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A novel, low temperature synthesis technique is developed for fabrication of nanocrystalline 
CaCu3Ti4O12 ceramic powders, using inexpensive and easily available reagents. Structural and micro-
structural characterization was undertaken by X-ray diffraction, scanning electron microscopy and trans-
mission electron microscopy. The confirmation regarding the phase formation was done using the Reit-
veld analysis. The compound belongs to the cubic system with the lattice parameter a = 7.3985 Å, which 
agrees well with the values reported in the literature. The particles formed were spherical in shape, with 
the average size of 70 nm. 
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1. Introduction 

Dielectric materials have many technological applications such as capacitors, 
resonators and filters. It is commonly accepted that high dielectric ceramic capacitors 
with Ba/Pb based perovskite oxides are indispensable for modern electronic devices 
and are found to be suitable for a wide range of applications. In general, these com-
pounds belong to the perovskite structure where high electric permittivities are always 
associated with ferroelectric or relaxor properties, with a maximum depending on fu 
temperature, due to phase transition. CaCu3Ti4O12 (CCTO) has the cubic perovskite 
crystal structure and unusual dielectric properties [1–3]. It exhibits an enormously 
large, low-frequency electric permittivity ε′ (ca. 104), for both single crystal and ce-
ramics at room temperature, and remains constant over 100–380 K at low frequencies. 
According to some researchers, this stunning dielectric behaviour is intrinsic [5], 
while others claim that it arises from external effects such as spatial inhomogene-
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ity [6], contact effect [7] or internal barrier-layer capacitors (IBLC). While the still 
exist controversies with respect to the mechanism, the IBLC explanation is rather 
widely accepted. Most of the reports were done on bulk materials, which were pre-
pared by solid state reaction from metal oxides at higher temperature with several 
intermediate grindings. This method requires tedious work, relatively long reaction 
times and high temperature conditions, and still may result in unwanted phase because 
of limited atomic diffusion through micrometer sized grains. On the other hand, 
chemical methods provide atomic level mixing of individual components, and result in 
the formation of nanocrystalline materials at much lower temperatures compared with 
solid state reactions. There are many chemical methods, such as sol-gel, co-
precipitation, precursor solution technique and hydrothermal process [8–13], which 
have already been reported for the synthesis of CCTO ceramics. 

Here, we made a first time attempt to synthesize CCTO ceramics by precursor so-
lution technique using easily available and inexpensive reagents at low temperature, 
and further characterize the compound by several different techniques. 

2. Experimental 

Nanocrystalline CaCu3Ti4O12 powder was prepared by a metal ion–ligand com-
plex based precursor solution evaporation method using high purity raw materials. 
Calcium carbonate (CaCO3) (Merck), copper(II) acetate (Cu(CH3COO)2) (Merck), 
ethylenediaminetetraacetic acid (EDTA) (SRL, 99%), triethanolamine (TEA) (Merck, 
>97%) and titanium tartarate were used. The required amount of calcium carbonate 
was first dissolved in a minimum amount of dilute (6 M) nitric acid to make a clear 
solution. The solution was then boiled for 10 min to remove CO2. The required 
amount of copper(II) acetate dissolved in water was then added, and finally EDTA 
was added to the solution and stirred. In order to get a clear solution, dilute ammonia 
solution [(2 M) was further added (pH ≈ 8). Titanium tartarate was obtained in the 
laboratory in the following way. Titanium oxide (Aldrich, 98%) was dissolved in HF 
(M/s Merck, 40% solution, 1:7 mole ratio) by heating on a water bath for 72 h. A clear 
solution of titanium fluoro complex was produced. The addition of dilute ammonia to that 
clear solution resulted in insoluble hydrous titanium hydroxide (TiO2·nH2O) which was 
then separated from its solutions by filtration and was repeatedly washed with 5% ammo-
nia to yield hydrous titanium oxide free from chloride ions. After estimating the amount of 
TiO2 present in TiO2·nH2O by heating its small part at 1000 °C for 2 h, the hydrous TiO2 
was dissolved in tartaric acid (Quest, 99%) (1:4 mol) solution to obtain titanium tartarate 
through constant stirring at 60 °C for 8 h. Then a required amount of titanium tartarate and 
TEA was mixed. The final pH of this mixture was fixed at pH ca. 8 using dilute ammonia 
solution (2 M). Finally, both the solutions were mixed thoroughly and heated over a hot 
plate (ca. 200 °C) for complete evaporation under constant stirring. Continuous heating of 
the solution led to foaming and puffing. During evaporation, the nitrate ion provides an 
in situ oxidizing environment for TEA, which partially converts the hydroxyl groups 
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of TEA into carboxylic acids. On complete dehydration of the precursor solution, the 
metal complexes, TEA and EDTA, decomposed with the evaluation of dense fumes and 
resulted in a voluminous, fluffy, black carbonaceous mass, which was calcined at 700 °C 
to get the precursor powder. 

The crystal structure of the pellet was confirmed by powder X-ray diffraction (XRD) 
using CuKα radiation from a high resolution PANalytical X’Pert PRO diffractometer 
equipped with a secondary beam graphite monochromator and operating with the Bragg–
Brentano geometry. For determination of the instrumental broadening function, a specially 
prepared Si sample was used [14]. The microstructural characterization was done using 
a JEOL-JSM 5800 microscope and JEOL-JSM-2010. In order to study the electrical prop-
erties, pellets were formed and sintered at 800 °C. The impedance properties were meas-
ured with an HIOKI 3532 LCR METER with a high temperature attachment. 

3. Results and discussion 

The phase formation of the compound was confirmed by XRD, which matched 
well with the results reported in the literature. It was further confirmed by the Reitveld 
analysis using the MAUD program (Version 2.044). The XRD pattern of CCTO was 
simulated with the cubic space group 3Im  and atoms at the following Wyckoff posi-
tions: Ca (0,0,0), Cu (0,1/2, 1/2), Ti (1/4,1/4,1/4), O (0, 1/4, 1/4) (ICDD PDF Card # 
21-0140). The Rietveld analysis of the XRD pattern also confirmed the formation of 
the CCTO phase with the lattice parameter a = 7.3985 Å, which agreed well with the 
values reported in the literature. With regard to the microstructure analysis for the 
extraction of particle size and r.m.s. microstrain values using the Rietveld method 
from the ‘size–strain’ broadening, we considered the model proposed by Popa involv-
ing the expansions of spherical harmonics for the prediction of the particle shapes 
[154]. This model accounts for the anisotropic X-ray peak broadening, i.e. the model 
is capable of reproducing the case where in addition to the regular diffracting angle 
(2θ) dependent broadening, the broadening becomes a function of the diffracting 
planes (hkl) as well. From the ‘size-strain’ analysis, it turned out that the particle size 
values are nearly isotropic along all major [hkl] directions. In other words, it can be 
said that the particles are nearly spherical with average diameter ca. 70 nm having 
negligible r.m.s. strain (10–4). 

SEM micrographs of the calcined powders and sintered pellets are shown in 
Fig. 1. Due to the fineness of the particle, agglomeration took place, which resulted in 
the formation of a network resembling foam. The equation for grain growth at fixed 
temperature is: 

( )( )0
mmG G Kt− =  

where G is the average size, G(0) is the average size at t = 0, K is a constant and m is taken 
as 3. In nanomaterials, grain growth is inhibited by open porosity, growth inhibitors and 
grain boundary segregation. Thus the size of the grains does not increase much. 



S. SEN et al. 268

 
Fig. 1. SEM micrographs 

of calcined CCTO powders 
Fig. 2. TEM micrographs 

of calcined CCTO powders 

 
Fig. 3. Selected area electron diffraction (SAED) 

pattern of CCTO powders 

The uniform distribution of the particles obtained from TEM is observed (Fig. 2) 
and the shapes of the particles are spherical. The particle size was calculated with the 
help of UTHSCA IMAGE TOOL considering 50 particles. After statistical analysis, 
the average particle size was found to be ca. 65 nm. This is in agreement with the par-
ticle size obtained from the Reitveld analysis. The corresponding selected area elec-
tron diffraction pattern (Fig. 3) shows a symmetrically dotted pattern, implying that 
the nanoparticles are well crystallized. 

 

Fig. 4. Plot of the real and imaginary parts of impedance of CCTO powders 
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The electrical behaviour of the compound was studied using the ac technique of 
CIS. Figure 4 shows the plot of the real and imaginary parts of impedance at higher 
temperatures. The impedance spectrum is characterized by the appearance of semicir-
cular arcs whose profile changes as the temperature increases. Also at higher tempera-
tures only one semicircular arc was present, which clearly showed that only the bulk 
effect was prominent. The centre of the arcs lies below the real axis (Z′ ), which sug-
gests that the relaxation is of polydispersive non-Debye type.  

The complex impedance (Z*(ω)) can be expressed as: 
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where the exponent n represents the magnitude of the departure of the electrical response 
from the ideal condition, and is greater than zero for non-Debye type phenomena.  

 

Fig. 5. Dependence of the imaginary part of impedance on frequency 

The dependence of the imaginary part of impedance (Z″) on frequency at higher 
temperatures is shown in Fig 5. A typical peak broadening, which is slightly asymmet-
rical in nature, was observed at higher temperatures. This asymmetric broadening of 
the peaks suggests the presence of electrical processes in the material with a spread of 
the relaxation time. The relaxation species can be defect tanδ complexes. In the case of 
dielectric materials, the localized relaxation dominates [15, 16] (i.e., defect relaxation) 
because of the low dielectric ratio r, (r = εs /ε∞, εs and ε∞, electric permittivity at low 
and high frequencies, respectively). 
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Fig. 6. Dependence of the dc conductivity on the reciprocal temperature 

The bulk conductivity of the CCTO compound at higher temperatures was evalu-
ated from the impedance data using the equation: 

AR
t
b

dc =σ  

where Rb is the bulk resistance, t the thickness and A the area of the electrode depos-
ited on the sample. The value Rb is obtained from the low frequency intercept of the 
semicircle on the real axis Z′ axis in the complex impedance plot. The value of the 
apparent bulk conductivity (σb)a determined from the complex impedance plots can be 
treated approximately as the true value σb because of the negligibly small thickness of 
the grain boundary layer in the sample. The dc conductivity also follows the Arrhenius 
law, and the activation energy was calculated from the slope of the linear portion of 
the plot of σ vs. 103/T (Fig. 6) [17]. It was found to be 0.3 eV at higher temperatures 
and 0.38 eV at lower temperatures. This value is close to the single crystal value of 
0.24 eV, which again supports the existence of the internal barrier layers inside the 
grains [18, 19]. 

4. Conclusions 

CaCu3Ti4O12 ceramics were fabricated by the precursor solution technique. Keep-
ing in mind the importance of this compound, this process provides a novel and repro-
ducible route for preparation using two complexing agents (EDTA and TEA). XRD 
analysis confirmed the formation of cubic phase, with a lattice parameter value of 
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7.3985 Å. Spherical particles of average 65 nm size were observed from TEM micro-
graphs after calcination at 700 °C. The presence of single semicircular arcs obtained 
from the impedance plots depicted the bulk effect only. The conductivity plot follows 
the Arrhenius law. The obtained activation energy was close to that of a single crystal. 

References 

[1] SUBRAMANIN M.A., DONG L., DUAN N., REISNER B.A., SLEIGHT A.W., J. Solid State Chem., 
151 (2000), 323. 

[2] RAMIREZ A.P., GARDEL M., BLUMBERG G., LI. D., VOGT T., SHAPIROS M., Solid State Commun., 
115 (2000), 217. 

[3] SINCLAIR D.C., ADAMS T.A., MORRISON F.D., WEST A.R., Appl. Phys. Lett., 80 (2002), 2153. 
[4] HOMES C.C., VOGT T., SHAPIRO S.M., WAKIMOTO S., RAMIREZA P.R., Science, 293 (2001), 673. 
[5] COHEN M.H., NEATON J.B., VANDERBIT D., J. Appl. Phys., 94 (2003), 3299. 
[6] LUNKNHEIMER P., FICHTL R., EBBIMGHAUS S.G., LOIDL A., Phys. Rev. B, 70 (2004), 172102. 
[7] LIU J., SUI Y., DUAN C., NEI W., SMITH R.W., HARDY J.R., Chem. Mater., 18 (2006), 3878. 
[8] JHA P., ARORA P., GANGULY A.K., Mater .Lett., 57 (2003), 2443. 
[9] JIN S., XIA H., ZHANG Y., XU J.G., J. Mater. Lett., 61 (2007), 1404. 

[10] MASINGBON C., THONGBAI P., MAENSIRI S., YAMWONG T., SERAPHIN S., Mater. Chem. Phys., 
109 (2008), 15. 

[11] LIU J., SUI Y., DUAN C., MWI W.N., SMITH R.W., HARDY J.R., Chem. Mater., 18 (2006), 3878. 
[12] YU H., LIU H., LUO D., CAO M., J. Mater. Res., 208 (2008), 145. 
[13] BARBIER B., COMBETTES C., GUILLEMET-FRITSCH S., CHARTIER T., ROSSIGNOL F., RUMEAU A., LEBEY T., 

DUTARDE E., J. Eur. Ceram. Soc., 29 (2009), 731. 
[14] VAN BERKUM J.G.M., SPRONG G.J.M., DE KEIJSER TH.H., DELHEZ R., SONNEVELD E.J., Powder 

Diffr., 10 (1995), 129. 
[15] POPA N.C., J. Appl. Cryst., 31 (2006), 176. 
[16] SEN S., CHOUDHARY R.N.P., TARAFDAR A., PRAMANIK P., J. Appl. Phys., 99 (2006), 124114. 
[17] MACDONALD J.R., Impedance Spectroscopy, Wiley, New York, 1987. 
[18] FANG T., MEI L.T., HO H.F., Acta Mater., 54 (2006) 2867. 
[19] LI J., SLEIGHT A.W., SUBRAMANIAN M.A., Sol. Stat. Commun,135 (2005) 260. 

Received 17 December 2008 
Revised 1 April 2009 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


