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Abstract 

Several methods to produce vapor grown carbon fibers (VGCFs) on graphite felt as electrodes for vanadium redox flow batteries (VRB) 
were described. The experiments include graphite felt preparation and VGCF production onto graphite fiber in the felt. Several attempts were 
made using nickel and cobalt catalyst coatings on the graphite felt. The nickel catalyst came from nickel nitride solution. It was prepared by 
dipping graphite felt into the solution and decomposed using heat treatment. Cobalt nanoparticles were sprayed onto graphite felt. Both ex-
periments resulted in carbon nanotubes and VGCFs growth onto graphite fiber in the felt. The experimental results show that VGCFs and 
carbon nanotubes with the range of 20 to 70 nm in diameter are grown in the graphite felt using different catalysts. The encouraged results 
show the single VRB cell test with new electrodes can increase the charge/discharge efficiency by more than 12% compared to conventional 
graphite felt. 
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1. Introduction 

Numerous renewable energies are available in the world 
such as solar energy, wind power, and geothermal. As ex-
pected, fossil fuel may be exhausted within few decades, 
making new energy or storage technologies with clean and 
high efficiency desired. It can be anticipated that renewable 
energy sources will have increased contribution to the elec-
tricity supply within several decades. Wind power is an im-
pressive renewable energy for its clean generation process. 
However, the energy storage issue from wind power must be 
improved. 

Among all new energy storage technologies currently 
under development around the world, the vanadium redox 
flow battery (VRB) appears to offer great promise as a low 
cost, high efficiency large-scale energy storage system [1-4]. 
Thaller proposed the vanadium redox flow battery in 1975. 
It is an electrochemical device for energy storage. It has re-
ceived attention because of its long life, fast response time, 
deep-discharge capability, and low pollution emitting for 
energy storage [5]. The structure of a VRB single cell in-
cludes an electrolyte tank, magnetic pump, cation exchange 
membrane, graphite felt, electrode and bipolar plate. The 
electrochemical cell stores or releases power by shifting the 

ratio of the two vanadium species present at each electrode. 
The system power is determined by the rate of reaction in 
the vanadium species at each electrode and the total surface 
area of the electrodes. The amount of energy stored in the 
system is determined by the vanadium species concentration 
and the volume of the reservoirs [6]. 

Carbon fibers have a very wide range of characteristics 
because of the various fabrication methods. Commercial 
vanadium redox flow battery electrodes typically use graph-
ite felt. Graphite felt is made through polymer pyrolysis. It 
can be treated to increase the number of surface oxide sites 
or heated to increase its crystallinity and conductivity. Poly-
acrylonitrile (PAN) based carbon felt has a wide potential 
operational range and stability for use as both anode and 
cathode. It is available with high surface area at reasonable 
cost. It has been used as electrode materials in many appli-
cations [7-13]. Because VGCF has excellent electrical con-
ductivity and high surface area to volume ratio, it is suitable 
for electrodes in many batteries. VGCF is used in lithium 
ion batteries (LIB) to improve high power ability and pro-
long the life cycle.  

Conventional VRB uses graphite felt as electrodes, re-
quiring low electrical resistivity and high surface to volume 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by National Chung Hsing University Institutional Repository

https://core.ac.uk/display/41687911?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2 RARE METALS, Vol. 30, Spec. Issue, Mar 2011 

 

ratio to store electrical carriers. In this study, the proposed 
idea is to catalyze a coating onto the graphite felt and grow 
carbon nano-fibers onto the felt using a vapor deposition 
process. VGCFs grown onto the carbon fiber surface will 
enhance the charge and discharge efficiency for vanadium 
redox flow batteries. 

2. Experimental 

Several methods for growing VGCFs onto carbon fibers 
are examined in this study. The carbon fiber precursor is 
PAN-based oxidization fiber. The oxidized fibers were fab-
ricated using the needle punch technique using felt based on 
a desired weight basis. PAN based oxidized fibers were 
spun using needle punch in 7 mm thick felt. Heat treatment 
and graphitization were then proceeded to result in 6 mm 
thick graphite felt for conventional VRBs’ electrodes. The 
oxidized fiber felt was placed into a high temperature oven 
with nitrogen inert environment. The felt was heated up to 
900 ºC with the temperature maintained for 50 min. The 
power was then turned off and cooling the oven to room 
temperature for obtaining carbon fiber felt. The following 
step spray coated or soaked the carbon catalyst (e.g. iron, 
nickel or cobalt) onto the carbon fiber surface. The vapor 
deposition hydrocarbon to carbon process adhered to the 
catalyst surface under high temperature. The graphite- 
structure carbon is then precipitated using catalysts through 
diffusion, over-saturation, aging, continuously repeated ab-
sorption, carbon over-saturation and precipitation eventually 
forming a slender carbon tube a few microns/tens nano- 
meters in diameter. The carbon electrode produced by 
VGCFs process exhibits very fine thermal and electrical 
conductivity as well as excellent mechanical properties 
which enable the battery module to increase battery effi-
ciency and service life. The production process gives VGCF 
great potential. 

Transition metals (e.g. iron, nickel, cobalt or their alloys, 
etc.) are mostly chosen as the source materials. This study 
used two metals, nickel from nickel nitrate and cobalt 
nanoparticles as catalysts. Carbon fiber felt was dipped into 
the 2 M (mole) solution of nickel nitrate mixed with DI wa-
ter. A magnetic stirring plate was used to blend the nickel 
nitrate to evenly adhere onto the carbon fibers. The soaked 
carbon fiber felt was placed on a hot plate to dry at 100 ºC 
for 60 min. The felt was then moved into a vacuum high 
temperature oven filled with nitrogen to sinter at 900 ºC for 
60 min. Then the carbon felt was taken out after cooling the 
oven to room temperature. The second experiment mixed 
cobalt nanoparticles with DI water blended into a 2 M solu-
tion. A spray gun was used to spray the carbon felt evenly. 
A similar process was used to dry the carbon felt on the hot 

plate at 100 ºC for 60 min. After the two catalysts were de-
posited onto the carbon felt surface, the VGCF growth 
process was initiated. The samples were placed into a graph-
ite vacuum furnace filled with argon and sintered at 1000 ºC 
for 10 min. During the cooling process, VGCF can grow 
onto the carbon fibers in the felt while cooling the furnace 
for 8 hours. The graphite felt with VGCFs was completed 
for VRB characteristic application. 

A single VRB cell was used for the electrode test as 
shown in Fig. 1. The battery electrolyte is composed of 0.2 M 
VOSO4 and 0.4 M H2SO4 solution. At the beginning of the 
battery charge, both the positive and negative electrolytes 
are a blue solution with V4+ valence. The volumes of both 
electrolytes are different due to the difference in valence 
charge. The positive electrolyte volume is twice that of the 
negative. The responses of the positive and negative elec-
trolytes during charge are shown as follows:  
Anode reaction: 
Anode: VO2+ +H2O → VO2

+ + 2H+ +2e– 
Cathode: H2O → 2H+ + 1/2O2 +2e- 
Cathode reaction: 
Anode: V+4 + e– → V3+ + e- → V2+ 
Cathode: 2 H+ + 2 e– → H2 

Because the battery uses VOSO4(V+4) as the initial elec-
trolyte, the positive electrolyte will be oxidized from +4 va-
lence to +5valence during charge and the negative electro-
lyte reduced from +4 to +3 to +2, i.e. the amount of electric-
ity charged and discharged is different for the positive and 
negative electrolyte. After completion of the initial charge, 
during the subsequent charge and discharge, the positive 
electrolyte valence change will only be +4 and +5. The va-
lence change of the negative electrolyte will be +2 and +3. 
Therefore, the charge/discharge efficiency will not be the 
same for the initial and subsequent charge/discharge. The 

 
Fig. 1.  Structure diagram of a VRB single cell. 
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volume of the initial positive side electrolyte was 200 ml in 
this study during initialization and that of the initial negative 
side was 100 ml. For the charge and discharge efficiency 
measured in the initial reaction, the initial positive electro-
lyte must be twice that of the negative. For the charge and 
discharge efficiency measured in the subsequent reactions, 
the positive side and the negative side must adjust back to 
the 1:1 ratio. 

Graphite felt with VGCFs was used as the electrodes on 
both the positive and negative sides. The sample size was  
10 cm2 with the thickness 6 mm. The current density for the 
charge/discharge was 40 mA per unit with a Nafion® 117 
membrane used as the separator between the two sides. Any 
electrolyte leakage will mix and cause an efficiency drop. 
Circulation pumps with a 4 L/h flow rate were used in the 
electrolyte on both sides to circulate the electrolyte. 

3. Results and discussion 

  Graphite felt is the product of carbon felt. The precursor 
of carbon felt is the oxidized fiber felt. The combined proc-
ess reduces the fiber mass by around 55 – 60 wt.% during 
heat treatment, called graphitization. Most of the non-carbon 
elements within the fibers are volatilized in the form of 
methane, hydrogen, water and various other gases. The re-
sulting graphite fiber has a diameter of 7 ~ 8 μm as shown in 
Fig. 2. The aforementioned graphite felt is treated by soak-
ing it in or spraying it with transition metals to grow VGCFs. 
Graphite felt soaked in nickel nitrate solution, followed by 
high temperature treatment, will produce carbon nanotubes 
roughly in the 40 to 70 nm range, as shown in Fig. 3. Graph-
ite felt sprayed with cobalt nanoparticles after undergoing 
high temperature treatment, will produce carbon nanotubes 
were in the 20 to 50 nm range, as shown in Fig. 4.  

The charge/discharge efficiency test of a single cell, is 
completed when the charging voltage reaches 2.2 V. The 
color of both sides will change completely. The positive  

 
Fig. 2.  SEM micrograph of the graphite fiber in the felt. 

 
Fig. 3.  SEM micrograph of the VGCF and carbon nanotubes 
in the graphite felt by using nickel nitrate; (a) carbon nano-
tubes with 40~50 nm in diameter, (b) carbon nanotubes with 70 
nm in diameter. 

 
Fig. 4.  SEM micrograph of the VGCF in the graphite felt by 
using cobalt nanoparticles; VCFG with 23 nm in diameter. 

electrolyte will change from blue (V4+) → yellow (V5+) and 
the negative electrolyte will change from blue (V4+) → pur-
ple (V2+). When the cell voltage reaches 0.0V in the dis-
charging process, the battery is completely discharged. The 
charge/discharge efficiency is calculated by charging W.hr/ 
discharging W.hr. Three types of electrodes were used for 
the measurement test including conventional graphite felt, 
graphite felt soaked in nickel nitrate, and graphite felt 
sprayed with cobalt nanoparticles. Fig. 5 shows the charge/  
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Fig. 5.  Charge/discharge performance chart of conventional 
graphite felts: (a) conventional graphite felt; (b) graphite felt 
with carbon nanotubes; (c) graphite felt with VGCFs. 

discharge performance using different electrodes. The 
charge/discharge efficiency using conventional graphite felt 
at the second charge was 37%. The charge/discharge effi-
ciency using graphite felt soaked in nickel nitrate at the sec-
ond charge was 46%. The charge/discharge efficiency using 
graphite felt sprayed with cobalt nanoparticles at the second 
charge was 49%. The graphite felts with VGCFs produced 
higher performance than conventional graphite felt. 

4. Conclusion 

This study successfully produced VGCFs and nanotubes 
20 ~ 80 nm in diameter in graphite felt. However, these 
methods required catalysts adhered to the graphite fiber sur-
face. VGCFs and carbon nanotubes in the graphite felt can 
enhance the VRB charge/discharge efficiency, but the fab-

rication cost is also increased. 

Acknowledgement 

This work was supported by the National Science Council 
(NSC98-3114-E-005-004) in Taiwan, China. 

References 

[1]  Zhao P., Zhang H., Zhou H., Chen J., Gao S., and Yi B., 
Characteristics and performance of 10 kW class all-vanadium 
redox-flow battery stack. Journal of Power Sources, 2006, 
162: 1416. 

[2]  Dell R.M., and Rand D.A.J., Energy storage - a key technol-
ogy for global energy sustainability. Journal of Power 
Sources, 2001, 100: 2. 

[3]  Zhao P., Zhang H., Zhou H., and Yi B., Nickel foam and car-
bon felt applications for sodium polysulfide/bromine redox 
flow battery electrodes. Electrochimica Acta, 2005, 51: 1091. 

[4]  Ponce de León C., Frías-Ferrerb A., González-Garcíab J., 
Szántoc D.A, and Walsha F.S, Redox flow cells for energy 
conversion. Journal of Power Sources, 2006, 160: 716. 

[5]  Thaller L.H., Electrically rechargeable redox flow cell. US 
Patent 3,996,064, 1976. 

[6]  Gattrell M., Park J., and MacDougall B., Study of the mecha-
nism of the vanadium 4+/5+ redox reaction in acidic solutions, 
2004, 151: 123. 

[7]  Zhong S., Kazacos M., Burford R.P, and Skyllas-Kazacos M., 
Fabrication and activation studies of conducting plastic com-
posite electrodes for redox cells. Journal of Power Sources, 
1991, 36: 29. 

[8]  Sun B., and Skyllas-Kazacos M., Modification of graphite 
electrode materials for vanadium redox flow battery applica-
tion--I. Thermal treatment. Electrochimica Acta, 1992, 37: 91. 

[9]  Li Y.Y, Mochidzuki K., Sakoda A., and Suzuki M., Activa-
tion studies of vapor-grown carbon fibers with supercritical 
fluids. Carbon, 2001, 39: 2143. 

[10]  Shibuya M., Sakurai M., and Takahashi T., Preparation and 
characteristics of a vapor-grown carbon fiber/ceramic com-
posite using a methylsilicone precursor. Composites Science 
and Technology, 2007, 67: 3338. 

[11]  Zhu D., Xu C., Nakura N., and Matsuo M., Study of carbon 
films from PAN/VGCF composites by gelation/crystallization 
from solution. Carbon, 2002, 40: 363. 

[12]  Zhou H., Zhang H., Zhou P., and Yi B., A comparative study 
of carbon felt and activated carbon based electrodes for so-
dium polysulfide/bromine redox flow battery. Electrochimica 
Acta, 2006, 51: 6304. 

[13]  Yang H., Tu H.-C., and Chiang I.-L., Carbon cloth based on 
PAN carbon fiber practicability for PEMFC applications. In-
ternational Journal of Hydrogen Energy, 2010, 35: 2791. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. 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 best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


