Journal of Thermal Analysis and Calorimetry, Vol. 88 (2007) 2, 503-506

A NEW METHOD OF COATING POWDERED SUPPORTS WITH

CONDUCTIVE CARBON FILMS
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A series of conductive composite materials were obtained by polymerization of acrylonitrile in water suspensions of Al,O; powder
followed by further carbonization of the polymeric films covering the Al,O; grains. The electrical conductivity and activation
energy of the composites were measured in relation to the parameters used in preparation of the samples. This highly effective
procedure can be used to improve electrical conductivity of the cathodes in lithium ion batteries.
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Introduction

The high performance of lithium ion batteries can be
achieved only with cathode materials showing high
enough ionic and electronic conductivities. Currently,
the standard composite cathodes are prepared by mixing
together: 85-90% of the active cathode material
(LiCo0O,, LiNiyp5C0050,), 10-15% of the carbon
additives  (graphite, carbon black) and binder
(PVdF — polyvinylidene fluoride) [1, 2]. However, such
a method of preparation may cause lowering of the
reversible cell capacity due to limitation in the charge
transport in the composite cathode. In consequence, the
active material is not fully exploited [3, 4]. There are
reports that the cathode materials coated by carbon
[5-9], polymers [10, 11] as well as by another cathode
material (coating of LiMn,0O, by LiCoO, [12]) improves
significantly the electrochemical properties of such
composite cathodes. However, the proposed methods of
the composite preparation are difficult to apply on
industrial scale.

The present paper proposes a novel preparation
of the cathode composites for Li-ion batteries. It is
obvious that coating of the surface of active materials
by conductive carbon layers (CCL) should provide
sufficient electron-conductive network (Fig. 1).
Moreover, the thin CCL are usually not continuous
layer providing good pathways for mobile lithium
ions. We have prepared the CCL by pyrolysis of
polymer precursors (acrylonitrile — AN) deposed
directly on the surface of supporting material. To
avoid any side reaction with polymer precursor as
well as with carbon deposit during pyrolysis process
an inert support (a-Al,Os;, POCh) was used. The
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Fig. 1 Comparison of the standard composite cathode vs. model
of the CCL composite cathode for Li-ion batteries

detailed conditions for pyrolysis the samples were
optimized based on results of introductory TG and
DSC measurements, like it was used in [13]. The
electrical properties of the C/Al,O; composites were
determined by ac 4-probe method.

Experimental

The polymerization of acrylonitrile (AN) was done by
radical, precipitation polymerization in aqueous
solution. The reaction was performed in a glass reactor
under constant flow of argon. Freshly distilled AN was
dissolved at 25°C in de-ionized water flushed
previously with Ar for 30 min. The initiator, 2,2’-azo-
bis(isobutyramidine hydrochloride) (AIBA, Aldrich),
was subsequently added and the reaction mixture was
heated up to 60°C for 3 h. The obtained polyacrylo-
nitrile (PAN) was filtered and washed with distilled
water and then dried under vacuum at 50°C. The
polymer was pyrolysed under flow of argon (10 dm® h™")
within temperature range of 400-800°C for 12 h.
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Table 1 Compositions of the initial reaction mixture and resulting composites C/Al,O3

C content in C/Al,0O3 composites/%

Sample AN:ALO; I:N*
pyrolysis at 400°C/12 h pyrolysis at 700°C/12 h
1 0.8:1 0.002 - 4.5
2 0.8:1 0.004 5.1 4.9
3 1.2:1 0.004 10.3 8.5
4 1.6:1 0.004 20.6 17.9
5 2:1 0.004 37.2 31.5
*Initiator (AIBA) to monomer (AN) ratio
The composites PAN-ALO; were obtained by 30
radical polymerization of AN in water suspension of 100 ) DTG ;
Al O5 with analogue procedure to described above. The 90 : . teo
. 5°Cmin , Ar |
carbon composites (C/Al,O;) were prepared by o 807 o0
controlled pyrolysis of the prepared PAN-ALO; 2 704 -40 53
precursor within conditions determined from PAN S ol 2
pyrolysis. The amount of carbon in the obtained C/Al,O; So- 20 8
composites was determined by temperature programmed 20 &
oxidation (TPO) performed in TG apparatus coupled ol T -0

with mass spectrometer (QMS). The compositions of the
initial reaction mixture and resulting composites
composition are collected in Table 1.

The thermal gravimetry analysis coupled with
mass spectrometry analysis (MS-TG/DTG/SDTA)
experiments were performed in Mettler-Toledo 851°
apparatus in 150 pL corundum crucibles under flow
of argon or air (80 mL min "), within temperature
range 25—1000°C with heating rate of 5°C min'. The
simultaneous evolved gas analysis (EGA) was
performed during the experiments by joined on-line
quadruple mass spectrometer (QMS) (Thermostar-
Balzers).

Differential scanning calorimetry (DSC)
experiments were performed in Mettler-Toledo 821°
calorimeter equipped with intracooler Haake in 40 pL
aluminium crucibles under constant flow of argon
(80 mL min") within temperature range 25-600°C
with the same heating rate of 5°C min"' as TG
measurements.

Electrical conductivity was measured using
ac 4-probe method within temperature range of
—40-55°C. Measured powder samples were placed
between parallel gold disc electrodes and pressed by a
screw-press till the measured resistance does not
changed.

Results and discussion

The results of thermal analysis (TG/DTG/DSC)
during pyrolysis of polyacrylonitrile (PAN) is pre-
sented in the Fig. 2. The pyrolysis starts above 270°C
and may be divided into three stages. The first one
(270-350°C) 1is related to 25% mass loss and is
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Fig. 2 TG/DTG/DSC curves of polyacrylonitrile (PAN) pyrolysis
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Fig. 3 Mechanism of the PAN pyrolysis and graphitization

accompanied with a strong exothermic effect. It must
be related to cyclization of PAN chains and formation
of aromatic structure of the polymer (Fig. 3). The
second mass loss (350—450°C) should be ascribed to
carbonization and dehydrogenation of the material
and formation of the condensed structure. The last
stage of the PAN pyrolysis (above 450°C) is related to
loss of nitrogen and graphitization of the carbon-
aceous material. The local structure of the obtained
carbons was defined by Raman spectroscopy mea-
surements in another paper [14] supporting the
proposed mechanism of PAN pyrolysis.

Electrical properties of the PAN pyrolysed
carbons obtained within 400-800°C under argon
atmosphere are presented in Fig. 4. The electrical
conductivity of the sample pyrolysed at 400°C is in
the range of 10° S cm ™' and increases with increasing
of the pyrolysis temperature. Above 600°C, the elect-
rical conductivity of the carbon material
reaches 102 S cm ' and this value is sufficient for the
Li-ion purposes, though higher temperatures provide
even higher electrical conductivity. Activation energy
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Fig. 4 Electrical properties of the carbon derived from PAN
pyrolysis

of the electrical conductivity (Fig. 4) decreases with
increase of pyrolysis temperature (500-800°C),
presumably in results of progressive graphitization of
the carbon structure.

The sample decomposed at 400°C shows the
lowest activation energy and electrical conductivity.
This suggests that the charge transport is realized only
by small number of surface graphite domains. We
have found that the optimal temperature of PAN
pyrolysis is above 600°C, and it needs about 12 h
baking under flow of argon.

The chemical composition of the carbonized
samples (C/Al,Os) was determined by TPO. The carbon
deposits were oxidatively gasified in the thermobalance
within temperature range of 25-1000°C with heating
rate of 5°C min™' in air (Fig. 5). The oxidation of
carbonaceous deposits occurs between 410 to 630°C
accompanying with an exothermic effect proportional to
carbon content. The obtained results for the composites
are collected in Table 1.

Electrical properties of the C/Al,O; composites
prepared at 700°C under argon atmosphere are
presented in Fig. 6. Electrical conductivity of the
composites increases continuously with increase of the
carbon content, however two regions of the changes
may be distinguished. In the first one, up to
10-12 mass% C, the electrical conductivity increases
very fast (3 orders of magnitude) due to formation of the
percolation paths. This is accompanied by increase of
the activation energy of the electrical conductivity
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Fig. 5 Determination of carbon content in the composites by TPO
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Fig. 6 Electrical properties of the C/Al,05; composites
prepared at 700°C/12 h

(from 0.04 to 0.09 eV), what suggests that the charge
transport mechanism changes from the surface
conductivity on the graphite nanodomains to bulk
mechanism through the conductive carbon layer. It must
be noticed that electronic charge transport is realized
only by CCL, because the host material (a-Al,05) is an
electrical insulator. Further increase of the carbon
content (above 15 mass% C) increases the electrical
conductivity only within one order of magnitude, and
moreover, the activation energy of electrical con-
ductivity does not change being equal to 0.09 eV. Such
a value is slightly higher than that for the carbon films
obtained at the same conditions (700°C, 12 h, Ar),
which is equal to 0.06 eV. This may be explained by
interaction between 1 electrons of graphite like carbon
in the CCL and the support (o-Al,O3).

Conclusions

The precipitation polymerization of AN in water
suspension of Al,O; powder results in formation of
PAN layer covering the surface of the oxide grains.
This layer is transformed into carbon conductive layer
(CCL) by controlled treatment forming the C/Al,O4
composite showing electrical conductivity better
than 10 S cm™! with £,=0.09 eV. The new method of
preparation can be adopted to obtain carbon
composites for cathodes in Li-ion batteries with
improved electrical conductivity in relation to the
present available ones. A trial has been performed in a
separate paper [14].

Acknowledgements

This work has been financially supported by the Polish
Ministry of Science and Higher Education under grant
no. 3 TO8D 010 28. One of the authors (M. M.) would like to
acknowledge the Foundation for Polish Science for the support
in the form of The Annual Stipend for Young Scientists.

505



MOLENDA et al.

References 9 R. Dominko, M. Bele, M. Gaberscek, M. Remskar,
D. Hanzel, S. Pejovnik and J. Jamnik, J. Electrochem. Soc.,

1 J.-M. Tarascon and M. Armand, Nature, 414 (2001) 359. 152 (2005) 5607- o
2 M. S. Whittingham, Solid State Tonics, 134 (2000) 169. 10 A. Du Pasquier, F. Orsini, A. S. Gozdz and J.-M. Tarscon,
3 E. Ligneel, B. Lestriez, O. Richard and D. Guyomard, J. Power Sources, 81-82 (1999) 607.

J. Phys. Chem. Solids, 67 (2006) 1275. 11 A. Subramania, N. T. Kalyana Sundaram and
4 M. Dubarry, J. Gaubicher, P. Moreau and D. Guyomard, G. Vijaya Kumar, J. Power Sources, 153 (2006) 177.

J. Phys. Chem. Solids, 67 (2006) 1312. 12 S.-C. Park, Y.-M. Kim, Y.-M. Kang, K.-T. Kim, P. S. Lee
5 B. L. Cushing and J. B. Goodenough, Solid State Sci., and J.-Y. Lee, J. Power Sources, 103 (2001) 86.

4 (2002) 1487. 13 S. Villar-Rodil, A. Martinez-Alonso and J. M. D. Tascon,
6 R. Dominko, M. Gaberscek, M. Bele, D. Mihailovic and J. Therm. Anal. Cal., 79 (2005) 529.

J. JTamnik, J. Eur. Ceram. Soc., 27 (2007) 909. 14 M. Molenda, R. Dziembaj, E. Podstawka, W. Lasocha and
7 M. M. Doeff, I. D. Wilcox, R. Kostecki and G. Lau, L. M. Proniewicz, J. Power Sources, (2007), in press.

J. Power Sources, 163 (2006) 180.
8 Z.H. Chen and J. R. Dahn, J. Electrochem. Soc.,
149 (2002) A1184.

DOI: 10.1007/s10973-006-8226-6

506 J. Therm. Anal. Cal., 88, 2007




<<
  /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 true
  /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

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /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.)
    /HUN <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


