Ni0.75Zn0.25O4 ferrites.

The saturation magnetization values of the ob-

tained mixed oxides (Fig. 4) are 13.00, 17.79 and

25.50 emu g–1 for Fe2Ni0.25Zn0.75O4/Fe2Ni0.75Zn0.25O4/

Fe2Ni0.75Zn0.25O4 ferrites respectively, lower than the

literature reported ones for the corresponding bulk fer-

rites [22]. This reduction of the magnetization could be

related to the nano-nature of the ferrite particles. It is

known that the magnetic state of the ions in the particle

surface area is different from the state in the bulk, and

since the surface of so small particles is very large, the

contribution of this ‘surface’ spins to the measured

magnetic properties becomes substantial [23].
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Fig. 3 X-ray diffraction patterns of the mixed oxides obtained af-

ter a heating treatment 1 h–500°C; a – Fe2Ni0.25Zn0.75O4,

b – Fe2Ni0.75Zn0.25O4, c – Fe2Ni0.75Zn0.25O4

Fig. 2 TG curves registered at a heating rate of 5°C min–1 for

the three coordination compounds:

a – (NH4)[Fe2Ni0.25Zn0.75(C4H4O5)(OH)3]�5H2O,

b – (NH4)[Fe2Ni0.5Zn0.5(C4H4O5)(OH)3]�3H2O,

c – (NH4)[Fe2Ni0.75Zn0.25(C4H4O5)(OH)3]�3H2O



Conclusions

Polynuclear coordination compounds containing

malic acid anions as ligands represent suitable precur-

sors for obtaining pure Fe2NixZn1–xO4 (x =0.25, 0.5

and 0.75) ferrites. The temperature is lower than the

one reported by literature, leading to nanosized fer-

rites, with mean crystalline sizes of 65–85 �. The

lower obtained saturation magnetization could be re-

lated to the possible local canting of the magnetic mo-

ments due to the contribution of the surface spins.
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Fig. 4 Magnetic data of the mixed oxides obtained after a

heating treatment 1 h–500°C; a – Fe2Ni0.25Zn0.75O4,

b – Fe2Ni0.75Zn0.25O4, c – Fe2Ni0.75Zn0.25O4



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


