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The electrochemical properties of carbon nanotubes and
carbon XC-72R and their application as Pt supports’
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Abstract: The results of an investigation of two samples of commercial multi-
-walled carbon nanotubes and a sample of carbon black, in the raw and
activated state, were presented in the lecture. The activation of the carbon
materials led to the formation of an abundance of oxygen-containing functional
groups on the surface, an increased electrochemically active surface area, an
enhanced charge storage ability and a promotion of the electron-transfer ki-
netics. It was presented that the morphology of the carbon nanotubes is im-
portant for the electrochemical properties, because nanotubes with a higher
proportion of edge and defect sites showed faster electron transfer and pseudo-
capacitive redox kinetics. Modification of oxidized nanotubes by ethylenedi-
amine and wrapping by poly(dialyldimethylammonium chloride) led to a
decrease in the electrochemically active surface area and to reduced e ectron-
transfer kinetics. Pt nanoparticles prepared by the microwave-assisted polyol
method were deposited at the investigated carbon materials. A much higher
efficiency of Pt deposition was observed on the modified CNTs than on the
activated CNTs. The activity of the synthesized catalyst toward electroche-
mical oxygen reduction was almost the same as the activity of the commercial
Pt/XC-72 catalyst.

Keywords: carbon nanotubes; morphology; electrochemical properties; Pt na-
noparticles; electrocatalyst for oxygen reduction.

Carbon nanotubes (CNTs) have attracted enormous attention because of their
unique structure, excellent chemical and thermal stability, mechanical properties
and, in some cases, even metallic conductivity.12 The tubular structure of carbon
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nanotubes makes them unique among different forms of carbon and they have
proven themselves as extremely promising nanostructured materials for electro-
chemical application, such as catalysis,3 chemical sensing,4° and gas and energy
storage.b The structure of the carbon material can play an important role in the
dispersion of a catalyst, in its crystallographic characteristics and, consequently,
in its electrochemical properties.’.8

In this lecture, a survey of the results of an investigation of the physicoche-
mical and electrochemical properties of two types of commercia carbon nanotu-
bes (Sigma-Aldrich and Sun Nanotech) and carbon black (Vulcan XC-72R), in
the raw and acid-activated state, was presented. The carbon powders were acti-
vated by treating the samples with concentrated HoSO4 + HNOg3 in an ultrasonic
bath. Changesin the chemical composition of the carbon surfaces upon activation
were investigated by Fourier transform infrared spectroscopy and the Boehm tit-
ration method.%-11 The results indicated that the groups formed on the surface
were dominantly acid groups. The stability of water suspensions of the carbon
powders before and after activation was investigated by UV -visible spectroscopy
and it was registered that an abundance of oxygen-containing functional groups
made the carbon surfaces more hydrophilic. The structural characterization of the
carbon nanotubes, performed by atomic force microscopy, indicated that acti-
vated Sigma-Aldrich nanotubes were straight with the corrugated walls (bamboo-
like structure), while the Sun Nanotech nanotubes are tortuous with smooth walls.

The influence of activation and morphology on the electrochemical proper-
ties of the carbon powders, applied on a gold substrate in the form of a thin-film,
was investigated by cyclic voltammetry and electrochemical impedance spectros-
copy in 0.10 M H>SO4 and in 1.0 M KCl. The steady-state capacitive potentio-
dynamic curves of the raw CNT feature a rectangular-shaped profile with arather
low specific capacitance. After activation, the capacitance increased and a pair of
broad peaks appeared at around 0.6 V, which is commonly attributed to surface
oxidation/reduction processes of the hydroquinone/quinone groups.112.13

The electron-transfer properties of the investigated carbons were probed by
the simple redox transition of the Fe(CN)g3/Fe(CN)g*~ couple in 1.0 M KCI +
+ 5.0 mM K4[Fe(CN)g]. The voltammograms of Fe(CN)g37/Fe(CN)g#~ on the
thin films of raw carbons show rather low currents with not well resolved redox
peaks, while the activated carbons show an almost reversible currents transition
superposed on high capacitance currents. The currents for the straight CNTs with
corrugated walls were the highest and the peak separation was the closest to that
of reversible kinetics. The results of a detailed interpretation of the EIS measure-
ments were consistent with the properties of the carbons established by cyclic
voltammetry. It was concluded that the nanotubes with the higher proportion of
edge and defect sites were the most active for electron transfer processes, when
compared to X C and tortuous nanotubes with smooth walls.
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Modification of the CNTs with covalently attached ethylenediamine (eda)8
and poly(diallyldimethylammonium chloride) (polymer), adsorbed on the surface
of the nanotubes by electrostatic interaction4 led to a certain agglomeration of
the CNTSs, a decrease in the capacitance of the material, and a reduced rate of
electron transfer between the nanotubes and solution species. Addition of a nitro-
gen heteroatom to active carbon was used to form an electrode material with in-
termediate acid—base properties.1> An investigation of the Fe(CN)g3/Fe(CN)g*
redox process on CNTs modified with diethylenetriamine, triethylenetetramine
and 1,6-hexanediaminell indicated even more hindered electron transfer than on
eda-CNT.8

A colloidal Pt solution was prepared in a microwave oven from HoPtClg
with ethylene glycol as the reducing agent” and the Pt nanoparticles were sup-
ported on the investigated carbons. The Pt content was determined by thermogra-
vimetric analysis of the deposited Pt/C in an oxygen atmosphere. The deposition
of Pt nanoparticles on the oxidized CNTs resulted in a PYCNTs material with a
very low Pt content. However, modification of oxidized CNTs with either eda or
the polymer prior to mixing with the colloidal Pt solution increased the amount
of deposited Pt. The much higher efficiency of Pt deposition on the modified
CNTs than on the oxidized CNTs was ascribed to a decrease of the negative
charge on the surface of the CNTs that was formed by dissociation of acidic oxy-
gen-containing groups. An investigation by transmission electron microscopy
(TEM) reveded that the mean diameter of Pt particles in Pt/eda-CNT was
2.5+0.5 nm and that their distribution on the support was homogenous with no
evidence of pronounced agglomeration of the particles.

The electrochemical properties of the synthesized catalyst were investigated
in 0.10 M H>SO4 by using cyclic voltammetry and compared to the results ob-
tained with the commercial Pt/XC-72 catalyst manufactured by E-TEK. The real
Pt surface was determined from the desorption charge of underpotentially depo-
sited hydrogen. The polarization curves for oxygen reduction on all the investi-
gated catalysts amost overlapped. The Tafel plots exhibited two distinct linear
regions with a slope of —2.3RT/F in the low current densities region and
—2.3x2RT/F in the high current densities region, which are the same as those ob-
served on polycrystalline Pt and Pt/C catalyst in acidic solution.16 Although nob-
le metal catalysts supported on CNTs were found to be more active for methanol
oxidation than catalysts supported on other high area carbons,” a recent studyl/
and the present results showed that the carbon support has no influence on the ac-
tivity of the electrocatalysts for oxygen reduction.

Acknowledgements. The results presented in the lecture were obtained with the financial
support of the Ministry of Science and Technological Development of the Republic of Serbia,
Projects No. 142048 and 142056.
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U3BOA

EJIEKTPOXEMMNJCKE KAPAKTEPUCTHUKE YI'JBEHUYHNX HAHOLIEBU U YI'JbBEHHUKA
XC-72R 1 BUXOBA ITPUMEHA VYV CUHTE3U Pt KATAJIU3ATOPA

MAIJA JI. OGPAJJOBUH

HHcimiuinyi 3a Xxemujy, TiexHoA0ZUjy u meitianypaujy, Ynusepauiteiti y beozpaoy,
Hezowesa 12, 11000 beozpao, Cpbuja

VY okBHpy npenaBama Cy NPHUKa3aHU Pe3yJTaTH HCIHMTHBAaba JIBE BPCTE KOMEPIHUjaTHUX BH-
IIECIIOjHUX YIJbeHUYHHUX HAHOLCBU M Y30pKa YIJbCHHUYHOT Mpaxa pa3BHjeHe MOBPIIMHE Ipe U Ha-
KOH aKTHBAaIlMje XeMHUjcKkoM okcumarmjoM. OKcHanuja y3opaka JAOBOIAM 10 H3paKeHOT (opMu-
pama KHCEOHHYHUX Tpylla Ha MOBPIIMHM YIJbEHHYHUX Marepyjana, moBehama eleKTPOXEMH]jCKI
aKTHBHE ITIOBPIIMHE Kao M JI0 yOp3ama IpeHoca HaeleKTpHucama. Iloka3aHo je ma mMopdonoruja
VIJbCHUYHUX HAHOLCBM MMa 3HA4YajaH yTHIA] HAa FHHXOBE EIEKTPOXEMHjCKE KapaKTEPHCTHKE.
V3opak ca Behum yzaenom uBHia u aedexara mokaszao je Op)Ky KHHETHKY IPEHOCa HaeJIeKTpUcarha
u Behy mnceymokanmanutHBHOCT. MonudukoBambe OKCHAOBAaHMX HAHOICBH CTHJICHAHAMHUHOM U
MOJIUMEPOM HOJTH(IHATHIIIMETHIIAMOHH] yM-XJIOPHIOM) JIOBOJH JI0 CMambCHha AaKTUBHE MOBPILIHHE
U JI0 CHOpHjer IpeHoca HaeleKTpHcama. HaHodecTune miaTWHe, CHHTETHCAHE Y PacTBOpPY €TH-
JICHTTIMKOJIa Y MUKPOTAJIacHOj TIehHUIN, HaHeTe Cy HA NCIHMTHBAHEe yribeHH4He MaTepujane. Konn-
ynHa HaHeTe Pt je MHOTO Beha Ha MOAM(UKOBAHUM HEro Ha OKCHIOBAHMM HAaHOIEBUMA. AKTHB-
HOCT CHHTETHCAaHHX y30paKa 3a eJCKTPOXEMHjCKY PeAyKIHjy KHCCOHHKA je ymopeleHa ca akTHB-
Homhy komepijamHor Katanusatopa P/XC-72 3a ucty peakiujy W mokasano ce Ja Cy FHUXOBE
cnenupUUHEe aKTHBHOCTU MPHOJIMKHO jeHAKE.

(Mpumsbeno 20. maja 2010)

REFERENCES

. J. J. Gooding, Electrochim. Acta 50 (2005) 3049
. S.N. Marinkovi¢, J. Serb. Chem. Soc. 73 (2008) 891
K. Kinoshita, Carbon, Electrochemical and Physicochemical Properties, Wiley, New
York, 1987
4. H.Tang, J. Chen, K. Cui, L. Nie, Y. Kuang, S. Yao, J. Electroanal. Chem. 587 (2006) 269
5. H. Yaghoubian, H. Karimi-Maleh, M. Ali Khalilzadeh, F. Karimi, J. Serb. Chem. Soc. 74
(2009) 1443
6. B. E. Conway, Electrochemical Supercapacitors, Kluwer Academic/Plenum Publishing,
New York, 1999
7. X.Li, W. X. Chen, J. Zhao, W. Xing, Z. D. Xu, Carbon 43 (2005) 2168
8. G. D. Vukovi¢, M. D. Obradovi¢, A. D. Marinkovi¢, J. R. Rogan, P. S. Uskokovi¢, V. R.
Radmilovi¢, S. L. Gojkovi¢, Mater. Chem. Phys., submitted for publication
9. H. P. Boehm, Carbon 32 (1994) 759
10. M. D. Obradovi¢, G. D. Vukovi¢, S. I. Stevanovi¢, V. V. Pani¢, P. S. Uskokovi¢, A.
Kowal, S. L. Gojkovi¢, J. Electroanal. Chem. 634 (2009) 22
11. G. Vukovi¢, A. Marinkovi¢, M. Obradovi¢, V. Radmilovi¢, M. Coli¢, R. Aleksi¢, P. S.
Uskokovi¢, Appl. Surf. Sci. 255 (2009) 8067
12. H. A. Andress, B. E. Conway, Electrochim. Acta 51 (2006) 6510
13. E. Fuente, J. A. Menéndez, D. Suérez, M. A. Montes-Moran, Langmuir 19 (2003) 3505
14. K. Jiang, A. Eitan, L. S. Schandler, P. M. Ajayan, R. W. Siegel, N. Grobert, M. Mayne,
M. Reyes-Reyes, H. Terrones, M. Terrones, Nano Lett. 3 (2003) 275

WwN R

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS

EY HC MO



ELECTROCHEMICAL PROPERTIES OF CARBON NANOTUBES AND BLACKS 1439

15. S.C. Roy, A. W. Harding, A. E. Russell, K. M. Thomas, J. Electrochem. Soc. 144 (1997)

2323
16. N. R. Elezovi¢, B. M. Babi¢, N. V. Krstgji¢, S. L. Gojkovi¢, L. M. Vragar, J. Serb. Chem.

Soc. 73 (2008) 641
17. E. K. Tuseeva, N. A. Mayorova, V. E. Sosenkin, N .F. Nikol'skaya, Y. M. Val'fkovich, A.

V. Krestinin, G. |. Zvereva, V. A. Grinberg, O. A. Khazova, Russ. J. Electrochem. 44
(2008) 884.

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS




<<
  /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
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /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 <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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




