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Abstract

The advancements in the field of e-mobility today far outpace all prior projections, and the rate of
progress is quick. Due to their high power density and energy density, Lithium-lon Batteries (LIBs) have
grown to be an increasingly appealing alternative for use in electric vehicles. However, over extended
use, these batteries frequently experience problems with capacity loss. Additionally, the batteryis cur-
rent collectors are challenging to scrape off from the cathode, which results in erroneous measurement
results under spectroscopic observation. Furthermore, current collectors have a propensity to corrode
with repeated use, which reduces the batteryis power output.

In this study, the cathodes are manufactured without a current collector, i.e. a Free-Standing (FS)
cathode, to prevent the issues brought on by the current collector. To assess how well these cathodes
function in comparison to cathodes with an aluminium current collector, they are cycled both for long
term and at different charging rates. In this investigation, the cathode materials examined include NMC
532, NMC 811, and LCO. The cycling behaviour of the FS cathodes was found to be quite comparable
to that of the cathodes on current collectors. Using Electrochemical Impedance Spectroscopy (EIS),
X-Ray Diffraction (XRD), and X-Ray Photon Spectroscopy (XPS), their cycling behaviour was further
assessed in order to ascertain the chemical changes that occurred while cycling. The findings showed
that an unstable cathode-electrolyte interface layer caused the cathodes to develop cracks on their
surface during long-term cycling. Consequently, the electrolyte started to decompose, depositing im-
purities on the cathode surfaces. This behaviour produced a high impedance and prevented charge
transfer over the cathode surface, leading to quick capacity fading and a subpar electrochemical per-
formance.

To address the issue of capacity loss, the cathodes under investigation are coated with Al,O3 using
Atomic Layer Deposition (ALD). Every commercial battery, in recent times, utilizes a cathode with a
coating. However, there has been very little investigation into the chemical nature of the coating, es-
pecially during battery operation. This thesis investigates the chemistry of the coated cathodes during
electrochemical cycling, highlighting their benefits and drawbacks. The ALD coated cathodes were
found to demonstrate an improved cycling performance, with lower charge transfer resistances. Inves-
tigation of these cathodes after cycling revealed that the electrolyte decomposition had been greatly
decreased, resulting in a virtually impurity-free surface. Additionally, it was discovered that the thicker
the ALD coated layer is, the lower its cycle performance is likely to be, due to the increased charge
transfer resistance caused by the thick layer. As a result, it is suggested to keep the coating as thin as
possible to gain superior performances.

The chemical differences between the coated and uncoated cathodes in this work were exam-
ined through EIS, Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS), XRD, XPS and Nuclear Magnetic Resonance Spectroscopy (NMR). In order to examine
the chemistry of the coating layer more effectively, it is recommended to carry out NMR measurements
at high magnetic fields. It is also recommended to carry out cathode investigations at high voltages to
determine their behaviour. Overall, this thesis effectively illustrated the benefits of coating the cathodes
with Al,O3. Additionally, it offered a fascinating route for FS electrode-specific research.

Keywords: Lithium-lon Battery, Free-Standing cathode, Atomic Layer Deposition, Electrochemical
cycling, NMC 532, NMC 811, LCO, Electrochemical Impedance Spectroscopy, X-Ray Diffraction, and
X-Ray Photon Spectroscopy, Scanning Electron Microscope coupled with Energy Dispersive X-Ray
Spectroscopy, Nuclear Magnetic Resonance Spectroscopy, Cathode-electrolyte interface.
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6(0 ('6 UHVXOWV RI10& XQFRDWHG $/'DQG $/' FDWKRGHV DIW
6(0 ('6 UHVXOWV RI /&2 XQFRDWHG $/'DQG $/'FDWKRGHV DIWHU
('6 PHDVXUHPHQW RQ FDUERQ WDSH

/IDWWLFH SDUDPHWHUV D E FDQGF DUDWLRRI $/'DQG $/'10&

/&2 )6 FDWKRGHV EHIRUH F\FOLQJDQGDIWHU F\FOHV
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6HFRQGDU\ (OHFWURQ 'HWHFWRU
7ULPHWK\ODOXPLQLXP

ODJLF $QJOH 6SLQQLQJ
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-RXVSHYGXN

7KHGHYHORSPHQW RI QH[W JHQHUDWLRQ WHFKQRORJLHVY VSHFLILFDOO
DXWRPRELOHV KDV FUHDWHG D KLIJKGHPDQG IRUHQHUJ\VWRUDJH GHYLFI
VLW\DQG KLJK VDIHW\ /LWKLXP ,RQ %DWWHULHV /,%V DUH RQH RI WKH
ZKLFK DGGUHVVHVY DOO WKH IDFWRUV PHQWLRQHG DERYH ,Q WRGD\{V ZR
HULQJ PRVW HOHFWURQLF GHYLFHV UDQJLQJ IURP FDPHUDV PRELOH SKF
YHKLF@HV >

7TKHJOREDO /,% PDUNHW KDV VHHQ D VWHDG\LQFUHDVH RYHU WKH SDV\

**KLQ WR RYHU **KLQ 7KLV VRDU LQ WKH GHPDQG LV H[SHFWH
ZLWK WKH SURMHFWHG GHPDQG EHLQJDURXQG **KLQ ZKLFK LV PR
LQ ® $SLFWRULDO UHSUHVHQWDWLRQ RI WKHLQFUHDVHKQWKH /,%

KLIKGHPDQG LV SUHGRPLQDQWO\WR FDWHU WR PRELOLW\DS®OLFDWLRC

JLIXUH (VWLPDWHG JOREDO /,% GHPDQG I@RP WR LQ *:

% \ WKHDQQXDO UHYHQXHRIWKHEDWWHU\ YDOXH FKDL®& LARH[SHFW|
NHHS XS ZLWK WKHHQRUPRXV H[SDQVLRQRIWKH (9LQGXVWU\ /,% PDNHU\
WLRQ D TXHVW WKDW FDOOV LQWR TXHVWLRQ WKHFRVWDQG VXVWDLQDE
&DWKRGHV SRVLWLYH HOHFWURGHYV DUH D FULWLFDO FRPSRQHQW RI D
GRPLQDWH EDWWHU\ FRVWDPRQJ WKH VHYHUDO FRPSRQHQWY XVHG LQ W



WR VRFLHW\ LWLV FULWLFDO WR HQKDQFH @KHISIHWUZR U RXQ B RN R XWRKPOS/
SHUIRUPDQFH HQKDQFHPHQW RI FRPPRQ /,% FDWKRGHYV

&KDSWHU RIWKLVWKHVLY ZLOO H[SODLQ WKHZRUNLQJRID/,% DORQJ .
PHUFLDO /,% IDFHV &KDSWHU ZLOO RXWOLQH WKH UHVHDUFK TXHVWLRC
VROXWLRQVWRVRPHRIWKHFXUUHQW SUREOHPVLQD/, % &KDSWHUV DC
REWDLQHG ZKLOH FKDSWHU ZLOO SURYLGHDQRYHUDOO FRQFOXVLRQ IF
IRUIXUWKHU UHVHDUFK



OMXLMYQ -SR &EXXIV] 8L
*YRHEQIRXEP

7KLV FKDSWHU SURYLGHV DQ RYHUYLHZ RI WKH FRPSRQHQWYVY XVHG LQ D
EDWWHU\ F\FOLQJ )XUWKHUPRUH WKH FKDSWHU DOVR GHVFULEHV WKH
FKDOOHQJHV LW IDFHV )LQDOO\ WKLV FKDSWHU FRQFOXGHYV ZLWK WKH F
OHQJHV ZKLFK RXWOLQHV WKHPDLQ VFRSH RI WKLV WKHVLV

'SQTSRIRXW SJE0-&

$/,% SULPDULO\ FRPSULVHV RID FDWKRGH DQRGH HOHFWURO\WH VHSDL
DFWLYH PDWHULDO LQ D /,% LV XVXDOO\ FRPSRVHG RI D PHWDO R[LGH 6F
PDWHULDOV LQGORGH2/L1D& /L&RR2&2 /L)H32)3 DQG /LOQ®2 7KH

FDWKRGH DFWLYH PDWHULDO LV D SRZGHU FKDUDFWHULVHG E\ D SULPDL
SDUWLFOHV DUH W\SLFDOO\PLFUR RU QDQR VL]HG DQG FRQVLVW RI VLQ.
DQG OLWKLXP 6HFRQGDU\ SDUWLFOHV DUH IRUPHG E\ WKH DJJ@RPHUDWL
$QRGHV DUH W\SLFDOO\PDGH RIJUDSKLWH ZKLFK LV XVHG RZLQJ WR LWV
>@ 7KHUH KDV EHHQRQJRLQJUHVHDUFKLQWRLQYHVWLIJDWLQJGLIIHUH:
JUDSKLWH LQ RUGHUWR LPSURYH WKH EDWVEBHU\fV SHUIRUPDQFH DQG FD

$Q HOHFWURO\WHLQ D/, % FRQVLVWYV RI OLWKLXP VDOWV LQ RUJDQLF V
LRQVZKLFKDOORZWKHFKDQJHWUDQVIHULQVLGH WKHEDWWHU\ 7KH OL
ZKLFK KHOS LQ DFKLHYLQJ D KLJKHU VDOW GLVVRFLDWLRQ 7KHVH OLWKL
YHQW ZKLFK KHOSV IDFLOLWDWH WKH PRYHPHQW RI OLWKLXRGRQV /LW
IL%) ZKLOH WKH RUJDQLF VROYHQWY LQFOXGH HWK\OHQH FDUERQDWH (
GLPHWK\O FDUERQDWH '0& SURS\OHQH FDUERQDWH 3& DQG GLHWK\O F
UHVSRQVLEOH IRUIDFLOLWDWLQJ WKH UHYHUVLEOH PRYHPHQW RI OLWK
DQG GLVFKDUJLQJ F\FOHV )XUWKHUPRUH FRPPHUFLDO HOHFWURO\WHYV
PL]H VSHFLILF SURSHUWLHV VXFKIODPPDELOLW\RU VROLG@HOHFWURO\W

6HSDUDWRUYV DUH RQH RI WKH PRVW LPSRUWDQW FRPSRQHQWYV ZLWKLC
HOQFHV WKH EDWWHU\TV FA\FOH OLIH S ®&U |, RMUFPFD@WLH DMYGRY D IFHWWR SRURXYV
LV XVXDOO\PDGH RI D SRO\PHULF PHPEUDQH RUD QRQ ZRYHQ IDEULF PDV
FDWKRGHDQGDQRGH DQG SUHYHQW ERWK HOHFWURGHV IURP KDYLQJ SK
DUDWRUIRUD /,% LV XVXDOO\ FKRVHQ GHSHQGLQJRQDIHZIDFWRUV 7Kl
WKH OLTXLG HOHFWURO\WH ZKLFK SURYLGHV KLIJKLRQLFFRQGXFWLYLW
WURFKHPLFDO VWDELOLW\WRZDUGVY WKHHOHFWURGHPDWHUL@OV DQGH



'SQTSRIRXW SJE0-&

&XUUHQW FROOHFWRUV LQ /,%V DUH PDGH RI DOXPLQLXP DQG FRSSHU
VSHFWLYHO\ 'XULQJ WKH EDWWHU\ PDNLQJ SURFHVV WKH FDWKRGHV DQ
FROOHFWRUV ZKLFK DUH XVXDOROWHKLIFWN DIKHMEHEXWUHQW FROOHFWRUYV
SRQHQWV ZLWKLQ WKH EDWWHU\DQG FRQQHFW WKHP WR WKH HIWHUQDO
HIWHUQDO FLUFXLW WR WKHDFWL®@H PDWHULDO DQG YLFH YHUVD >

WWWIQFPMRKE GSMR GIPP

$00 WKH FRPSRQHQWY PHQWLRQHG DERYH DUH DUUDQJHG LQ D VHTXHQW
LPDJHRIWKHDUUDQJHPHQW/IKHWLKPPZE LY DLSLFWRULDO UHSUHVHQWDWLR
FRQVLVWV RI D FDWKRGH DQG OLWKLXP PHWDO DV WKH DQRGH LQVWHDC
IRFXVHV RQLQYHVWLIJDWLRQ RI FDWKRGH EHKDYLRXU ZH XVH D KDOI FHO
XVLQJ KDOI FHOOV LV WKDW WKH\ DUH HDV\ WR PDNH DQG HQDEOH WR LQ)
ORUHRYHU WKH\SURYLGHDQLQILQLWHVRXUFHRIOLWKLXP $GGLWLRQD
VLGH UHDFWLRQV EHWZHHQ WKH HOHFWURO\WH DQG OLWKLXP FRXOG O
SUHVHQFH RI PHWDOOLF OLWKLXP D KDOI FHOO FDQ PDNH XS IRU WKH O
GRVR +RZHYHU WKHVH KDOI FHOOV HQFRXQWHU D SUREOHP RI /L GHQGL
F\FOLQJ ZKLFK GRHV QRW RFFXU L@D IXO0 FHOO >

JLIXUH $VVHPEO\RI GLITHUHQW FRPSRQHQW®@® ZLWKLQ D FRLQ F

)LJ GHSLFWVDVFKHPDWLFRIKDOIFHOODVVHPEO\ 7KH FDWKRGH VLGHI
DVFDQ ZKLOHWKHDQRGHVLGHLVY WKHFRLQFHOO OLG DOVR NQRZQ DV
DFWLYH FRPSRQHQWYV ZLWKLQ WKH FHOO ,Q WKLV ZRUN WKH VHSDUDW!
) $ PP WKLFNQHR'$RUH VL]H PP GLDPHWHU DQG &H0JDBG
WKLFNQHVV SRURVLW\ PP GLDPHWHU %HFDXVHRILWVY SRURXV QI
WKHJODVV ILEHU VHSDUDWRU LV XVHG WRLQFUHDVH WKHHOHFWURFKHPL
XVHG RZLQJWR LWV H[FHOOHQW FKHPLFDO VWDELOLW@WKLHFEREYNUBQG
LV SODFHG RYHU WKH FDWKRGH IROORZHG E\ WKH JODVV ILEHU VHSDUDW
JODVV ILEHU VHSDUDWRU 7KH HOHFWURO\WH XVHG LQ WKLV ZRUN LV /3
LQ (& '0& YRO 7KH OLWKLXP IRLOLV SODFHG RYHU WKLV IROORZHG
SURYLGHFRPSUHVVLRQDQGDOLJQPHQW RI@& KHHHTFHHFOMDUR/GMK/HZQ. B/ H @ WA
DQ HOHFWULF FULPSHU PDFKLQH 06. ' 07,&RUS 86% DQG XVHG IRU WF



; SVOMRK SJE 0-&

; SVOMRK SJ E0-&

$/, % JHQHUDWHY HOHFWULFDO HQHUJ\ E\ FRQYHUWLQJ FKHPLFDO HQHU.
UHDFWLRQV 7KHHOHFWURFKHPLFDO UHDFWLRQV WDNLQJ SODFH ZLWKL(
WR JRU WKLV ZH DVVXPH JUDSKLWDBDVDW KOH) RIB\W KDORBH/ LRV KH FDWKRG
GLVFKDUJH UHGXFWLRQ WDNHV SODFHZKHUH WKHFREDOW LRQV FRPELQ
R[LGH /L&RXH KDOI UHDFWLRQ LV DVIROORZYV

GLVFKDUJH
/IL+ &R2+ e IL&R2
FKDUJH
,QWKHDQRGH R[LGDWLRQ WDNHVY SODFHGXULQJGLVFKMKIHRXKKIUH OL
WKHIROORZLQJKDOI UHDFWLRQ

GLVFKDUJH
/L& Ce+ /L+ H

FKDUJH
7TKHWZR UHDFWLRQV DGG XS WR SURGXFH WKHRYHUDOO UHDFWLRQ ZL\

GLVFKDUJH

/L& &R2 _ UJ§5+ IL&R2

7KH FKDUJLQJDQG GLVFKDUJLQJ PHFKDQLVP RIDPRGHUQ FRPPHUFLDO
FDODWLRQDQG GHLQWHUFDODWLRQ RIOLWKLXP LRQV ZKLFKRFFXUV EH\
E\DQHOHFWURO\WH ,QWHUFDODWLRQ UHIHUV WR WKHLQIXVLRQRI/LLR
FU\WVWDO VWUXFWXU® RI WKH PDWUL] >

KD

'XULQJ FKDUJLQJ RI[LGDWLRQ RFFXUV DW WKH FDWKRGH ZKLFK UHV XO\
WURQV ,Q RUGHU WR PDLQWDLQ WKH FKDUJH EDODQFH WKH SRVLWLYHO
FDWKRGH WKURXJKWKHHOHFWURO\WWHDQG LQWHUFDODWH ZLWK JUDSKL
HQHUJ\ DV D UHVXOW 'XULQJGLVFKDUJLQJ R[LGDWLRQ RFFXUV LQ WKH
FDODWHG IURP WKH DQRGH DQG PRYH EDFN WR WKH FDWKR@H7RKLFK UH!
DPRXQW RIOLWKLXP VWRUHG LQ WKHHOHFWURGHY GHWHUPLQHV WKH ED
D/, % ODUJHDPRXQWVRI/LFDQEHVWRUHG ZKLFK DVDUHVXOW SURYLGH

,QDbVWDQGDUG /,% DQHOHFWURGH HOHFWURO\WH LQWHUIDFH ((, OD
WLDO RIWKHHOHFWURGHV OLHV RXWVLGH WKHHOHFWURFKHPLFDO ZLQG
RQ WKHDQRGH VLGH LV VWDWHG DV D G6(, ZKLOHRQ WKH FDWKRGH VLGH |
LQWHUIDFH &(, 7KH((,LVPDGHXSRI&(,DQG6(, ERWKRIZKLFKKDYH WK
QDQRPHWHUV WR P L& URPHMHWK LY UHVHDUFK IRFXVHV RQ LQYHVWLJDWL
FHOO WKH VWXG\ZLOO HPSKDVLVH PRUHRQ WKHHYROXWLRQDQG VWDEL

7KH FRPSOLFDWHG FKHPLFDO VXUIDFH UHDFWLRQV EHWZHHQ WKH FDW
WR WKHIRUPDWLRQ DQG HYROXWLRQ RI VXUIDFH &(, OD\HUV RQ FDWKRG
PDWHULDOV FRPH LQWR FORVH FREQWRBW KH WKRRUAH FWVKHRGEH WHOR SPHQW |
WKRXJKW WR EH OLQNHG WR WKH G\QDPLF HYROXWLRQ RI 6(, RQ WKH DQ!
PRYHWR WKHFDWKRGH YLD WKHHOHFWURO\WHDQG FRQWVUWDXWH WR WK
OD\HU UHGXFHVY HOHFWURO\WH R[LGDWLRQ FDWKRGH VXUIDFH UHFRQV\
ERRVWLQJ WKH FDWKRGHT® F\§ O MQIRXNOIEE D QWALW IURP KDYLQJ D VWDE
OD\HU EHFDXVH LW VWDELOL]JHVY WKHEDWWHU\E\ VWRSSLQJ IXUWKHU LQ
RWKHU KDQG DQ XQVWDEOH &(, FDQ OHDG WR XQZDQWHG VLGH UHDFWLR
UHDFWLRQV XVH XS WKHHOHFWURO\WHDQG GHWHULRUD@&H WKH HOHFWL

0-& 'EXLSHI1IEXIVMEPW

$V GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ WKH SHUIRUPDQFH HQKDQFH
RSPHQW RI WKH FDWKRGH PDWHULDOV SUHVHQW ZLWKLQ WKH FHOO ,Q \



0-& 'EXLSHI1EXIVMEPW

PDWHULDOV ZLOO EHLQYHVWLIJDWHG 7KLV WKHVLV ZLOO IRFXV VSHFLIL]
QDWXUHRIWKHVH FDWKRGH PDWHULDOV RYHU FA\FOLQJ $FRPSDULVRQR
ZLWK WKHLU FKDUDFWHULVWLFV LV VKRZQ LQILJ

JLIXUH &RPSDULVRQ RI SRSXODU /,@ FDWKRGH PDWHULDO

OMXLMYQ 'SFEPX 3\MHI 0'3

/IL&R2/&2 LV DIRUPRI OD\HUHG WUDQVLWLRQ PHWDO R[LGH FDWKRGH ZK
FDWKRGHPDWHULDOLQ UHFKDUJHDEOH/,%V D@G FRMXIP KLUDFFRULR/ @1 IG
LWV GLVWRUWHG URFMYWOQXHWEKKHL DQG &R IRUP D VWUXFWXUH ZLWK KH
E\RFFXS\LQJDOWHUQDWH OD\HUV LQ WKHRFWDKHGUDO VLWHV RI WKH FX
/&2 LVUHSUHVHQWHG EN\LWV VSDFH JURXS 5 PLH WULJRQDO VWUXFWX
OLWKLDWLRQ DQG GH@. WKHDFVWLARY REG MWW XFWXUH RI OD\HUHG /&2 LV VKF

7TKH SRSXODULW\RI /&2 DV D FDWKRGH PDWHULDO IRUD PDMRULW\RI/,9
ZLWK LWV ORQJ UXQWLPH ORZ VHOI GLVFKDUJH DQG KLJK GLVFKDUJH YR
/&2 KDV OLPLWDWLRQV ZKLFK DUH EHLQJ DGGUHVVHG WR LPSURYH LWV \
YHU\H[SHQVLYH FDWKRGH ZLWK D ORZ WKHUPDO VWDELOLW\ 7KH KLJK FF
SUHVHQFHRI &R ZKLFK LV OHVVDYDLODEOHDQG KHQFHPRUHH[SHQVLYH
RI FREDOW LV YHUW QHWKQRDWKHUPDO VWDELOLW\RI /&2 VRPHWLPHYV F
GXHWRH[RWKHUPLFUHOHDVHRIR[\JHQ LIWKHFDWKRGHLV KHDWHG EH\
UHDFWLRQV 7KLV XVXDOO\RFFXUV DW@QVHPSHUDWXUHY RYHU f& >

JXUWKHUPRUH ZKLOH FKDUJLQJ WKH FHOO LW LW KDV EHHQ IRXQG WK
WURO\WH GXULQJ GHOLWKLDWLRQ ZKLFKDVDUHVXOWFDXVHY OHVV OLYV
DOVRIRXQG WKDW DIWHU FRP SO DA G HRUW MVHKGE DMWWHLSFDQJ DWKHHVEIRIR P WK H H O H
7KH DERYH WZR PHFKDQLVPV FDXVH VLIQLILFDQW UHGXFWLRQ LQ FDSDFL1

@



0-& 'EXLSHI1EXIVMEPW

OMXLMYQ 2MGOIP 1ERKERIWI'SFEPX 3\MHI 21"

ILYDQ&R yx y2 10& LV D KLIJKHQHUJ\ FDWKRGH PDWHULDO ZKLFK KDV EHF
\HDUV 7KHVH FDWKRGH PDWHULDOV DU@& R Q/GHKDW HKH K L FI © 3 HFV KIDFSHD:
7TKH\KDYHD OD\HUHG 1O HW RQQXBWXUH EHORQJLQJWR WKHS5 PVSDFHJU
UHSUHVHQWDWLRQRILWY VWU XKWMXOKBYYYKDOYIRMDYDLODEOHDWD ORZH
WKH &R FRQWHQW LV UHGXFHG ZKHQ FRPSDUHLG WKRH&IRD & EBRVKIRW K R G-HR\Q O
WDLQ WKUHH WUDQVLWLRQ PHWDOV 1L 0QDQG &R ZKLFK SURYLGH KLJK"
LQWHJULW\DQG OD\HUHG VWUXFWXUHY UHVSHFWLYHO\ >

J)LIXUH 6WUXFWXUHRID 1048 DQGE /&2 VSDFHJURXS5 P $GDSW

$GGLWLRQDOO\ 10& FDWKRGHYVY VKRZDQ HQKDQFHG WKHUPDO VWDELO
WLRQDO YROWDJH WKDQ PDQ\ RWKHU FRPPHUFLDO FDWKRGHYVY 2YHU WKF
QLFNHO FRQWHQW DOVR FDOOHG 1L ULFK10&YV KDYHEHHQ LQYHVWLJDW
WKDW 1L KDV WKHDELOLWA\/WR RP\POKIREHWZOHWLIQLILFDQW YDULDWLRQ L
FKDUJLQIJDQG GLWKPHQERJIJXQ WKLV ZRUN WZRVSHFLILF1L ULFK10&V ZL
IL340Q3&R22, DQG 10& ddA@1 &R1 22

7TKHVH 1L ULFK10&V KRZHYHU KDYH GRZQVLGHV DV ZHOO 7KH\H[SHUL
WR KDYH YROWDJH GURS GXULQJ HOHFWURFKHPLFDO F\FOLQJ@VKDW DII|
BUHVHQFH RI KLJK1L FRQWHQW OHDGYKLFRFBPERRAVQYLGHHJRIDIHFWLRQV ZL\
WURO\WWH WKHUHE\KLQGHULQJ WKH WKHUPDO VWDELOLW\RIWKH FDWKR
/L 1L FDWLRQ PL[LQJ ZKLFKIRUPVDQLQDFWLYHURFNVDOW SKDVH RQ WK
FDXVHV VWUHVV RQ WKH PDWHULDO GXULQJ F\FOLQJ FDXVLQJ@LFUR FUD

7TKHUH KDV EHHQ RQJRLQJ UHVHDUFK WR LPSURYH WKH SHUIRUPDQFHYV
OXOWLSOHVXUIDFHPRGLILFDWLRQV KDYHEHHQDWWHPSWHG ZLWK VRPFE
ZRUNZLOOEHRQHLQDGGLWLRQWR WKHDERYH ZKLFKZLOOIRFXVRQ SHU
PRGLILFDWLRQ 7KLV ZLOO EHIXUWKHU GLVFXVVHG LQ WKH QH[W VHFWLR



%GXMZI'LEPPIRKIW MR 0-& ']GPMRK

%GXMZI'LEPPIRKIW MR O0-& ']GPMRK

,Q WKH SUHYLRXV FKDSWHU WKH DGYDQWDJHV RI/, %V ZHUH GLVFXVVHG
WKHLU ZLGHVSUHDG XVH +RZHYHU GHVSLWH WKHLU DGYDQWDJHV /,%V
VRPH RI ZKLFK DUH FXUUHQWO\ EHLQJ DGGUHVVHG WKURXJK YDULRXV UF
FOXGH VORZ/LWUDQVSRUWDQG XQIDYRXUDEOHLQWHUDFWLRQV ZLWK H(
HINTLFLHQF\ 7KH /, %V KDYH D WHQGHQF\ WR RYHUKHDW ZKLFK UDLVHV FR
GLWLRQDOO\ PDQ\RI WKH FDWKRGH DQG DQRGH PDWHULDOV W\SLFDOO\
FRQGXFWRQYLOWUWKHUPRUH WKHLQWHUIDFLDO UHDFWLRQV RFFXUULQJE
MHRSDUGLVHV WKH SHUIRUPDQFH RI /, %V FDXVLQJ QHJDWLYH SKHQRPH
ZLWK WKHFRQVXPSWLRQ RIDFWLYH OLWKL®P DQG HOHFWURO\WH FRPSR(

$V WKH GHPDQG IRU /,%V KDV LQFUHDVHG RYHU WKH SDVW IHZ \HDUV RZ
RI HOHFWULF YHKLFOHV FRQVXPHU HOHFWURQLFV DQG JULG VFDOH SRZ
EDWWHULHVY WKDW SURGXFH KLJK VSHFLILF FDSDFLWLHV DQG KLJK YROWI
FDWKRGH PDWHULDOV XVHG LQ WKH /,% IDFHD FKDOOHQJH &RPPHUFLDO
10&V KDYH IUHTXHQWO\ GHPRQVWUDWH@ FIDSDVE L X GSIHUWAOCH DL RVIHIWILHRSQH D W
F\FOLQJ 7KLV LV DUHVXOW RIWUDQVLWLRQ PHWDO GLVVROXWLRQ GHF]
FKDQJHV ZLWKLQ WKH FDWKRGH ZKHQ FAF @ H5G DVIRJ B PJIKOSTRAW MUQMD MOLAN 3V K F
OHQJHVLQD/,%LVVKRZQ EHORZ

J)LIXUH &KDOOHQJHV IDFHGLQD/,% GXUL@ HOHFWURFKHPLF

'LEPPIRKIWMREO-&HYI XS XLI4VIWIRGISJ'YVVIRX'SPPIG

,QJIJHQHUDO PRVW RIWKH/,% UHVHDUFK GHDOV ZLWK PRGLILFDWLRQV L(
KDVQRWEHHQ PXFKUHVHDUFKLQWR WKHFXUUHQW FROOHFWRUV '"HVSL)\
FRQGLWLRQV LW KDV EHHQ REVHUYHG WKDW FXUUHQWO\ XVHG FXUUHQW
$V D UHVXOW RI FRUURVLRQ WKH DFWLYH PDWHULDO LQ WKH FDWKRGH C
UHVXOWLQJ LQ WKH ORVV RI®@ FWKLYW PORVFHYIMOWHG XFHY WKH RYHUDOO SF
WKH FHOO

,WKDV EHHQ SURYHQ WKDW WKH DOXPLQLXP FXUUHQW FROOHFWRU H[S
LVEHFDXVH WKH FXUUHQW FROOHFWRU KDV D QDWLYH DOXPLQD OD\HU Z|
UHDFWLRQV ZLWK WKH HOHFWURO\WH S®& WHKQW LDUCRIB XCHHD/GA-RUIURKY ERQ 3



'"YVVIRX 8VIRHW MR 0-& 'LIQMWXV]

ZKLFK SUHFLSLWDWH RQ WKH FDWKRGH VXUIDFH OLPLWLQJ WKH WUDQV
ORVVHV LQ D EDWWHU\ ORUHRYHU WKLV FRXOG DOVR OHDG WR VKRUW Fl
LQWKHFHOO WHPSHUDWXUH FDXVLQJVDIHWA\LVVXHV GXUW@WQJWKH ORQJ

5HGXFLQJ WKH ZHLJKW Rl WKH HOHFWURGHV PLJKW EH D FUXFLDO DQG
HOQOHUJ\GHQVLW\RI/, %V 7KHHOHFWURGH PDVV ZKLFK LV ODUJHO\PDGH X
WLYH FXUUHQW FROOHFWRUDQGELQGHU JUHDWO\ O@ZH KM WKHXEDMAWW WU
FROOHFWRUYV DOVR ODFN IOH[LELOL®\ O® GVDRIMHNEHWL MWWOXIVHKIH® | DHHQME © +
GHYLFHV GXELRXYV

$GGLWLRQDOO\ ZKLOHWHVWLQIJWKHHOHFWURGHV ZLWK GLITHUHQW V¢
WRQ 6SHFWURVFRS\ ;36 DQG 1XFOHDU ODJQHWLF 5HVRQDQFH 6SHFWURYV
FXUUHQW FROOHFWRU PDNHV LW FKDOOHQJLQJ WR SURSHUO\ VFUDSH WEK
WLPHFRQVXPLQIJDQG RIWHQ WLPHVLWOHGWRVPDOO SLHFHV RI WKH FXU
ZLWK WKHFDWKRGH PDWHULDO FDXVLQJKLQGUDQFH ZKLOH REVHUYLQJ
QDWLYH ZDV QHHGHG WR HDVH WKLV DSSURDFK EXW DW WKH VDPH WLPH C
D/, % FDWKRGH XQGHU F\FOLQJ

7KLV UHVHDUFK VSHFLILFDOO\ IRFXVHV RQ WZR VSHFLILF OLPLWDWLR
F\FOLQJ VWDELOLW\RI /&2 DQG 10& FDWKRGHY DQG WKH KLQGUDQFH RI |
PHDVXUHPHQWY $ VROXWLRQLYV VRXJKWIRUWKHOLPLWDWLRQ ZKLFK ZlI

'YVVIRX 8VIRHW MR 0-& 'LIQMWXV]

%XSQMG OE]IV (ITSWMXMSR %0( SJO0-& 'EXLSHIW

,QWKH SDVW IHZ\HDUV QXPHURXV VXUIDFHPRGLILFDWLRQ WHFKQLTXHV
GHUWRLPSURYH WKH F\FOH VWDELOLW\RI/,% FDWKRGHY 7KLV LQYROYH
ILOPDVDQDUWLILFLDO &(, $&(, 7ZRVXFK SUHYDOHQW WHFKQLTXHV XVF
VXUIDFH PRGLILFDWLRQ WKURXJIJK GRSLQJ >

7KHUH KDYH EHHQ PDQ\LQYHVWLJDWLRQV LQWR WKH DUWLILFLDO &¢(, O}
DVPHWDO R[2GH2$MI2 0Q2 /l=U2 PHWDO IOXRULRGHWD ®GB)KRVSKDWHYV PH
FDUERQDWHV DQG FDUERQ >@ (DFKRIWKHDERYHFRDWLQJV KDG GLIIHU!
FHVV LQ WHUPV RI DFKLHYLQJ F\FOLQJ VWDELOLWY? BSHMRXURBO'CKDVXUID
DWWUDFWHG VLIJQLILFDQW DWWHQWLRQ DV D SURWHFWLYH VXUIDFH FRD\
DQG DEXQGDQFH ORUHRRBWLWKHK®BY XQLIRUPO\SURYHQ WRLQFUHDVH W
KHOSHG LQ HOLPLQDWLQJLQWHUIDFHAQVWDELOLWLHYV >

$/'LVD SURPLVLQIJWHFKQLTXH WKDW SURGXFHV DFRQIRUPDO XOWUDW
RQDVXEVWUDWH E\DOWHUQDWLQJ WKH H[SRVXUH RIUHDFWDQW DQG Sl
IHDWXUHHQDEOHY SUHFLVH XQLIRUPILOPJURZWKDQG@RPBREBNRWHBQ FR
WKHSUHVHQFSURH$AOQWY HOHFWURO\WH RILGDWLRQDQG VKRZV D KLJK VW
RI WKHHOHFWURGHY HYHQ DW K@ K,RXWIKRLV YZROWDWHWH &2 DQG 10& FDWHK
FRDWHG Z2LWXI$@J $/' 'HVSLWH YDULRXV URVHFRDMKHEOQMORMK REBEMHY LWV FKE
QDWXUH XSRQ F\FOLQJ KDV QRW EHHQ UHVHDUFKHG HI[WHQVLYHO\ 7KH J
FRDWLQJ EHIRUHDQG GXULQJ EDWWHU\ RSHUDWLRQ WR JHW DQ LQVLJKW
GHWDLOHG GHVFULSWLRQ RIWKH $/' FRDWLQJ SURFHVVLVPHQWLRQHG LC
$/' FRDWHG FDWKRGHV DIWHU F\FOLQJ

*VII TXERHMRK *7 '"EXLSHIW

,QWKH  SUHYLRXV VHFWLRQ LWZDV GLVFXVVHG WKDW WKH SUHVHQFH RIF
ZKHQ DWWHPSWLQJWRLQYHVWLIDWH WKHFDWKRGH FKHPLVWU\ $vDQD



'"YVVIRX 8VIRHW MR 0-& 'LIQMWXV]

PDGHDQG WHVWHG ZLWKRXW WKH SUHVHQFH RI DQ\ FXUUHQW FROOHFWR
)6 HOHFWURGHVDUHWKLQHOHFWURGHY ZKLFKVHUYHDVDUHSODFHPHQV
FXUUHQW FROOHFWRUVY 5HVHDUFKLQWR WKHVHHOHFWURGHY KDV IRFXYV
GHVLIJQ RI WKH HOHFWURGH WR SURYLGH JRRG IOH[LELOLW\ 7KHVH HOH
HOHFWURFKHPLFDO SHUIRUPDQFH VLPLODU WR FDWKR@ H&LQRHKWHKH U H
)6 FDWKRGHYVY GR QRW KDYH DQ DOXPLQLXP FXUUHQW FROOHFWRU WKH\F
PHDVXUHPHQWY ZLWKRXW WKH QHHG IRU VFUDSLQJ 7KLV WKHUHIRUH JL
RI'WKHFDWKRGH HOHPHQWYV ZLWKRXW DQ\KLQGUDQFH

ORUHRYHU QRZDGD\V HQHUJ\ VWRUDJH PHFKDQLVPV OLNH FDSDFLWR
WKLQ ILOPEDVHGHOHFWURQLFY SRUWDEOHHOHFWURQLFYVY DQGIOH[LE
IOH[LEOH GHYLFHV LQ WKHPDUNHW WKLV WHFKQRORJ\VWLOO KDV PDQ\F
YHU\IOH[LEOH HQHUJ\ VWRUDJH VRXUFH WKDW FDQ WROHUDWH UHSHDWF
YLFH SHUIRUPDQFHLVUHTXLUHG LQRUGHUWRFUHDWH WKHVHIOH[LEOH
KLIJIK RSHUDWLQJ YROWDJH ORQJ WHUP F\FODELOLW\ DQG ODFN RI PHPF
FRQVLGHUDWLRQ IRUSRZHULQJ WKHVHIOH[LEOHGHYLFHYV +RZHYHU WK|
DUHULJLGDQGIUDJLOH ZKLFK PDNH WKHP XQ@ LNHO\IRUIOH[LEOHDSSO

7KH SUHVHQFH RI FEXUUHQW FROOHFWRUV OLNH DOXPLQLXP DQG FRSSH!
WKHHOHFWURGHY DUH WKH SULPDU\FDXVHRIWKHVWLIIQHVV $OXPLQL}
WOHZKHQ EHQW ZKLFKPLJKW UHVXOWLQ WKHORVV RIFRQQHFWLRQVLQV
RI WKH GH@FHKCHUHIRUH XVLQJFXUUHQW FROOHFWRUV LV QRW FRQVLGF
LQYROYLQJ IOH[LEOH GHYLFHV 7KLV SURYLGHV VFRSH IRU WKH XVDJH R
7KH SURFHVV RI PDNLQJD )6 FDWKRGH DORQJ ZLWK LWV F\FOLQJ UHVXOW)\



6IWIEVGLSYIWXMSRW ER
SYXPMRI

$V GLVFXVVHG LQ WKH SUHYLRXV FKDSWHU LW KDV EHHQ SURYHQ WKURXJ|I
WURGHV KDYH VKRZQ VLJQLILFDQWO\EHWWHU F\FOLQJ VWDELOLW\DQG C
F\FOLQJ $GGLWLRQDOO\ WKHDOXPLQD OD\HU SUHVHQW LQ WKHDOXPLQI
DFW ZLWK WKH HOHFWURO\WH GXULQJF\FOLQJ FDXVLQJFRUURVLRQ ZKL
SHUIRUPDQFH 6FUDSLQJRII WKH FDWKRGH IURP WKH DOXPLQLXP FXUUHC
VFUDSHGRIIDV ZHOO ZKLFKFDXVHGDKLQGUDQFHLQWKHVSHFWURVERS
WLIJDWLQ2 WRHSOGHSRVLWHG ZLWK $/' ZHFDQQRW H[FOXGH WKH LQWHUII

$V D SRVVLEOH VROXWLRQ WKH)6 FDWKRGHYVY ZKLFKGR QRWKDYH D FXI
LQ WKLV ZRUN 7KLV ZRUN IRFXVHV RQ DGGUHVVLQJ WKH OLPLWDWLRQV
WKH XVDJH RI ERWK )6 DQG $/' FRDWHG FDWKRGHY 7KH WKHVLV LV SHUIRI
RIUHVHDUFK TXHVWLRQV ZKLFK DUH PHQWLRQHG LQ WKHIROORZLQJ VHF

6IWIEVGLS5YIWXMSRW
7KH PDLQ UHVHDUFK TXHVWLRQ WKDW LV LQYHVWLIJDWHG LQ WKH FXUUHQ

"+RZ GRHV WKH FKHPLFDO QIO ¥R RILYKHAKD'QIH ZKHQ VXEMHFWHG WR
GRHV LWY SUHVHQFH OHDG WR LPSURYHG SHUIRUPDQFH LQ /,%V"’

$ QXPEHURIVXEUHVHDUFK TXHVWLRQV KDYHEHHQGHYLVHG WR KHOSD
ZKLOH FRQFHQWUDWLQJ RQ RQH DVSHFW DW D WLPH )RXU VXE UHVHDUF
WRWDO 7KH\DUHDVIROORZYV

t+RZ DUH )6 FDWKRGHYVY PDGH DQG KRZ GRHV WKH F\FOLQJ SHUIRUPDQF
DIDLQVW D FDWKRGH ZLWK DOXPLQLXP FXUUHQW FROOHFWRU"

1:KDWDUH WKH FKDQJHV LQ F\FOLQJEHKDYLRXURIDQ $/'" FRDWHG FDW
FDWKRGH"

1 KDWDUHWKHHOHPHQWDO FKDQJHV REVHUYHG IRUWKHFRDWHGDQG
WR HOHFWURFKHPLFDO F\FOLQJ"

$+RZ GRHV WKH DOXPLQLXP HQYLURQPHQW FKDQJH IRUDQ $/' FRDWHG |

SLIWMW 3YXPMRI

KLOH WKHILUVW WZR FKDSWHUV RI WKLY UHSRUWJDYHD EURDG RXWOLQ
D/, % WKHQH[WFKDSWHUL H FKDSWHU ZLOO SURYLGHDQ LQVLJKW RQ



SLIWMW 3YXPMRI

R1)6 FDWKRGHV 7KH UHVXOWY DUH FRPSDUHG ZLWK FDWKRGHYV FRDWHGC
$GGLWLRQDOO\ FKDSWHU ZLOO GLVFXVV WKH GLITHUHQW FKDUDFWHUL
FDWKRGHEHKDYLRXU GXULQJ F\FOLQJDQG WKHLU UHVXOWY ZLOO EH SUH

&KDSWHU RIWKLVWKHVLVIRFXVHVVSHFLILFDOO\RQ WKH$/'FRDWHGF
GHWDLO WKH VXUIDFH PLFURVWUXFWXUH F\FOLQJ SHUIRUPDQFH DQG FK
FDWKRGHY 7KH FKDUDFWHUL]DWLRQ SHUIRUPHG LQ WKLV FKDSWHU DQC(
,PSHGDQFH 6SHFWURVFRS\ (,6 6FDQQLQJ (OHFWURQOLFURVFRS\FRXSO
6SHFWURVFRS\ 6(0 (‘6 ; 5D\'LIIUDFWLRQ ;5" ;36DQG 105

&KDSWHU RIWKLV WKHVLYVY VXPPDUL]HV DOO WKHUHVXOWVY DQG SURYL
7KH FRQFOXVLRQ bDQVZHUVY WKH UHVHDUFK TXHVWLRQ VWDWHG DERYH $
DUH SURYLGHG



*VII 7TXERHMRK 'EXLSHIW 7
ERH4IVJSVQER

-RXVSHYGXMSR

, QWKHDJHRIIOH[LEOHHOHFWURQLFVY FRQVXPHUGHPDQG KDV IXHOHG Ul
DQG EHQGDEOH /, %V WR IXOILOO WKH GLYHUVH GHVLJQ DQG SRZHU UHTX
SURGXFWYVY 7KHFDWKRGH ZKLFK LV DFUXFLDO FRPSRQHQW RI/,%V LV PL
ZLWKDPLWXUHRIDQDFWLYHPDWHULDO DQHOHFWULFDO FRQGXFWRUTEL
WLRQ EHWZHHQ WKH FXUUHQW FROOHFWRUDQG WKHRWKHU PDWHULDOYV
LVOQRWDSSURSULDWH IRUIOH[@EOH RUEHQGDEOH/,%V >

7KH FXUUHQW FROOHFWRUV DUH DOVR VXEMHFW WR FRUURM@RRQ LI F\F
ORUHRYHU WKH H[LVWHQFH RI FXUUHQW FROOHFWRUY DV H[SODLQHG L
PHDVXUHPHQWY RI WKH FDWKRGH ZKLFK SURGXFHV LQDFFXUDWH UHVXO
WR PLQLPLVH WKHVH VKRUWFRPLQJY DOWHUQDWLYHDSSURDFKHV IRU S|
H[SORUHG ,Q WKLV ZRUN D)6 FDWKRGH LV HPSOR\HG DV D UHSODFHPHQYV
LQD/, % KDOIFHOO 7KHVH)6 HOHFWURGHV DUHWKLQQHU WKDQ FRQYHQW
RIDFXUUHQW FROOHFWRU DQG KDYH VKRZQ IDYRXUDEOHAOH[LELOLW\D

,Q WKLV ZRUN D IDFLOH PHWKRG LV DSSOLHG WR PDNH )6 FDWKRGHV Z
VHFWLRQ )XUWKHUPRUH WKHPLFURVWUXFWXUHDQG F\FOLQJSHUIRUPLC
FRPSDUHG WR FDWKRGHV RQDQ DOXPLQLXP FXUUHQW FROOHFWRU 7KHYV
VSHFWURVFRSLF WHVWV WRLQYHVWLIJDWH WKHHOHPHQWDO FKDQJHV DI

1EXIVMEPW ERH 1IXLSHW

7KLV VHFWLRQ GHVFULEHV WKH PDWHULDOV DQG PHWKRGV XVHG IRU PD!
WLRQDOO\ LW DOVR GHVFULEHVY WKHRU\ EHKLQG WKH FKDUDFWHUL]DWLF
GXULQJF\FOLQJ

1EXIVMEPW

,Q WKLV ZRUN WKUHH GLIITHUHQW FDWKRGHYV DUH XVHG 10& 10& DQ
DUH REWDLQHG IURP *HORQ /,% *URXS &R /WG 7KHVH SRZGHUV DUH PD
SUHVHQFH RI D FXUUHQW FROOHFWRUL H )6 FDWKRGHY $ GHWDLOHG G
EHORZ $GGLWLRQDOO\ WKHVDPHFDWKRGHVYDUHDOVRPDGHRQDOXPLQ



IEXIVMEPWERH 1IXLSHW

SHUIRUPDQFH ZLWK )6 FDWKRGHV

A4VITEVEXMSR SJE*7 GEXLSHI

7KH SUHSDUDWLRQRID )6 FDWKRGHUHTXLUHVY WKH SUHVHQFH RI D VOXUU
DFRDWLQJ VXUIDFH IURP ZKLFK WKH FDWKRGH LV HITWUDFWHG 7KH PDN|
WKH VOXUU\ XVHG IRUWKH SUHSDUDWLRQ RIDFRQYHQWLRQDO FDWKRGH
SURFHGXUH LV RXWOLQHG EHORZ

7KH FDWKRGH VOXUU\ LV PDGH XS RI D SRZGHU PL[WXUH GLVSHUVHG LQ
PLIWXUHFRQVLVWVRI ZW RIDFWLYHPDWHULDOL H WKHFDWKRGH SRZ
EODFN 7,0&%/ ZW RIFDUERQ QDQR ILEHU $OGULFK ! DQG ZW RI3
7KHVH SRZGHUV DUH WKRURXJKO\ PLIHG WRJHWKHU IRU PLOQXWHYV ZLWk
PLIWXUH LV GULHG RYHUQLJKW XV& QURDPYDPINHXWR K> VOXKU DW1 OHWK\O  S\L
103 7KHUPRG6FLHQWLILF LVDGGHGLQD YROXPHUDWLR RI ZLWK
LVLVWKHQ KRPRJHQL]JHG E\ VWLUULQJ LW IRU PLQXWHY XVLQJDQ RYH

USP 7KLV SURFHVVLPSURYHV WKHFRQVLVWHQF\RIWKHVOXUU\ ZKLF
WR SURGXFH WKH FDW&RGH >

5HVHDUFK GRQH RQ )6 HOHFWURGHV VR IDU KDYH LQWHUSUHWHG GLIIT
WURGH 6RPHLQFOXGH VROXWLRQ @D VFRGWWFKRQWRURFEBDWVWRSLVF PHPE
> @ DQG FRDWLQJRQ D JO@VVIMXEVWHODM®FH LQ PDNLQJ D )6 FDWKRGH W
FDWKRGH RQ D FXUUHQW FROOHFWRU OLHV LQ WKH FRDWLQJ SURFHVV )
FXUUHQW FROOHFWRU LQ WKLV ZRUN WKHFDWOWXRICHXCARUO IRWERDWHG |
=HKQWQHU =8% GRFWRU EODGH +RZHYHU IRU PDNLQJD )6 FDWKRGH
DOQ\IOH[LEOH QRQ FRQGXFWLYH SRO\PHU SDSHU RU SODVWLF VXEVWUD\
HDV\ HHIWUDFWLRQ Rl WKH FDWKR @H |, QRW KK HIWUWXEHVDWB RWHHOHDVH OLQH
FRDWLQJ VXEVWUDWHY WR FRDW WKH FDWKRGHY $ UHOHDVH OLQHU LV D
DVWLFN\VXUIDFHIURP DGKH@LQJ SUHPDWXUHO\ >

7KH FRDWHG IRLOLVY WKHQ DOORZHG WR GU\ DW KLJK WHPSHUDWXUHV L
SODFLQJLWLQD YDFXXP RYHWRYHHRRYIKWROWWXUH DQG UHVLGXDO VRO
WKHFDWKRGH LY FDUHIXOO\H[WUDFWHG IURP WKHIRLO VXEVWUDWH WR ¢
ZLWK 03D SUHVVXUH XVLQJD K\GUDXOLF SUHVV &DUYHU $ 7KH
SXQFKHG IURP WKH VOXUU\DV FLUFXODU GLVNV ZLWK GLDPHWHU RI PP
SXQFKHG LQWR D FLUFXODU GLVN LV VKRZQLQ ILJ

J)LIXUH $)6 FDWKRGH XVHG LQ /,% KDOI FHOOV

7TKHVH FDWKRGHY DUH WKHQ VHDOHG ZLWKLQ SRXFK EDJV DQG VWRUH(



IEXIVMEPWERH 1IXLSHW

FRQGLWLRQV 7KHVH )6 FDWKRGHYVY ZHLJK EHWZHHQ PJ WR PIJDQG KDV
PWR P ,Q FRPSDULVRQ D FDWKRGHRQDQ DOXPLQLXP FXUUHQW FROO
PIDQG KDV D WKLFNQHVRWRWRZHHQ

1IXLSHW
4VSGIHYVIJSV G]GPMRK E 0-&

7R WHVW WKH GLITHUHQW FDWKRGHY D FRLQ FHOO VSHFLILFDOO\D KDOI
LV XVHG LQ WKLV VWXG\ 7KH FKDUDFWHUL]DWLRQ RI/,% HOHFWURGHV
IRUVWXG\LQJ WKH PDWHULDOVY LQWULQWLFH®HKRW®WUYUR BKKHPQ IFBHOEH KROUY
EHFDXVH WKLV ZRUN LV HVSHFLDOO\JHDUHG DW LQYHVWLJDWLQJ FDWKR

7KH KDOI FHOOV PDGH ZLWK WKH 10& DQG /&2 FDWKRGHV DUH WKHQ WHYV
URRP WHPSHUDWXUH 6SHFLILFDOO\ WKHVHFHOOVDUHVXEMHFWHG WR\
WHVW 7KH SXUSRVH RI SHUIRUPLQJ D UDWH WHVW LV WR WHVW LI WKH P
GXULQJ LWV IXQFWLRQ ZKLOH WKH ORQJ WHUP F\FOLQJHYDOXDWHY WK}
FRQWLQXRXV FKDUJH D@G &K EPMHWHVW LV GRQH ZLWK WKH ODFFRU ED
ORQJWHUP WHVWYV ZHUH GRQHLQ ERWK ODFFRUDQG /$1+( EDWWHU\ WHVYV

JRUWKHUDWHWHVW WKHFHOOVJRWKURXJKILYHGLIITHUHQW F\FOLQJ
ILYHF\FOHV HDFK DQG WKHQ DUH F\FOHG EDFN WR & IRUWKUHH F\FOHV
WKHORQJWHUP WHVW WKHFHOOVDUHF\FOHG DW &IRUWKHLQLWLDOV
DW & UDWH DQG WKHQ F\FOHG EDFN WR & UDWH IRUWKHILQDO WZR F\I
ORQJ WHUP F\FOLQJ DWZR VWDJH FKDUJLQJ SURFHGXUH LV XVHG ILUVW
WKH PD[LPXP FKDUJLQJ YROWDJH LV DWWDLQHG DQG WKHQ FRQVWDQW Y
FXUUHQW UHDFKHVDORZ GHILQHGYDOXHRUXQWLO WKHSUHG@WHUPLQFE

%YHIRUHWHVWLQJ WKHFHOOVJRWKURXJKDILYH KRXUUHVWSHULRG (
UHVW SHULRG IROORZLQJHDFK F\FOH RI FKDUJHDQG GLVFKDUJH $OO0ORZ?
DQG FKDUJLQJ ZRXOG EH QHFHVVDU\ IRU WKH UHOD[DWLRQ RIFRQFHQWU|
> @ $00 WKH )6 FDWKRGHVY DQG FDWKRGHV ZLWK DOXPLQLXP FXUUHQW F
ORQJWHUP F\AFOLQJWHVWV WRHYDOXDWH WKHLU F\AFOLQJEHKDYLRXUV
ZDVOLPLWHGWRDWRWDORI F\FOHVDW &UDWHDSDUWIURP WKHIRUPL
JRUHDFK FDWKRGH WKUHHFHOOV ZHUHPDGHDQG F\FOHG LQRUGHU WR J

GXULQJ F\FOLQJ

JRUWKHVH WHVWY LWLV LPSRUWDQW WR NQRZ WKH WKHRUHWLFDO FD
DIJH GXULQJ WHVWLQJ 7KH YROWDJH FXW RII IRUWKH 10& DQG /&2 FDV
10& LW ZDV VHOHFWHG DV 9 7KH 8SSHU &XWRII SBRWHQWLDO 8&3
WUDQVLWLRQ PHWDO R[LGHFDWKRGHY VLQFHWKHFDSDFLW\IDGH LV H[D
ZH FKRRVH DQ 8&3 RI 91RU 10& DQG /&2 ZKLOH 9 LOFKRVAMXKHLWI10&
SRWHQWLDO UDQJH WKH WKHRUHWLFDO FDSDFLWLHV RI10& 10& D C
P$K JDQG P$K J UHVSHF&VLYHO\ >

7TRIHWKHU ZLWK F\FOLQJ WKH GLIITHUHQWLDO FDSDFLWDQFH DQDO\VL\
FOHG FRLQ FHOOV WR VWXG\ WKH GHJUDGDWLRQ LQ WKH FDWKRGH FDSD
FXUYHLV REWDLQHG IURP WKH FKDUJH GLVFKDUJH FXUYH LQ /$1+( ZKLFK
LQFUHPHQWDO FKDQ J® RIKLR/CPMDWIKIRG HYDOXDWHYVY WKH UDWH RI FKDQJH
DFURVV HDFK F\FOH ZKHUH LWV SHDNV UHSUHVHQW WKH SKDVH WUDQVLYV
RILOWHUFDODWLRQDQG GHLQWHUFDODWLRQ 6WXG\LQJWKHFKDQJHLQ
WKH GLIITHUHQW GHIJUDGDWLRQ PHFKDQLVP@WRFFXUULQJLQ WKH FDWKRG



IEXIVMEPWERH 1IXLSHW

BIWXMRK XLI-QTIHERGI SJ XLIO0-& YWMRK )-7

(,6 LVD SRWHQW PHWKRG IRUDQDO\WLQJ HOHFWURFKHPLFDO V\VWHP EH
SURDFK WKDW FDQ EH XVHG DV D GLDJQRVWLF RU SURJQRVWLF WRRO IR
&KDUJH 62& DQG PRQLWRULQJLQWHUQDO WHPSHUDWXUH GXULQJ D ED\
WDLQHG ZLWKLQ FRPPHUFLDO /,%V LQFOXGLQJ FDWKRGH DQRGH FXUUL
RXVVRXUFHVRILPSHGDQFH VXFKDVUHVLVWLYH FDSDFLWLYH DQGLQG:
HOHFWURFKHPLFDO LQ QDWXUH (,6 SUREHV WKHVH UHVLVWDQFHYVY FDSD
VSHFWUXP ZKLFK KDV D GLVWLQFW IHDWXUH IRUHDFK HOHPHQWDU\ SUR
FKHPLFDO PHFKDQLVP L@WKH FHOO >

,Q WKLV VWXG\ WKH (,6 PHDVXUHPHQWY DUH SHUIRUPHG RQ WKH FRLQ |
YLFH 3*67%$7 1ZLWKDQ)5%$% 0OPRGXOH DWURRPWHPSHUDWXUH 7KH SR\
DUH SHUIRUPHG DWDQ 2SHQ &LUFXLW 3IRWHQWLDO 2&3 DWIUHTXHQFLHV
PHDVXUHPHQWY DUH GRQH ZLWK I[UHTXHQF\ SRIYOWXISHRYU GHFDGHKHBD QG .
UHVXOWV IURP WKH PHDVXUHPHQWY DUH VKRZQ LQ I\TXLVW SORWYV ZKLF
LPSHGDQFH 7KHDQDO\WLVLVGRQH X®LQJ5HOD[,6 VRIWZDUH >

$GGLWLRQDOO\ WRGHWHUPLQHWKHYDOLGLW\DQG T TXDOLW\RIWKHVS
7THVW ..7 LVSHUIRUPHG 7KHLPSHGDQFHRIDQ HOHFWURFKHPLFDO V\VW

Z(1)=2z2%)+iz%)
:KHUH =1 DQG =Y UHSUHVHQW WKH UHDO DQG LPDJLQDU\ SDUWV RI WKF

FDQDOVREHFDOOHGDVUHVLVWDQFHDQGUHDFWDQFH UHVSHFWLYHO\
.URQLJUHODWLRQ ZKLFK UHVE®OWY LQ WKHIROORZLQJ >
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ZKHUH) DQ DUH WKH SKDVH DQJOH DQG WKH SRODUL]DWLRQ UHVLVWDQ
WLRQ UHVLVWDQFH UHSUHVHQWYVY WKH OLPLWDWLRQ RI FKDUJKOWUDQVSF
%\ DSSO\LQJ WKH DERYH HTXDWLRQV WR WKH PHDVXUHG LPSHGDQFH VSH

FDQEHFDOFXODWHG 7KHFDOFXODWLRQRI.. 7LV GRQH XVLQJ5HODI[,6 VF

-QEKMRK XLI"EXLSHIIMGVSWXVYGXYVIYWMRK 7)1 )(7

$6FDQQLQJ (OHFWURQ OLFURVFRSH FDSWXUHV WKH VXUIDFH SKHQRPHQ|
KLJK HOHFWURQ EHDP DQG DQDO\WHV WKH RXWJRLQJHOHFWURQV 7KH LI
IXOWR XQGHUVWDQG WKH VXUIDFH PRUSKRORJ\ RI@GFU\VWDOV EHIRUH DQ

&HUWDLQ LPSRUWDQW SDUDPHWHUV WR REWDLQ D KLIJIKUHVROXWLRQL
DJHDQG ZRUNLQJ GLVWDQFH ,Q WKLV ZRUN D 6HFRQGDU\ (OHFWURQ 'H
SURGXFH D WRSRJUDSKLF 6(0 LPDJH ZLWK KHLH K VX U (D/F @G HW D LIOV>RSHU
DWHG ZLWKDQDFFHOHUDWLRQ YROWDJHRI N9DQGDZRUNLQJGLVWDQF
FOHDU LPDJH

7KH HOHPHQWDO FRPSRVLWLRQV ZLWKLQ WKH VDPSOH DUH GHWHFWH (
HTXLSSHG ZLWK (‘6 WR DOORZ IRUWKH  TXDQWLWDWLYH HOHPHQWDO DQD



IEXIVMEPWERH 1IXLSHW

HOHPHQWY ZLWK DWRPLF QXPEHUV KLJIKHU WKDQ ERURQ DQG WKHVH HOt
WLRQV RIDW OHDVW ODWHULDO HYDOXDWLRQ DQG LGHQWLILFDWLRQ
DQDO\WLV RI UHJLRQV XS WR FPLQ GLDPHWHU TXDOLW\ FRQWURO VFU|
SRVVLEOH ZLWXK &k ('6 GDWD LV REWDLQHG E\PDSSLQJRYHU D VSHFLILF

,Q WKLV ZRUN ZH ILUVW DQDO\VWH WKH PRUSKRORJ\ RI WKH GLITHUHQW |
IROORZHG EA\H[DPLQLQJWKHFKDQJHLQIUDIJPHQWDWLRQDQG VXUIDFH FU
WHUP F\FOLQJ

TXYH]MRK XLI'VIWXEPPSKVETLMG 7XVYGXYVISJ'EXLSHIW YW

$WULHG DQG WUXHPHWKRGIRUH[DPLQLQJVWUXFWXUDOFKDQJHVLQRIL
WLYHQHVV RI ;5" ZKHQ DSSOLHG WR /, %V OLHV LQ WKH DELOLW\WR PRQLW
WKH VWUXFWXUDO WUDQVIRUPDWLRQV FKDQJHV LQ ODWWLFH SDUDPHW
FKHPLFDO FKDUJH GLVFKDUJH HRSHULPHQWYV >

7KH ;5" DSSDUDWXV ZRUNV RQ WKH SULQFLSOH RI FRQVWUXFWLYH LQW
DQG WKH FU\VWDOOLQH VDPSOH PHDVXUHG 7KH GLIIUDFWLRQ RIDQ ; UD
ZKLFKLVJLYHQ E\WKHIRUPXOD

n =2dsin

ZKHUH Q LV WKH RUGHULRIWBKHUZDFWORQJWK G LV WKH LQWRUKIHODQDU
%UDJJDQJOH $VFKHPDWLEFRIWKH ZRUNLQJ RI:KH @ MWKXSFRQGHKRZAQ® RY 0LU
DFFRUGDQFH ZLWK %UDJJYV ODZ WKHLQWHUDFWLRQ RIWKHLQFLGHQW U
LQWHUIHUBIQFH >

JLIXUH OHFKDQLVP RI; 5D\@IIUDFWLRQ >

,Q WKLV ZRUN WKH ;5" PHDVXUHPHQWY DUH SHUIRUPHG XVLQJ HLWKHU
WLIJKW VDPSOH KROGHU )RU VRPH PHDVXUHPHQWY D PRQRFKURPDWRU
VOLW 7KHPRQRFKURPDWRU KHOSV WR UHPRYH XQQGIEGN VQUN KR IER\GLSRHQ
HPLVVLRQ VSHFWUXP ZKLFK LY DRGBWRGKFHVORRKEWR SHDNV WKHUHE\
VLPSOLI\LQJ WKH DSSHDUDQFH RI D SR Z& HUGGLLNWLREVDIOR) SMHKNHVAHRUIRF K U
GXFHVIOXRUHVFHQFH FDXVHG GXH WR W Kbl C5AHWHIGR® RH FR SIMAWWIHQ X .
DUH REWDLQHG ZLWK D 3$31DO\WLFDO ;183D GWEBWRRQ VW P NOMKQE&X . P $
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GLIIUDFWLRQ GDWD ZHUH FROOHFWHG ZLWK D %UDIIH/EHWWZBER GLIIUDFW
7KH SHDNV DUH DQDO\VHG XVLQJ30DAKEK N RVKWHE DUHLOHPHQW ZDV GRQH X
UHILQHPHQW XVLQJ *6$6 @ VRKW DDUMWLFH SDUDPHWHUV DUH REWDLQHG
UHILQHPHQWV LQ *6$6 ,,

'"EXLSHI7YVIJEGI % REPIWMW YWMRK <47

;36 LVQRQ GHVWUXFWLYH VXUIDFHVHQVLWLYH WHFKQLTXH ZKLFK VWXG
LQDQWV DQG SURYLGHV DQ RYHUYLHZ RI WKH HYROXWLRQ RI FEBWKRGH V
7KLY WHFKQLTXH XVHV DQ; UDV\EHDP RQ WKH VXUIDFH RIWKH VDPSOH ZKl
DELOLW\ WR LGHQWLI\ WKH HOHPHQWY SUHVHQW LQ D PDWHULDO LV PDG
HMHFWHG SKRWRHOHFWURQV ZKLFKFDQEHFRPSXWHGIURP W&H REVHUY

7KH ; UD\ EHDP KDV D SHQHWUDPWLR® GHERMKIROORZV IRUWKH GHWHFW|
HOHFWURQV RQPOALXVEKMR D FDWKRGH VXUIDFH (OHFGRIGRW G R B B/HIUL BYKVD I
WKH VLIJQDO $ VFKHPDWLFRI 36 SHQHWUDWLRQ DORQJ ZLWK LWV UHVSH

J)LIXUH ;736 SHOQOHWUDWLRQ GHSWK D@G LWV UHVXOWLQJ SH

$FFRUGLQJWRWKHDERYHLOOXVWUDWLRQ HOHFWURQ JHQHUDWHYV D'
HOHFWURQ JHQHUDWHV D VWURQJEDFNJURXQGVLIQDOGXHWRLWV HQH
LWIDOOV RXWVLGH WKHDSSDUDWXVYVUDQJH RI SHQHWUDWLRQ

,Q WKLV ZRUN ;36 H[SHULPHQWYV DUH FDUULHG RXW DW URRP WHPSHUD
$OSKD 7TKHUPR 6 FLHQWLILF; UD\ SKRWRQ VSHFWURPHWHU %HIRUH WHVW
;36 WKH\DUH ZDVKHG ZLWK '0& 6LJPD $OGULFK ! WR UHPRYH DQ\ H[FF
WKH VXUIDFH RIWKH FDWKRGH ZKLFK FRXOG LQWH YURKUWHKAH WHKDW KK RPID @ ¥
$O0 .UDGLDWLRQ H9 IURP D PRQRFKURPDWLVHG ; UD\ VRXUFH LV XVH(
GRQH XVLQJ&DVD ;36 V@ | WREDWHKH GDWD SURFHVVLQ) WKHELQGLQJHQHU
FRUUHFWHG E\ VHWWLQJ WKH & VDGYHQWLWA RXKH-DHIERD SHHUDHN DRAW L W L F
XVLQJ D QRQ OLQHDU 6KLUOH\ EDFNJURXQG DQG ILWWHG XVLQJ D ZHLJK'
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ERWK *DXVVLDQ DQG /RUHQW]LDQ OLQH VKDSHY 7KH REWDLQHG GDWD ZD
*ROD\TXDGUDWLF PHWKRG ZKLFKXVHVOLQHDU OHDVW VTXDUHV WR VPRF
DFFRUGLQJWRWKHELQGLQJHQHUJ\RIWKHGLITHUHQW SHDNV ZLWK D QR/
LW ZLWK UHIHUHQFH& >

WLVWREHQRWHG WKDWGXHWRWKHPHDVXUHPHQWWLPHFRQVWUDLQ
EHOLPLWHG 7KLVDIIHFWHG WKHVFDQV RIWUDQVLWLRQPHWDOHOHPHQ\
WKDQ WKHRWKHU HOHPHQWY +HQFH WKHVH BRX®GGLRW E § DIO/OW MK Bl QOG-
QXPEHURIVFDQVDOVRDIIHFWHG WKH/L VVFDQIRUVHOHFWHG VDPSOHYV
ZDV VPRRWKHG DQG WKHQ ILWWHG ,W LV LPSRUWDQW WR QRWH WKDW W
WKH FRPSRVLWLRQ RI HDFK HOHPHQW RU FRPSRXQG ;36 LV D VXUIDFH D
DFFXUDWHO\LGHQWLI\FKDQJHV LQ @& KHKEX; 3 6l RH BANOHUHIPRHSOMV>R Q 10 & C
10& SRZGHU VDPSOHV DOO WKH 10& DQG /&2 FDWKRGH VDPSOHV XQF\F
SHUIRUPHG E\37* (LQGKRYHQ % 9

6IWYPXWERH(MWGYWWMSR

7)1 % REP]WMW SJ 'EXLSHI4S[HIVW

7KH 10& DQG /&2 SRZGHU VDPSOHV DUH VFDQQHG DQG DQDO\VHG XVLQJ 6 (!
WKHLU FU\WVWDO VWUXFWXUH DQG PRUSKRORJ\ 7KH LPDJHV IURP 6(0 DUH

JLIXUH 6(0OLPDJHRID 10& E 10& DQGF /&2 SRZGHUV WDNHQ DW
ZLWK N9DFFHOHUDWLRQ YROWDJH
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JURP WKH LPDJHVY LW FDQ EHREVHUYHG WKDW WKH 10& LV FKDUDFW
RIJI\ZLWK KDUG DJJORPHUDWHYV ZKLFK DUHZH®& 8 \GH VISKH®& DRBEOYWLW UKE® M/ X
GLDPHWHUV UDQJLQPIWLRRPWKHRRWKHU KDQG WKH 10& KDV D SRO\FU\VYV
> @ ZLWKVSKHULFDO RUVSKHURERQOY OIINH RUHWHAMDLAOVWDMNOR/ DUH YHU\ VPEL
FRPSDULVRQWRWKHRWKHUWZR FDWKRGH PDWHULDOV VKRZQDERYH $V
ZDV QRW FOHDUO\ YLVLEOH XQGHU KLJK PDJQLILFDWLRQV LQ WKH6(0PLF

7KH /&2 SRZGHU FRQVLVWY RI KDUG DJJORPHUDWH FU\VWDOV ZLWK D Y
7KHVH FU\VWDOV KDYH GLDPHWHUFN UBQIYDQHIRPUDWWRHUL]HG E\ WKHLU C
VLIHVLQ FRPSDULVRQ WR WKH 10&V XVHG LQ WKLV ZRUN

'1GPMRK 4I1VJSVQERGI

7KH 10& 10& DQG /&2 FDWKRGHV DUHF\FOHG IRUERWKUDWH WHVW DC(
FDWKRGHV DUHWHVWHG DORQJZLWK FDWKRGHV RQDOXPLQLXP FXUUHQV
DUH WHVWHG WKURXJK YDULRXVY VSHFWURVFRSLF WHFKQLTXHYV ZKLFK C
7TKHUHVXOWV IRUWKHFDWKRGHV DIWHQ MAEDVY. QR DN HWKH YQFIDOMKR GHV D |
DV1)6Y ZKLOH WKH FDWKRGHV RQ DOXPLQLXP FXUUHQW FROOHFWRU DUH

JLIXUH D 5SDWHWHVWDQGE ORQJWHUPF\FOLQJ SHUIRUPHGRQ 10&

JURP WKH ILIJIXUH DERYH LW FDQ EH REVHUYHG WKDW DOO WKH )6 FDWK
SDFLWLHV WR WKDW RI FDWKRGHV RQDOXPLQLXP FXUUHQW FROOHFWRUYV
WKH FDWKRGHY H[SHULHQFH D UHYHUVLEOH ORVV LQ FDSDFLW\ GXULQJYV
LRQ WUDQVIHU ®LQHWLFW»»OHYVY DW D KLJKHU GLVFKDUJH FDSDFLW\ WKD
GXHWR LWV KLIJIKHU@L BR"(ODMHQWHU F\FOLQJ UDWHL H & LWFDQ EH RE)
VLIQLILFDQW GURS LQ FDSDFLW\IRU 10&V 7KH FDSDFLW\GURSV IURP
P$K J WR P$K JIRU 10& )6 DQG 10& )6 UHVSHFWLYHO\ 7KLV GHJUD
FKHPLFDO SHUIRUPDQFHLVY SULPDULO\GXHWRVORZOLWKRRNF BW MKHRQ
VXUIDFHRIWKHFDWKRGH SDUWLFOHV WKHUHE\FDXVLQJRYHWRWHQWL

JXUWKHUPRUH DW & UDWH WKH 10&V WHQG WR KDYH D VOLJKWO\ KLJK
IRU 10& )6 DQG /&2 )6 DW & UDWHV DUH P$K J DQG P$K J UHVSHF
FDSDFLW\RI 10&V ZLWK UHVSHFW WR /&2 FRXOG EH GXH WR WKH VPDOOH!
SDYHV ZD\IRU IDVWHU /L GLIIXVLRQ WKDQ /&2V ZLWK ELJJHU SDUWLFOH V
WKHIRUPXOD JLYHQ EHORZ
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L2
t= —
D
ZKHUH 'LV WKH GLIIXVLRQ FRQVWDQW / LV WKH GLIIXVLRQ OHQJWK DQ ¢
VLRQ )RUVPDOOHU SDUWLFOHV WKHGLIIXVLRQOHQJWK /LVVPDOOHU
ZKLFKHQDEOHV IDVWHU O@WKLXP GLIIXVLRQ >

,Q WKH ORQJ WHUP F\FOLQJ LW FDQ EH REVHUYHG WKDW WKH FDSDFLW
GHJUDGHUDSLGO\DIWHU SURORQJHG F\FOLQJ $FFRUGLQJWROLWHUDW)>
WLFOH FUDFNLQJDQG VXUIDFHGHJUDGDWLRQ DUH OHVV REYLRXV GXULQ
RYHUDOO LQ ODWA® U MEYHBOQLH¥HG WKDW UHSHDWHG ODWWLFH H[SDQVL
WHUP F\FOLQJ FDXVHV LQWHU DQGLQWUD JUDQXODU FUDFNLQJ ZKLFKL
WR FDSDFLW\ GHR®D\ >

$GGLWLRQDOO\ ZH FRXOG REVHUYH WKDW WKH FDSDFLW\ FRQVWDQWO
10& ZKHUH LW UHDFKHYVY DOPRVW JHUR DIWHU F\FOHV OXOWLSOH FD.
RI DFWLYH PDWHULDO DQG bQ XQVWDEOH &(, OD\HU WKDW UHVWULFWYV O
EODPHG IRUWKH FDSDFLW@QUHQX&WLWRIOH> GURS LQ FDSDFLW\ DIWHU LQLW
EOH FRXOG EH GXH WR WKHIRUPDWLRQ RI D UHVLVWLYH VXUIDFH OD\HU |
GHIJUDGDWLRQ ZKLFKLQWXUQUHGXFHV \@KBBRBUHRKRYHYLWW FIDALEHKY XA QR
GLVFKDUJH FDSDFLW\RIWKH 10& )6 VDPSOHLQ ORQJ WHUP F\FOLQJ DE!
7KLVPLIKWEHDUHVXOWRI10& fVORZHU SDUWLFOH VL]H ZKLFK PLJKW
VLQFHLWODFNVD SURWHFWLYHFXUUHQW FROOHFWRU VXUIDFHWR KROG
RITHUV D ODUJHU VSHFLILFVXUIDFHDUHDIRUXQIDYRXUDEOHUBDFWLRQV

3UHVVLQJD )6 FDWKRGHLPSURYHV LWV VWDELOLW\DQG KRPRJHQHLW\
RGHV RIWHQ ORVH WKHLU VWUXFWXUDO LQWHJULW\ WKURXJK FRQWLQXR
DW & ZDV SHUIRUPHG RQ XQSUHVVHG DQG SUHVVHG 10& )6$DWKRGHV )
LW FDQ EH REVHUYHG WKDW WKH SUHVVHG FDWKRGH VKRZHG LPSURYHG
FDWKRGH EHJDQ WR ORVH LWV FDSDFLW\UDSLGO\DIWHU F\FOHV RZLQJ

(MJJIVIRXMEP 'ETEGMXERGI SJ']GPIH'EXLSHIW

7TR IXUWKHU H[DPLQH WKH FDSDFLW\ GHJUDGDWLRQ REVHUYHG GXULQJ O
SHUIRUPHG RQ WKH F\FOHG FDWKRGHV 7KH UHVXOWYV IURP WKH DQDO\V
FDSDFLWDQFHDQDO\VLYV ZDV SHUIRUPHG DFURVV ILYH GLIITHUHQW F\FOHYV
OHFWRU DQG IRXU GLIITHUHQW F\FOHV IRU )6 FDWKRGHYV 7KH GLIIHUHQW
DQDO\WHG DIWHU WKH QG F\FOHLQVWHDG RIWKHILUVW RZLQJWR WKH F
DVREVHUYHG LQ WKH F\FOLQJUHVXOWY 7KHVXEVHTXHQW WK WK Wk
VHQWDWLRQ RI WKHFDWKRGHVY F\FOLQJ VWDELOLW\GXULQJ WKH ORQJ W

7TKHG4 G9 FXUYHLV FKDUDFWHUL]JHG E\WZR SHDNV RQ WKH SRVLWLYH
WLRQ SHDNV GXULQJFKDUJLQJ GHOLWKLDWLRQ ZKLOHWKHSHDNRQ WK
SHDNV GXULQJ GLVFKDUJLQJ OLWKLDWLRQ 7KLV SURYLGHV LQIRUPDWL
LQJ F\AFOLQJ 7KHLQFUHDVHLQ FKDUJH WUDQVIHU UHVLVWDQFH LQ WKH |
LV WKH FDXVH IRU SHDN VHSDUDWLRQV GXULQJ FRQWLQXRXYVY FKDUJH DQ
LQFOXGH WKHIRUPDWLRQ RIFUDFNV®Q WKH FDWKRGH VXUIDFH >

7KHJUDSKV VKRZ WKDW IRUDOO WKH 10& DQG /&2 FDWKRGHV WKH SHD|
RI F\AFOHV LQFUHDVH 7KLV GHPRQVWUDWHY WKH ULVH LQ FKDUJH WUDQ\
WKH FDSDFLW\ IDGLQJ DV REVHUYHG LQ WKH F\FOLQJ EHKDYLRXU )RU 10
SUHVHQFH RIDQ DGGLWLRQDO SHDN DW WKH KLIJIKHU YROWDJH UHJLRQ
LQGLFDWHY SKDVH WUDQVIRUPDWLRQ ,QRXUFDVH LWUHSUHVHQWYV SK
GHQRWHV WKH VWUXFWXUDRUPGGWWEDOWWHRXOWNVA Q UBBLG FDSDFLW\ IC
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JLIXUH G4 GOFXUYHVRI10& D )6 E $0 10& F )6 G $O0 /&2 H )6 DC
DIWHU QG WK WK DQG WK F\FOHV
QG F\FOH LV DW & UDWH ZKLOH WK WK WK DQG WK FA\FOHV DUH LC
)6 FDWKRGHV DUH WHVWHG XQWLO F\FOHV ZKLOH $O FDWKRGHV DUH V
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)-7 6 IWYPXWJSVO0'3ERH21'""EXLSHIW

,QWKH SUHYLRXV VXEVHFWLRQ WKHUH ZDV D VKLIWLQ WKHR[LGDWLRQ D
RI F\FOLQJ ZKLFK ZDV DWWULEXWHG WR DQ LQFUHDVH LQ FKDUJH WUDQV
IRUPHG RQ WKH /&2 DQG 10& FDWKRGHVY DIWHU WKH VW DQG WK F\FOH

)L VKRZV WKH I\TXLVW SORW IRU WKH KDOI FHOOV GXULQJ F\FOLQJ
WKUHH UHJLRQV $W KLIJKHU IUHTXHQF\ UHJLRQ WKH LQWHUFHSW RI| WK
WR WKHHOHFWURO\WH UHVLVWDQFH DORQJZLWKTKKHN UMVYROWRRDIFE RY B
VHPLFLUFOHLQ PLGIUHTXHQF\UHJLRQ ZKLFK FRUUHVSRQ GKHWROWEKEH FKD
LQJOLQHDWORZIUHTXHQF\UHJLRQ UHSUHYHRIWW W K H GFLONHK/L XWPKLIHR D XL
SORW VKRZV WKH SUHVHQFH RI DQ DGGLWLRQDO VHPLFLUFOH ZKLFK LV (
UHVLVWDQFH RI WKLV &(, OD\HUQWHHSUKHVNOQW HGKBIVLSTXLVW SORWYV DIW
F\FOHV DUH ILWWHG XVLQJHTXLYDOHQW FLUFXLW PRGHOV VKRZQ LQ ILJ

JLIXUH (,6 VSHFWUD RI1)6 DQG $O D 10& E 10& DQG F /&2 FDWKI
WK F\FOH

VW F\FOH LV DW & UDWH ZKLOH WKH WK F\FOHLVDW & UDWH
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JLIXUH (TXLYDOHQW FLUFXLW PRGHO IRUWKHLPSHGDQFH VSHFWUD

JURP WKH VSHFWUD LWFDQEHREVHUYHG WKDW DIWHU WKHILUVW F\FO
FDWHV D KLJK FKDUJH WUDQ VI HUGLHNKMLR QR @AH WD QE \O:ouw b & JH VHPLFLU |
FRXOG DOVREHGXHWRWKHWKLQ6(, OD\HUWKDW IRUPV GXULQJ WKLV F\F
VXUIDFHRIWKHOLWKLXPDQRGH 7KLV WKLQ 6(, IXQFW L@ Q¥KMHVOOLQVIKQ WP U |
GLIIXVLRQLVUHSUHVHQWHG LQ WKHFLUFXLWDVD:DUEXUJHOHPHQW 7K
HOHPHQW ZLWK DQ DQJOH RI

JLIXUH .7 UHVXOWYV RI 10& )6 VDPSOH DIWHU WK F\FOH

8SRQ IXUWKHU F\FOLQJ WKHUH LV D &(, OD\HU ZKLFK JHWV IRUPHG RQ V
LQWKHFLUFXLW DVDQDGGLWLRQDO 5 3 HOHPHQW 7KH VLJQLILFDQW GH
FKDUJHWUDQVIHU UHVLVWDQFHRYHU F\FOLQJ FRXOGEHDUHVXOWRILQ
DQRGH> @ $GGLWLRQDOO\ LWLVHYLGHQW WKDW WKH :DUEXUJHOHPHC
HOHPHQW ZLWK F\FOLQJ $KLJKLPSHGDQFHDIWHU F\FOLQJ FRXOG LQGLF






	Acknowledgements
	Abstract
	Nomenclature
	Introduction
	Lithium-Ion Battery: Theory and Fundamentals
	Components of a LIB
	Assembling a coin cell

	Working of a LIB
	LIB Cathode Materials
	Lithium Cobalt Oxide (LCO)
	Lithium Nickel Manganese Cobalt Oxide (NMC)

	Active Challenges in LIB Cycling
	Challenges in a LIB due to the Presence of Current Collector 

	Current Trends in LIB Chemistry
	Atomic Layer Deposition (ALD) of LIB Cathodes
	Free-Standing (FS) Cathodes


	Research Questions and Thesis Outline
	Research Questions
	Thesis Outline

	Free-Standing Cathodes: Structure and Performance
	Introduction
	Materials and Methods
	Materials
	Methods

	Results and Discussion
	SEM Analysis of Cathode Powders
	Cycling Performance
	Differential Capacitance of Cycled Cathodes
	EIS Results for LCO and NMC Cathodes
	SEM Results for NMC and LCO Cathodes
	XRD Results
	XPS Results

	Conclusion

	Impact of Atomic Layer Deposition on LIB Cathodes
	Introduction
	Materials and Methods
	Materials
	Methods

	Results and Discussion
	SEM Microstructure of the ALD Coated Cathode Powders
	Cycling Performance
	Differential Capacitance of ALD Coated Cathodes
	Investigating the Impedance of ALD Coated Cathodes
	Examining the Cathode Microstructure using SEM-EDS
	XRD Results
	Surface Analysis using XPS
	NMR Results

	Conclusion

	Conclusion and Outlook
	Conclusion
	Further Scope of Research

	References
	Supplementary Information - Uncoated Cathodes
	Electrochemical Cycling Performance of Pressed and Unpressed Cathode
	EIS Results for Uncoated Cathodes
	KKT Plots

	SEM Results
	After 1 cycle
	After 75 cycles

	XRD Refinement Results
	Lattice Parameters

	XPS Analysis of Transition Metal Elements in Powders and Cathodes
	Powders
	Cathodes


	Supplementary Information - ALD Coated Cathodes
	Electrochemical Cycling Performance of a Full Cell and a Half Cell
	dQ/dV Analysis of ALD Coated Cathodes on Aluminium Current Collector
	EIS Results for ALD Coated Cathodes on Aluminium Current Collector
	EIS Spectra
	KKT Results

	SEM Microstructure of ALD Coated Cathodes
	After 1 cycle
	After 75 cycles

	EDS Results
	NMC 532
	NMC 811
	LCO

	XRD Results
	Diffraction Patterns of NMC 811 and LCO Powder Samples
	Rietveld Refinement on ALD Coated Cathodes
	Lattice Parameters

	XPS Analysis on Transition Metal Elements
	Powders
	Cathodes

	Effect of Storage Environment on NMR Spectra


