Mitglied der Helmholtz-Gemeinschaft

Development of thin film inorganic membranes
for oxygen separation

Hyo Jeong Moon

#) 0LICH

FORSCHUNGSZENTRUM



Forschungszentrum Jilich GmbH
Institute of Energy and Climate Research (IEK)
Materials Synthesis and Processing (IEK-1)

Development of thin film inorganic membranes
for oxygen separation

Hyo Jeong Moon

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 136

ISSN 1866-1793 ISBN 978-3-89336-781-8



Table of contents

Table of Contents

LST OF TIGUIES ...ttt b bbbt b ettt s b et be bt eb s bt I
LLST OF £aDLES 1.ttt ettt bbbt h bbbt b et ene b eneas IX
LSt OF @DDICVIATIONS ....c.veuveuititeteiietete ettt b ettt sttt b et e bt sae b sbeneene X
LSt OF SYMDOLS ...ttt sttt b ettt n e bt n et neenen X1
T INEEOQUCTION ..tttk ettt ekttt b e eaenes 1
1.1 CO; capture in foSsil POWET PLANL......c.eiiiieriirieieieeeeee et 1
1.2 Gas separation membranes fOr CCS........ooiiiiiriiiiieeieeeee e eneens 2
1.3 Objective OF this WOTK ...c..eiiiiiiiiiiiiieiet ettt 3
2 Fundamentals and back@round.............ccooueiriiinieieiiieeeeeeee ettt 4
2.1 Mixed ionic-electronic conducting membranes for O»/N, separation...........c.ccceceeevvveennreenenenes 4
2.1 1 Fluorite-structured CGO (CesGdy205.5) MEMDIANE ......ocvvevveeeeiriieiereeeieeeeie e 6
2.1.2 Perovskite-structured LSCF (Lag 5sS194C0p2Fe)503.5) Membrane ...........cceceeevveeeeervenienenene 7
2.2 Asymmetric thin film MEMDBIANE..........cciiirieiieriieieierese ettt sae e ens 9
2.3 Wet chemical dEPOSILION ......cveiiiiieieiicieeieieeeete ettt sae et et saeeseense st e eneeneenseneensenes 12
2.3.1 Stabilization Of AISPETSION .....c.erviieuiriiriiieiieieteiet ettt sttt sttt ebeeene 12
2.3.2 SPIN-/AIP-COALING ....vetinieiieiiieiieteetet ettt ettt ettt ettt b et et s s be e e st b e saeneebesbeneas 13
2.3.3 Heat treatment of COAtING JAYET ........cccouvueuiriiiiiriiciiriceeee et 16
2.4 Physical vapour dePOSIHION. .........ecueriirieieierieeieeieie sttt ettt st see et e eneeneensesseeseeneeneennes 17
2.4.1 DC-SPULLETING ...eveevrerienieetieiietesteseeitestestesteeste e sseeseessessesseeseessesseeseessessansesseessensesseaseessensennn 17
2.4.2 MaNErON SPULLEIINZ .. ...eeveeenretieteieieetertesteteeteteseetestestetesbestebeebesteseebesbeneeseabetesestenseneeneneene 17
2.4.3 REACHIVE SPULLETINE ..e.veevientiiieeieniesieetietetesteeeeestesteeteestessesseeseensessesseessensansesseessansesseassensensennn 18
2.4.4 Film Morphology
3 Experimental MEthOAS ... ..ccueiiiiieieiiieieiese ettt st ene
3.1 Ceramic SUDSLIAte PrEPATALION .......cuveviriieeieiieteeteeteetesteeteeeeetesteeseeseeste st eneesesseeseeneesesseeneeneennens 20
3.2 Membrane ManUFACTUIIIE .......cceeververuieeeietiseeietesie et ete st e eseesee e s seeseeneessessesneeneensesseeneensensens 22
3.2.1 Manufacture of inorganic membrane by wet chemical deposition...........c.ccocecevevveirenennne 22
3.2.2 Manufacture of inorganic membrane by physical vapour deposition ...........c.cceeeeeeeereenne 26
3.3 Characterization MEthOAS ...........eoueiririeieiieieie ettt sttt e e b 29
3.3.1 METCUIY POTOSIMEIY ..c.veeienteteeiientetesieetteieseeeteesteteseeestesesseeseensesseeseessesesseeneensesseaseensensenes 29
3.3.2 Zeta-POteNtial......c.c.eiiviiiiiieiiieicicee ettt 29
3.3.3 Particle SIZ€ ANalySIS......ccuirireerierieetieieie ettt e ettt et te et et etesre et et e saeene e eenee 29
3.3.4 Thermal analysis (TG/DTA) ...oooiiieieieeeeeeeee ettt nee 30




Table of contents

3.3.5 X-ray diffraction (XRD).....cceuiruiiiiriieiiiieeeeee ettt 30
3.3.6 Chemical analysis (ICP-OES) .......cccootiiriiiiiieeeie et 31
3.3.7 MICTOSCOPY w.tuvevveneetintatetet sttt ettt ettt ettt ettt ettt skt b e etk et be et b et eebebeeebeiene 32
3.3.8 Gas-tightness MEASUTCINENL .........ccvervireeeieierieetieteteeeeestestesseeneesesseeneensesseeneeneessesseeneensensenes 33
4 ReSUILS aNd dISCUSSION....c..euiuitiniiiiriiieiiet ettt ettt ettt sttt ettt be e ebesaenees 36
AT SUDSIIALES. ...ttt sttt ettt b et b et b e bt e bt et bbb bbbt e st eh e bt b et nenes 36
4.2 Characterization of CGO membrane by wet-chemical deposition............ccceeeverierieiriniencnennenn 43
4.2.1 Development of coating liqUIdS.........ceeveveirierieieiieieerieeee ettt

4.2.2 Development of CGO membrane on WP/VSC (NiO/8YSZ) substrate
4.3 Characterization of CGO and LSCF membrane by PVD.....

4.3.1 Development Of INEEIIAYET ........ccverieriiiieieeceeeee e

4.3.2 Development of CGO membrane on 8Y SZ SUDSLIAte .........ccceeverienieriieierieseseeienesie e 67

4.3.3 Development of CGO membrane on NDCGO-Z SUDSIIate........c..ccveuervereerirenieenienieieienienas 81

4.3.4 Development of CGO membrane on 0 AL, O3 SUDSIIALE .....c..cuveverveieeerieieiinieieiceeseeeeicienen 83

4.3.5 Development of CGO membrane on A30A SUDSIIALE .........cccovvveeerinrererinieieinieieerrececeeenene 90

4.3.6 Development of CGO membrane on WP/VSC (NiO/8YSZ) substrate.........cccceeervevernennene 94

4.3.7 Development of LSCF membrane on 8YSZ and NDCGO-Z or -A substrates .................... 99
S Summary and OULIOOK ......cc.eouiiieieiiiieeee ettt st ettt et nne e ne e s 103
RETETEIICES ...ttt 109
ACKNOWICAZEIMENES. . ... ettt e e e e e e et et e et et e et eneenens 117

II



Energie & Umwelt / Energy & Environment

Band / Volume 136 ’J JULICH

ISBN 978-3-89336-781-8 FORSCHUNGSZENTRUM





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 true
  /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

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




