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Effect of heat treatment on electrochemical characteristics of spinel lithium titanium oxide
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Abstract—Spinel structured LTO (lithium titanium oxide), Li, Ti;O,,, materials have gained renewed interest in elec-
trodes for lithium-ion batteries. Powder precursors were mixed by HEBM (high energy-ball mill) and Li,Ti;O,, was
formed by calcinations at high temperature. The influence of excess Li on the structural characteristics of lithium titanium
oxide was investigated. According to the XRD and SEM analysis, uniformly distributed Li,Ti;O,, particles were syn-
thesized. Li,Ti;O,, had different characteristics due to the precursor sizes and the heat treatment temperatures. LTO
from micro TiO, showed the highest discharge capacity at 750 °C for 12 h. LTO from nano TiO, showed the highest
discharge capacity at 700 °C for 12 h. Lithium-ion battery with Li, Ti;O,, anode and lithium metal cathode showed the

capacity of 170 mAh/g at 1.0-3.0 V.
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INTRODUCTION

Recently, mobile electronics have become very popular such as
digital cameras, PDAs, notebook computers, portable video games,
MP3 players, and mobile phones. As the technology is developed,
the electronics become smaller and the battery must have light weight
and high capacity. To have high capacity, the development of anode
and cathode materials becomes the key issue [1].

The electrode of the lithium ion battery must have high energy
and power density. To increase the capacity of the battery, the ca-
pacity of the electrode must be increased or the working voltage of
the electrode must be high. Ionic conductivity, electron conductiv-
ity, reversibility of oxidation and reduction, and thermal and chem-
ical stability is also very important to the electrode [2]. It must be
cheap, easily obtainable, non-toxic, and easily manufactured.

Graphite is currently used for the commercial lithium ion bat-
tery. The reaction mechanism of the graphite anode is the intercala-
tion and deintercalation of lithium ion between the layers of the
graphite, which is very stable in cyclic operation. Graphite has very
low working voltage, so it has high voltage. However, it has the
disadvantage of forming an SEI (solid electrolyte interface) during
the first charge/discharge cycle.

Spinel Li,Ti;O,, has been studied by many researchers in order
to make up for the weak point of the graphite. The average voltage
of LTO (lithium titanium oxide) is 1.55 V (Li/Li") and it has an L-
shaped discharge curve. The great advantage of this material is the
easy charge/discharge characteristics and good cycle ability. It can
be called as a “zero strain’ material because the change of lattice pa-
rameter is less than 0.1% during the intercalation and deintercala-
tion procedure [3]. The graphite shows an SEI formation during the
initial charge/discharge cycle. However, LTO can avoid the reaction
with electrolyte and SEI is not formed [4]. Recently, many articles
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have been published about lithium transition metal oxide as an anode
material [5,6].

In this research, Li,CO; and micro-size or nano-size TiO, were
used as precursors. The capacity change and cycle ability were tested
with the manufactured LTO as a function of temperature. XRD and
TG-DTA were used to observe the structural change, and the sur-
face morphology was tested with SEM. Charge/discharge charac-
teristics were tested with a battery cycler.

EXPERIMENTS

The precursors were mixed with a planetary ball mill, called an
HEBM (high energy ball mill) because chemical reaction can occur
by mechanical activation during the pulverization of the powder
with balls [7]. L, CO; (Aldrich Chemical Co.) and nano size (avg.
21 nm) or micro size (<5 um) TiO, (Aldrich Chemical Co.) were
used as precursors. 100 zirconium balls with powder were rotated
for 2 h at 300 rpm inside zirconium bowl. The weight ratio of ball
to powder was 5 : 1.

The mixed powder was heated in box furnace under air at differ-
ent time and temperature. The temperature range was 600-900 °C
and the heating times were 3, 6, and 12 h with the heating rate of
5 °C/min. The procedures of powder manufacturing, active material
analysis, and electrochemical measurement are explained in Fig. 1.

To make the anode electrode, manufactured LTO was used as
the active material. AB (acetylene black, Denka black Co.) was used
as a conductor and 8% PVDF (polyvinylidene fluoride) [in NMP
(1-methyl-2-pyrrolidinone)] was used as a binder. NMP was used
to adjust the viscosity. Different amount of NMP was used depend-
ing on the nano or micro size TiO,. The weight ratio of active mate-
rial, conductor, and binder was 87 : 8 : 5, and the mixture was stirred
in an homogenizer at 5,000 rpm for 1 h. The mixture was cast on
Cu foil with the doctor-blade method and dried in oven at 80 °C
for 3 h. It was cut into 5x7 cn?’ size and pressed at 120 °C with roll
press to reduce the thickness by 30%. The resulting material was
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Fig. 1. Manufacturing procedure of coin-type cell for LTO.

dried in a vacuum oven at 80 °C for one day.

The battery cell was assembled in a dry room where the relative
humidity was less than 0.3%. The electrode characteristics were
tested with a half cell. LTO was used as the working electrode and
lithium metal foil was used as a counter electrode. Porous PP (poly-
propylene, Cellgard 2500) was used as a separator. A mixture of
EC, EMC and DMC (1:1:1 in v/v) with 1M LiPF, was used as
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Fig. 2. TGA curve of (a) micro TiO, and Li,CO; and (b) nano TiO,
and Li,CO,.
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an electrolyte. CR2032 coin cell was assembled to test the electri-
cal characteristics.

TGA (thermogravimetric analyzer, TA Instruments) was used to
analyze the weight loss by increasing the temperature at 5 °C/min up
to 900 °C. SEM (scanning electron microscope, JSM-6300, JEOL)
was used the surface morphology of the sample. Structural changes
of LTO treated at different temperature was analyzed by XRD (X-ray
diffraction, D-5003, Bruker) using Cu K radiation (A=1.5418 A).

RESULTS AND DISCUSSION

TGA was used to determine the composition and decomposition
temperatures. Fig. 2(a) shows that the weight loss occurs at 400 °C
for the sample of micro TiO, and Li,CO; and maximum weight loss
occurs at 640 °C. In case of nano TiO, and Li,CO;, 2.5% weight
loss occurs up to 100 °C due to the vaporization of moisture, and
weight change stops over 600 °C as shown in Fig. 2(b) [8]. Theo-
retical weight loss is 17.5% during the formation of LTO from the
starting material. TGA data shows that the weight loss is 16.0% in
case of micro TiO, and 18.6% in case of nano TiO,.
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Fig. 3. XRD patterns of Li, Ti;O,, after calcining micro TiO, and
Li,CO, for (a) 3 h and (b) 6 h.
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Fig. 4. 10th discharge curves of LTO after calcining nano TiO, and
Li,CO; at (a) 650, (b) 700, (c) 750, (d) 800, (e) 850 and (f)
900 °C for 12 h between 1.0-3.0 V at 1C rate.

The XRD patterns of LTO are shown in Fig. 3 at different heating
temperatures of 600, 700, 800, and 900 °C. LTO was manufactured
from micro TiO, and Li,CO;. Fig. 3(a) is 3 h heat treatment and Fig.
3(b) is 6 h treatment, and both patterns show very similar shapes.
Samples at 600 and 700 °C show both LTO peaks and rutile TiO,
peaks, so the temperatures are not enough to formulate LTO [9].
Heat treatments at 800 and 900 °C show complete LTO peaks. The
phase transition from precursors to LTO occurs between 700 and
800 °C [10].

Charge and discharge curves were measured between the cut-
off voltages of 1.0 and 3.0 V. Fig. 4 shows the discharge curves at
10" cycle of the LTO manufactured from nano TiO, and Li,CO;.
The samples were heated at 650, 700, 750, 800, 850 and 900 °C
for 12 h, and the sample of 700 °C shows the highest capacity [11].
Fig. 4 shows that LTO is a very stable anode material with constant
voltage, but it also shows a large capacity change depending on the
heat treatment condition. As the heat treatment temperature went up,
the formation of LTO became more complete. The samples treated
at 700 °C showed highest discharge capacity. At that temperature
the phase transition was almost complete, and the crystal size might
have been very small. As the treatment temperature went up, the
crystal size became larger, which means the small size crystal has
higher electrical capacity than the large crystal.

Constant discharge voltage occurs at approximately 1.5V, and
the capacity of that range is 50 to 80% of the total capacity. Charge
voltage is 1.6 V (Li/Li"), and it is very close to the discharge voltage.
This is due to the two phase reaction of Ti**/Ti** redox couple. This
voltage is relatively high to be used as an anode material. High voltage
cathode material can be used with LTO anode because LTO anode
shows a good recycle ability and a constant voltage plateau.

Electrochemical characteristics of LTO were measured with CV
(cyclic voltammetry) method during the oxidation and reduction
reaction. The measurement was cycled three times with the volt-
age scan rate of 0.2 mV/sec. Fig. 5 shows the CV curves of LTO,
and the 2" and 3" cycles show the apparent oxidation and reduc-
tion reaction peaks. As discharge curves in Fig. 4 show the voltage
plateau at approximately 1.5 V (Li/Li"), the voltage due to the oxi-
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Fig. 5. Cyclic voltammogram of LTO after calcining (a) micro TiO,
and Li,CO; at 750 °C for 12 h and (b) nano TiO, and Li,CO,
at 700 °C for 3 h.

dation and reduction reaction can be identified in Fig. 5. During
the discharge process Li" and electron enter into the LTO electrode,
so reduction occurs at LTO at 1.52 V. During the charge process
Li" and electron leave from the LTO and oxidation occurs [12]. Plus
current peak is due to the oxidation and minus current peak is due
to the reduction.

The discharge capacities of LTO at different amounts of lithium
are shown in Fig. 6. The stoichiometric amount of lithium was 4.0
for Li,Ti;O,, preparation. However, a slightly large amount of lithium
was used because there is a chance that the lithium can be vaporized
during the heat treatment. Fig. 6(a) shows that the lithium amount
of 4.2 shows slightly higher capacity than that of 4.4. Heat treat-
ment temperature of 800 °C shows the highest discharge capacity.
Fig. 6(b) shows the difference between micro and nano TiO,, and
micro size titania shows higher discharge capacity that nano size ti-
tania. Heat treatment temperature was fixed at 900 °C for 3 hr. The
lithium amount was changed from 4.0 to 4.2, and the discharge capaci-
ties are very close for the micro TiO,. However, lithium amount of
4.0 shows slightly higher capacity than 4.2 for the nano TiO, [7].
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Fig. 6. Discharge capacities of Li, Ti;O,, after calcining (a) nano TiO,
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Fig. 8. Discharge capacities of Li,Ti;O,, after calcining nano TiO,
and Li,CO; for 12 h.

Fig. 7 shows the discharge capacities of LTO manufactured from
micro TiO, and Li,CO; at different temperatures from 600 °C to
900 °C for 12 h. The discharge capacities are almost zero below
650 °C, and 700 °C shows very low capacity. This is very consis-
tent with the XRD results of Fig. 3. Li,Ti;O,, peaks are negligible
below 700 °C and are present above 800 °C. That means Li,Ti;O,,
peaks start to form between 700 and 800 °C. The best cycle per-
formance is shown at 750 °C heat treatment, and the discharge capaci-
ties decrease slightly above 800 °C heat treatments.

Fig. 8 shows the discharge capacities of LTO manufactured from
nano TiO, and Li,CO; at different temperatures from 600 °C to 900 °C
for 12 h. Sample treated at 700 °C shows the highest discharge capac-
ity, and 600 and 650 °C heat treatment show low capacity. Above
750 °C heat treatment the capacities become decreased. Compared
to Fig. 7 the optimum temperature of nano TiO, is °C 700, while
micro TiO, shows the optimum temperature at 750 °C. As the parti-
cle size becomes smaller, the melting point is lower. This may be the
reason that the nano size TiO, has lower optimum temperature than
micro size TiO,.

CONCLUSIONS

TGA data showed that LTO with micro TiO, had weight loss from
560 °C to 650 °C and LTO with nano TiO, showed weight loss from
350 °C to 460 °C. Heat treatment at 600 °C and 700 °C showed the
rutile TiO, peaks, and heat treatment above 800 °C showed only
Li,Ti;0,, peaks. The weight loss of LTO with micro TiO, was 16.0%
and that with nano TiO, was 18.6%. XRD data showed that Li, Ti,O,,
was formed between 700 °C and 800 °C. Lithium molar ratio of 4.2
showed the optimum discharge capacity. L'TO with micro TiO, show-
ed the highest discharge capacity at 750 °C for 12 h. LTO with nano
TiO, showed the highest discharge capacity at 700 °C for 12 h.

REFERENCES

1. A. G MacDiarmid and A. J. Epstein, Synthetic Met., 65, 103 (1994).
2. K. Mizushima, P. C. Jones, P. J. Wiseman and J. B. Goodenough,



Effect of heat treatment on electrochemical characteristics of spinel lithium titanium oxide 95

Mater: Res. Bull., 15, 783 (1980).

3. S. Huang, Z. Wen, X. Zhu and Z. Lin, J. Power Sources, 165, 408
(2007).

4. X.L. Yao, S. Xie, C. H. Chen, Q. S. Wang, J. H. Sun, Y. L. Li and
S. X. Lu, Electrochim. Acta, 50,4076 (2005).

5.C. H.Doh, B. S. Jin, J. H. Lim and S. I. Moon, Korean J. Chem.
Eng., 19,749 (2002).

6. S. H. Park, K. S. Park, M. H. Cho, Y. K. Sun, K. S. Nahm, Y. S. Lee
and M. Yoshio, Korean J. Chem. Eng., 19, 791 (2002).

7.S.H. Kim, K. H. Lee, B. S. Seong, G H. Kim, J, S, Kim and Y. S.
Yoon, Korean J. Chem. Eng., 23, 961 (20006).

8.Y.J. Hao, Q. Y. Lai, J. Z. Lu, H. L. Wang, Y. D. Chen and X. Y. Ji,
J. Power Sources, 158, 1358 (2006).
9. S. W. Woo, K. Dokko and K. Kanamura, Electrochim. Acta, 53,79
(2007).
10. Y. Abe, E. Matsui and M. Senna, J. Phys. Chem. Solids, 68, 681
(2007).
11. Z. Wen, Z. Gu, S. Huang, J. Yang, Z. Lin and O. Yamanoto, J. Power
Sources, 146, 670 (2005).
12. A. D. Robertson, H. Tukamoto and J. T. S. Irvine, J. Electrochem.
Soc., 146(11), 3958 (1999).

Korean J. Chem. Eng.(Vol. 27, No. 1)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


