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Introduction  

A
VWKHQXPEHURIPDUNHWVDVZHOODVWKHRYHUDOOPDUNHW
VL]H IRU UHFKDUJHDEOH EDWWHULHV FRQWLQXHV WR JURZ LW LV
FOHDU WKDW WKHUH LV QR RQH SHUIHFW EDWWHU\ WR VXLW HYHU\
DSSOLFDWLRQ ,Q WKH EHVW FDVH ZH ZRXOG KDYH EDWWHULHV
WKDWVWRUHDYHU\ODUJHDPRXQWRIHQHUJ\SHUXQLWPDVV

RU YROXPH HQHUJ\ GHQVLW\ FDQ FKDUJH DQG GLVFKDUJH YHU\ TXLFNO\
SRZHUGHQVLW\FDQF\FOHPDQ\WLPHVZLWKYHU\ORZORVVRIH൶FLHQF\

F\FOHOLIHDQGDUHVDIH,GHDOO\VXFKDEDWWHU\ZRXOGEHPDGHIURP
(DUWKDEXQGDQWUHF\FODEOHVXVWDLQDEO\PLQHGRUPDGHPDWHULDOVDQG
FRXOGEHVFDOHGXVLQJLQH[SHQVLYHVDIHPDQXIDFWXULQJ7KHUHLVDVRI
QRZQRVXFKEDWWHU\%HFDXVHZHGRQRWKDYHDEDWWHU\WKDWLVRQHVL]H
¿WVDOOWKHZLGHUDQJHRISRWHQWLDODSSOLFDWLRQVIRUHQHUJ\VWRUDJHLVD
VLJQL¿FDQWGULYLQJIRUFHIRUGLVFRYHULQJDQGLPSOHPHQWLQJDGLYHUVLW\
RIQHZEDWWHU\FKHPLVWULHVWRPHHWDZLGHUDQJHRIUHTXLUHPHQWV,Q
WKLV Interface DUWLFOH ZH GHVFULEH WKH XVH RI HOHFWURGHSRVLWLRQ DV D
V\QWKHVLV PHWKRG IRU EDWWHU\ PDWHULDOV WR HQDEOH DQG DFFHOHUDWH WKH
GHVLJQXQGHUVWDQGLQJDQGRSWLPL]DWLRQRIHOHFWURGHVIRUVRGLXPLRQ
DQGVRGLXPPHWDOUHFKDUJHDEOHEDWWHULHVIRUDSSOLFDWLRQVZKHUHFRVW
LVPRUHLPSRUWDQWWKDQWKHRYHUDOOZHLJKWRIWKHEDWWHU\

(OHPHQWDOVRGLXPLVDQDWWUDFWLYHDOWHUQDWLYHWROLWKLXPIRUEDWWHU\
DSSOLFDWLRQVEHFDXVHLWKDVDVLJQL¿FDQWO\KLJKHUDEXQGDQFHUHODWLYH
WR OLWKLXP JRRG JOREDO GLVWULEXWLRQ ORZHU FRVW DQG D VWDQGDUG
UHGXFWLRQSRWHQWLDOQHDUWKDWRIOLWKLXP9IRU/L/LDQG
9 IRU 1D1D  &XUUHQWO\ WKH FKHPLVWULHV GHYHORSHG IRU FDWKRGHV
DQRGHV DQG HOHFWURO\WHV IRU 1DLRQ EDWWHULHV DUH QRW QHDUO\ DV ZHOO
GHYHORSHG RU XQGHUVWRRG DV WKRVH RI /L± $ FRPPRQ DSSURDFK WR
1DLRQ UHVHDUFK LQYROYHV VFUHHQLQJ WKH WRS FDQGLGDWHV IURP /LLRQ
EDWWHU\ WHFKQRORJLHV IRU XVH LQ 1DLRQ V\VWHPV7KLV VWUDWHJ\ LV QRW
H൵HFWLYHEHFDXVH/LDQG1DH[KLELWVXUSULVLQJO\GL൵HUHQWFKHPLVWULHV
)RUH[DPSOHWKHPRVWFRPPRQDQRGHVIRU/LLRQEDWWHULHVJUDSKLWH
DQG VLOLFRQ KDYH QHJOLJLEOH FDSDFLWLHV IRU 1D $OWKRXJK SXUH 1D
PHWDOLVDPHQDEOHWRHOHFWURSODWLQJDQGVWULSSLQJDUHTXLUHPHQWIRU
XVLQJWKHSXUHPHWDODVDQDQRGHLWLVKLJKO\UHDFWLYHDQGXQVWDEOHLQ
FRPPRQ/LLRQHOHFWURO\WHV

'HYHORSLQJJXLGHOLQHVWRDFFHOHUDWHWKHGLVFRYHU\DQGXQGHUVWDQGLQJ
RIQH[WJHQHUDWLRQ1DLRQDQRGHPDWHULDOVIRUVRGLXPLRQEDWWHULHVLV
FUXFLDO IRU WKH ¿HOG WR SURJUHVV ,Q RUGHU WR XQGHUVWDQG HDFK QRYHO
HOHFWURGHRQHPXVWHQGHDYRUWRLGHQWLI\WKHLQWHUPHGLDWHVWUXFWXUHV
DQG WKHLU FRUUHVSRQGLQJ SURSHUWLHV DV WKH DQRGH LV F\FOHG7KURXJK
WKLV SURFHVV D PRUH WKRURXJK XQGHUVWDQGLQJ RI WKH GHJUDGDWLRQ
PHFKDQLVPV FDQ EH JDLQHG WR RSWLPL]H WKH DQRGH¶V SHUIRUPDQFH
2QH FKDOOHQJH ZLWK 1DLRQ EDWWHULHV LV WKDW XQGHUVWDQGLQJ KRZ D

PDWHULDO UHDFWV ZLWK VRGLXP E\ LWVHOI LV QRW VX൶FLHQWWKH FRPSOH[
LQWHUDFWLRQVZLWKDOOFRPSRQHQWVRIWKHEDWWHU\DUHLPSRUWDQW+HUHLQ
ZH GHVFULEH KRZ HOHFWURGHSRVLWLRQ DV D V\QWKHWLF WHFKQLTXH DOORZV
IRUWKHIXQGDPHQWDOLQYHVWLJDWLRQRIWKHLQWULQVLFSURSHUWLHVRIDQRGH
PDWHULDOV WKDW FDQ HQDEOH SUHFLVH VWUXFWXUHSURSHUW\ PHDVXUHPHQWV
DQG DFFHVV WR HQHUJ\GHQVH WKUHHGLPHQVLRQDO HOHFWURGHV IRU WKH
DSSOLFDWLRQRIVRGLXPLRQEDWWHULHVLQHQHUJ\VWRUDJHV\VWHPV

Electrodeposition 

7KH IDEULFDWLRQ RI HOHFWURGHV IRU EDWWHU\ DSSOLFDWLRQV SOD\V D
FUXFLDOUROHLQRSWLPL]LQJEDWWHU\SHUIRUPDQFHDQGPRUHLPSRUWDQWO\
LPSDFWV KRZ RQH FDQ VWXG\ WKH LQWULQVLF SURSHUWLHV RI WKH HOHFWURGH
PDWHULDO0DQ\GL൵HUHQWIDEULFDWLRQPHWKRGVDUHHPSOR\HGWRVWXG\

WKH SHUIRUPDQFH DQG VWUXFWXUHSURSHUW\ UHODWLRQVKLSV RI HOHFWURGH
PDWHULDOVVXFKDVVOXUU\FDVWLQJVSXWWHULQJDQGHOHFWURGHSRVLWLRQ±  
7KH PHWKRGRI PDNLQJHOHFWURGHPDWHULDOVGLUHFWO\D൵HFWVWKH
VWUXFWXUHSURSHUW\UHODWLRQVKLSVREVHUYHGZKLOHF\FOLQJDVWKHVDPH
WDUJHW HOHFWURGH FDQ EH PDGH XVLQJ GL൵HUHQW DGGLWLYHV DQG ELQGHUV
,QVOXUU\FDVWLQJSRO\PHULFELQGHUVDQGDPRUSKRXVFDUERQDGGLWLYHV
DUHUHTXLUHGWRFDVWWKLQ¿OPHOHFWURGHV$OWKRXJKWKHVHELQGHUVDQG
DGGLWLYHVFDQHQDEOHLPSURYHGF\FOLQJSHUIRUPDQFHWKH\DGGLQDFWLYH
PDVVDQGFDQKLQGHUWKHDELOLW\WRVWXG\WKHLQWULQVLFSURSHUWLHVRIWKH
DFWLYHPDWHULDODVWKH\FRQYROXWHWKHHOHFWURFKHPLFDODQGVWUXFWXUDO
GDWD6SXWWHULQJFDQSURGXFHFU\VWDOOLQHWKLQ¿OPVGLUHFWO\ZKLFKFDQ
KHOSUHPRYHLVVXHVUHODWHGWRGHFRQYROXWLQJREVHUYHGGDWDEXWLWFDQ
EHH[SHQVLYHDQGVORZZKLFKLVDFKDOOHQJHWRHPSOR\DWFRPPHUFLDO
OHYHOV 

(OHFWURGHSRVLWLRQLVWKHSURFHVVRI GHSRVLWLQJPHWDOLRQVRU
FRPSOH[HV RQ WKH VXUIDFH RI D FRQGXFWLYH VXEVWUDWH LQ VROXWLRQ E\
DSSO\LQJDQHOHFWULFFXUUHQWDQGHOLPLQDWHVWKHQHHGIRUELQGHUVDQG
DGGLWLYHV,Q)LJVDQGZHGHVFULEHDW\SLFDOSURFHVVÀRZLQRXU
ODEIRUWKHV\QWKHVLVDQGFKDUDFWHUL]DWLRQRIDQRGHHOHFWURGHV,Q)LJ
SDUWDFRPPRQVHWXSIRUHOHFWURGHSRVLWLRQLVSLFWXUHGLQZKLFK
WKHFRSSHUIRLODFWVDVWKHZRUNLQJHOHFWURGHRUFDWKRGHZKHUHWKH
PHWDO LRQV IURP WKH VROXWLRQ DUH UHGXFHG $OO WKUHH HOHFWURGHV DUH
LPPHUVHG LQ D VROXWLRQ FRQWDLQLQJ WKH PHWDO LRQFRPSOH[HV DQGRU
VROXWLRQ DGGLWLYHV %\ FRQQHFWLQJ WKH HOHFWURGHSRVLWLRQ VHW XS WR D
SRWHQWLRVWDWFKURQRDPSHURPHWU\RUFKURQRFRXORPHWU\FDQEHXVHG
7KLV PHDQV WKDW HLWKHU D SRWHQWLDO FDQ EH DSSOLHG DQG WKH FXUUHQW
PHDVXUHG RU D FRQVWDQW FXUUHQW FDQ EH DSSOLHG DQG WKH SRWHQWLDO
PHDVXUHG%\FRQWUROOLQJWKHVHYDULDEOHVWKHWKLFNQHVVDQGORDGLQJRI
WKHUHGXFHGPHWDOFDQEHWXQHGDVVKRZQLQ)LJSDUWD$OWKRXJK
DGGLWLYHV DUH QRW UHTXLUHG WKH\ FDQ VWLOO EH LQFRUSRUDWHG YLD ZHOO
HVWDEOLVKHG FRGHSRVLWLRQ PHWKRGV 7KURXJK HLWKHU FRGHSRVLWLRQ
RU VWHSZLVH GHSRVLWLRQ DGGLWLYHV VXFK DV FDUERQ QDQRWXEHV WUDFH
DPRXQWV RI RWKHU PHWDOV RU RWKHU LQRUJDQLF FRPSRQHQWV FDQ EH
LQFRUSRUDWHGLQWRWKHHOHFWURGHWRHQKDQFHHOHFWURQLFFRQGXFWLYLW\RU
PDLQWDLQPHFKDQLFDOVWDELOLW\DVWKHHOHFWURGHLVF\FOHG 

:HK\SRWKHVL]HWKDWE\GLUHFWO\HOHFWURGHSRVLWLQJDFWLYHHOHFWURGH
PDWHULDODOOSURFHVVHVZKHWKHULQWHUDFWLRQVLQWKHEXONRI WKH
HOHFWURGH VWUXFWXUH RU DW WKH HOHFWURGHFXUUHQW FROOHFWRU RU HOHFWURGH
HOHFWURO\WH LQWHUIDFH FDQ EH FRUUHODWHG GLUHFWO\ WR WKH PDWHULDO LQ
TXHVWLRQ7KHVDPSOHVPDGHE\GLUHFWHOHFWURGHSRVLWLRQRQWRDFXUUHQW
FROOHFWRUFDQKHOSSUREHDQGXQGHUVWDQGUHDFWLRQVSUHYLRXVO\PDVNHG
E\ VOXUU\ FDVW FRPSRVLWHV $GGLWLRQDOO\ HOHFWURGHSRVLWHG WKLQ ¿OPV
DUHDPHQDEOHWREHLQJFKDUDFWHUL]HGE\DKRVWRIPHWKRGVLQFOXGLQJ
VWUXFWXUDOFKDUDFWHUL]DWLRQXVLQJ;UD\ DQGHOHFWURQGL൵UDFWLRQ
DV ZHOO DV VSHFWURVFRSLHV LQFOXGLQJ ,5 DQG 5DPDQ VSHFWURVFRS\
;UD\ SKRWRHOHFWURQ VSHFWURVFRS\ DQG RSWLFDO LPDJLQJ PHWKRGV

(continued on next page)
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*LPEOHHWDO
(continued from previous page) LQYHVWLJDWHWKHLQFRUSRUDWLRQRIXQZDQWHGFRPSRXQGV,QGHSRVLWLRQ

VROXWLRQV WKHUH RIWHQ DUH PHWDO R[LGHV FRPSOH[LQJ DJHQWV DQG
RWKHU VXUIDFWDQWV WKDW PD\ EH LQFRUSRUDWHG LQWR WKH ¿OP GXULQJ RU
DIWHU HOHFWURGHSRVLWLRQ 7\SLFDOO\ WKH LQFOXVLRQ RI WKHVH VSHFLHV LV
PLQLPDO EXW LW LV VWLOO LPSRUWDQW WR FRQVLGHU ZKHWKHU WKHVH VSHFLHV
DUH D൵HFWLQJ WKH SHUIRUPDQFH DQG HOHFWURFKHPLFDO UHDFWLRQV VHHQ
ZKHQ WKH HOHFWURGH LV F\FOHG 0XOWLSOH VWXGLHV KDYH VKRZQ WKDW
WKH LQFRUSRUDWLRQ RI PHWDO R[LGHV FDQ DOWHU WKH HOHFWURFKHPLFDO
SHUIRUPDQFH RI HOHFWURGHV DQG FDQ FDXVH DOWHUQDWLYH GHJUDGDWLRQ
PHWKRGV±  7KHUHIRUHLWLVFUXFLDOWRXQGHUVWDQGWKHVROXWLRQ
FKHPLVWU\LQYROYHGLQWKHHOHFWURGHSRVLWLRQRIDFWLYHPDWHULDOEHIRUH
FODLPLQJWRVWXG\WKHWUXHLQWULQVLFSURSHUWLHVRIWKHWDUJHWPDWHULDO

3D Architectures

7KH V\QWKHWLF WHFKQLTXH RI HOHFWURGHSRVLWLRQ QRW RQO\ HQDEOHV
WKH REVHUYDWLRQ RI WKH LQWULQVLF SURSHUWLHV RI HOHFWURGH PDWHULDOV
ZLWKRXW ELQGHU DQG DGGLWLYHV EXW LW DOVR DOORZV IRU WKH V\QWKHVLV RI
YDULRXVDUFKLWHFWXUHVVXFKDVWKLQ¿OPVQDQRZLUHDUUD\VDQGSRURXV
WKUHHGLPHQVLRQDO ' VWUXFWXUHV DV VHHQ LQ )LJ  SDUW E7KHVH
' VWUXFWXUHG HOHFWURGHV DFKLHYH KLJKHU UDWH SHUIRUPDQFH ZKLFK
FDQ WUDQVODWH WR KLJK SRZHU GHQVLW\ IRU DQ HOHFWURGH 7KH XVH RI

 'DUFKLWHFWXUHV FDQ EH SDUWLFXODUO\ H൵HFWLYH DW KHOSLQJ WR FRQWURO
PHFKDQLFDO VWUHVV LQ HOHFWURGHV WKDW FKDQJH YROXPH VLJQL¿FDQWO\
XSRQVRGLDWLRQDQGGHVRGLDWLRQ0RVWVWXGLHVKDYHIRFXVHGRQ
LQFRUSRUDWLQJSRURXVFDUERQEDVHGFRPSRVLWHVWRDFFHVVWKHEHQH¿WV
RI'HOHFWURGHVEXWLWKDVEHHQUHSRUWHGWKDWWKHVHFDUERQVWUXFWXUHV
FDQ KDYH XQZDQWHG UHDFWLRQV ZLWK WKH HOHFWURO\WH LQ WKH FHOO 2WKHU
WHFKQLTXHV WKDW LQFRUSRUDWH VFD൵ROGV DV WKH EDVH WHPSODWH UHTXLUH
LQWULFDWHSURFHGXUHVDQGHWFKLQJZLWKDFLGWRFUHDWHWKH¿QDOHOHFWURGH
VWUXFWXUHDQGDUHSURKLELWLYHO\FRPSOH[WRPRYHWRFRPPHUFLDOVFDOHV
(OHFWURGHSRVLWLRQ E\SDVVHV WKHVH LVVXHV DV DGGLWLYHV DQG ELQGHU
DUH QRW UHTXLUHG 6SHFL¿F H[DPSOHV SURGXFHG E\ YDULRXV JURXSV
LQFOXGHWKHHOHFWURGHSRVLWLRQRIDQWLPRQ\EDVHGDOOR\VRQ'FRSSHU
VXEVWUDWHVSRURXVQLFNHOVFD൵ROGVDQGDVVHOIVXSSRUWHGSULVPV±  
$OORIWKHVHH[DPSOHVXVHHOHFWURGHSRVLWLRQWRJURZDQWLPRQ\RUWLQ
DQWLPRQLGH RQWR FRQGXFWLYH VXEVWUDWHV ZLWK PLQLPDO ZRUNXS DQG
ZLWKRXWELQGHUVDQGDGGLWLYHVGHPRQVWUDWLQJKRZHOHFWURGHSRVLWLRQ
DOORZVIRUWKHVLPSOHIDEULFDWLRQRI'HOHFWURGHVZLWKVLJQL¿FDQWO\
LPSURYHGUDWHSHUIRUPDQFHDQGFDSDFLW\

7KHDELOLW\WRHOHFWURGHSRVLWDFWLYHPDWHULDORQWR'DUFKLWHFWXUHV
KDVVKRZQVLJQL¿FDQWSURPLVHLQ WKHDGYDQFHPHQWWRFUHDWH

HQHUJ\GHQVH HOHFWURGHV EXW IXQGDPHQWDO
VWXGLHVRQ KRZ WKHVHVWUXFWXUHVD൵HFW
WKHHOHFWURFKHPLFDOUHDFWLRQVRI DQRGH
PDWHULDOV DUH VWLOO UHTXLUHG 6RPH LQKHUHQW
LVVXHVSUHVHQWLQWKHVHDGYDQFHGVWUXFWXUHV
DUHQRQXQLIRUPFXUUHQWDQG YROWDJH
GLVWULEXWLRQZKLFKFDQOHDGWRXQHYHQ
VRGLDWLRQ DQG GHVRGLDWLRQ UHDFWLRQV DFURVV
WKHHOHFWURGH7KXVWKHLPSOHPHQWDWLRQ
RI YDU\LQJ ' DUFKLWHFWXUHV ZLOO JUHDWO\
LQÀXHQFHZKLFKFU\VWDOOLQHDQGDPRUSKRXV
SKDVHVDUHIRUPHGZKHQ F\FOHGGXH
WRGL൵HUHQFHVLQ PHFKDQLFDOLQWHJULW\
GL൵XVLRQSDWKZD\VDQG OHQJWKVDQG
VXUIDFH DUHDV 7KHUHIRUH LW LV FUXFLDO WR
HPSOR\ WKH VWHS SURFHVV VKRZQ LQ )LJV 
DQGWRVFUHHQKRZGL൵HUHQWDUFKLWHFWXUHV
LPSDFW WKH VRGLDWLRQGHVRGLDWLRQ UHDFWLRQ
PHFKDQLVPRIDQRGHPDWHULDOV

7KH H[WUDVXUIDFHDUHDWKDWFRPHV
IURP D ' HOHFWURGH VWUXFWXUH OHDGV WR WKH
VLJQL¿FDQW EXLOGXS RI WKH VROLG HOHFWURO\WH
LQWHUSKDVH6(, ZKLFKIRUPVZKHQDQ
HOHFWURGH LV LQ FRQWDFW ZLWK DQ HOHFWURO\WH
WKDWGHFRPSRVHVDWWKHYROWDJHOLPLWV
QHFHVVDU\IRU VRGLDWLRQRU GHVRGLDWLRQ
7KH 6(, LVD PL[WXUHRI RUJDQLFDQG
LQRUJDQLFVSHFLHVRQ WKHVXUIDFHRI WKH
EDWWHU\HOHFWURGHZKLFKFDQVKRUWHQEDWWHU\

&RPSOHPHQWDU\FKDUDFWHUL]DWLRQPHWKRGVDUHSDUWLFXODUO\XVHIXOZKHQ
WKHSURGXFWVGHSRVLWHGDUHDPRUSKRXVRUFRQWDLQPXOWLSOHSKDVHV

7R VWXG\ WKH LQWULQVLF SURSHUWLHV RI WKH HOHFWURGHSRVLWHG DFWLYH
PDWHULDOWKH¿OPFDQEHF\FOHGLQGL൵HUHQWFHOOFRQ¿JXUDWLRQVVXFK
DVD6ZDJHORNFHOODVVKRZQLQ)LJSDUW7KXVWKHSURFHVVIURP
HOHFWURGHSRVLWLRQ WR F\FOLQJ FDQ HDVLO\ EH GRQH WR QRW RQO\ TXLFNO\

FUHDWH HOHFWURGHV ZLWK GL൵HUHQW SDUDPHWHUV IRU WHVWLQJ WKLFNQHVV
PDVV ORDGLQJ PRUSKRORJ\ HWF EXW FDQ DOVR EH VFDOHG WR PDNH
PXOWLSOH HOHFWURGHV ZLWK WKH VDPH SDUDPHWHUV WR WHVW RWKHU EDWWHU\
FRPSRQHQWV VXFK DV HOHFWURO\WH FRPSRVLWLRQ 7KH FHOO FDQ WKHQ EH
WHVWHGLQDEDWWHU\F\FOHUVKRZQLQ)LJSDUWZKHUHWKHFHOOFDQ
EHFKDUJHGDQGGLVFKDUJHGHLWKHUXVLQJFRQVWDQWFXUUHQWFRQGLWLRQV
WRVHWYROWDJHOLPLWVRUE\DSSO\LQJDYROWDJHDQGPHDVXULQJFXUUHQW
,I WKH PDVV RI WKH VDPSOH LV NQRZQ DQG WKH QXPEHU RI HOHFWURQV
LV NQRZQ SHU SURFHVV HJ VRGLDWLRQ WKH VSHFL¿F FDSDFLW\ FDQ EH
GHWHUPLQHGIRUWKDWHOHFWURGH)URPWKHVHH[SHULPHQWVDZLGHUDQJH
RIGDWDFDQEHFROOHFWHGWRLQIRUPDQXQGHUVWDQGLQJRIF\FOHOLIHUDWH
FDSDELOLWLHVFHOOFDSDFLW\DQGGHJUDGDWLRQPHFKDQLVPV

2QH RI WKH PRVW FRPPRQ IRUPV RI GDWD DQDO\VLV LV WR HYDOXDWH
D YROWDJH SUR¿OH SORW DV VKRZQ LQ )LJ  SDUW  9ROWDJH SUR¿OHV
DOORZ WKH FDSDFLW\ WR EH PHDVXUHG DQG D SODWHDX RQ WKH FXUYH
VLJQL¿HV DQ HOHFWURFKHPLFDO UHDFWLRQ LV RFFXUULQJ PHDQLQJ VSHFL¿F
HOHFWURFKHPLFDOUHDFWLRQVFDQEHGLUHFWO\FRUUHODWHGWRFKDQJHVLQFHOO
FDSDFLW\7KHFDSDFLW\RIWKHFHOOFDQWKHQEHSORWWHGIRUHDFKF\FOH
DOORZLQJGHJUDGDWLRQRUDGURSLQFDSDFLW\RIWKHFHOOWREHREVHUYHG
$ IROORZXS WHFKQLTXH WKDW FDQ EH XVHG WR VWXG\ DQG XQGHUVWDQG
FKDQJHV LQ HOHFWURGH PDWHULDOV ZLWK F\FOLQJ LV GL൵HUHQWLDO FDSDFLW\

DQDO\VLV VHHQ LQ )LJ  SDUW  ,Q D GL൵HUHQWLDO FDSDFLW\ SORW PRUH
LQIRUPDWLRQ FDQ EH REWDLQHG DERXW WKH VRGLDWLRQGHVRGLDWLRQ HYHQWV
RFFXUULQJRYHUDSRWHQWLDOUDQJHWKDQLQWKHYROWDJHSUR¿OHRIWKHFHOO
7KHIHDWXUHVWKDWDSSHDUDVSODWHDXVLQDYROWDJHSUR¿OHDUHYLVXDOL]HG
DV SHDNV LQ D GL൵HUHQWLDO FDSDFLW\ SORW PDNLQJ VXEWOH FKDQJHV LQ
VORSHFRUUHVSRQGLQJWRFKDQJHVLQFKHPLFDOSURFHVVHVPRUHHDVLO\
REVHUYHG 'L൵HUHQWLDO FDSDFLW\ SORWV UHSUHVHQW D ¿QJHUSULQW WKDW
KLJKOLJKWVFRQYHUVLRQUHDFWLRQVFHOOGHJUDGDWLRQNLQHWLFERWWOHQHFNV
DQG FKDQJHV LQ FKHPLVWU\ WKDW RWKHUZLVH PLJKW QRW EH VHHQ LQ D
YROWDJHSUR¿OHRUWKHF\FOHOLIHWLPHDQDO\VLV

:KLOHHOHFWURGHSRVLWLRQLVDXVHIXOPHWKRGWRIDEULFDWHHOHFWURGHV
WKHFRPSRVLWLRQRIWKHHOHFWURGHVKRXOGVWLOOEHFDUHIXOO\SUREHGQRW
RQO\ WR XQGHUVWDQG WKH SURSHUWLHV RI WKH DFWLYH PDWHULDO EXW DOVR WR

)඀ං . 6FKHPDWLFRIRXUJHQHUDOSURFHVVÀRZEHJLQQLQJZLWKWKHHOHFWURGHSRVLWLRQRIWKLQ¿OPVRI
materials of interest from solution, which can either be (2a) deposited with controlled thickness to control 
the amount of active material on the electrode or co-deposited with materials such as carbon nanotubes, 
or (2b) directly deposited onto or into various 3D structures and templates. Then we can (3) directly 
incorporate those active electrodes into Swagelok cells to test their electrochemical performance
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OLIHWLPHWKURXJKLPSHGLQJLRQWUDQVIHUDQGFRQWULEXWHWRPHFKDQLFDO
SXOYHUL]DWLRQ )XUWKHUPRUH LQ WKH FDVH RI WKH ' EDWWHU\ RYHU
PXOWLSOHF\FOHVWKH6(,FDQREOLWHUDWHWKHPRUSKRORJ\RIWKHDQRGH
WKURXJK H[FHVVLYH JURZWK )LJ  OHIW 7KH HOHFWURO\WH DGGLWLYHV
ÀXRURHWK\OHQHFDUERQDWH)(&DQGSDUWLFXODUO\YLQ\OHQHFDUERQDWH
9&FRPPRQO\XVHGLQ/LLRQEDWWHU\HOHFWURO\WHVFDQKHOSFRQWURO
WKH6(,IRUPDWLRQWRH[WHQGWKHF\FOHOLIHRIKLJKVXUIDFHQDQRZLUH

V\VWHPV)LJULJKWEXWWKHVHH൵HFWVDUHQRWZHOOXQGHUVWRRG7KH
XQFRQWUROOHGJURZWKRI6(,PXVWEHRYHUFRPHLQRUGHUWRVXFFHVVIXOO\
LPSOHPHQWKLJKVXUIDFHDUHDKLJKORDGLQJDUFKLWHFWXUHV

,W LV LPSRUWDQW WR UHFRJQL]H WKDW DOWKRXJK RQH DFWLRQ FDQ EH
EHQH¿FLDOWRRQHDUHDRIWKHEDWWHU\LWFDQKDYHQHJDWLYHFRQVHTXHQFHV
RQRWKHUFRPSRQHQWVDVWKHZKROHFHOOLVLQWHUFRQQHFWHG7KHUHIRUH
EHIRUHDGYDQFLQJIXUWKHUWRIXOOFHOOVRQHPXVWXQGHUVWDQGWKHLPSDFW
'DUFKLWHFWXUHVKDYHRQWKH6(,IRUPDWLRQDQGLIWKHUHDUHPHWKRGV
WREHWWHUXQGHUVWDQGHOHFWURO\WHGHJUDGDWLRQRQWKHVXUIDFHVRIWKHVH
DGYDQFHGVWUXFWXUHV

The Importance of Liquid Electrolytes
7KHVDPHHOHFWURO\WHDGGLWLYHV)(&DQG9&XVHGLQ/LLRQEDWWHU\

V\VWHPVWRLQFUHDVHEDWWHU\OLIHWLPHDUHDOVRFDSDEOHRIIXQFWLRQLQJLQ
1DLRQEDWWHU\V\VWHPV6LPLODUWRHOHFWURGHPDWHULDOVWKHVRGLXP

HOHFWURO\WH KDV EHHQ DGDSWHG IURP HTXLYDOHQW OLWKLXP V\VWHPV 
:KLOH WKH 6(, KDV EHHQ ZHOO VWXGLHG WR XQGHUVWDQG WKH EHQH¿FLDO
SURSHUWLHV RI HOHFWURO\WH DGGLWLYHV WKHUH KDV QRW EHHQ D FRPSOHWH
FKDUDFWHUL]DWLRQRI LWVFRPSRVLWLRQZKLFKOLPLWVWKHDELOLW\WR
JHQHUDWHGHVLJQJXLGHOLQHVIRUQH[WJHQHUDWLRQHOHFWURO\WHV7KH6(,
LVDGL൶FXOWV\VWHPWRVWXG\DVLWFRQVLVWVRIDVPDOOFRQFHQWUDWLRQRI
DLUVHQVLWLYHSURGXFWVGHSRVLWHGRQDQHOHFWURGHVXUIDFH7KH6(,
SURGXFWVDUHVXEMHFWWRH[WUHPHSRWHQWLDOVDQGPD\EHHYROYLQJZLWK
WKH FKDUJH DQG GLVFKDUJH RI WKH EDWWHU\ )XUWKHUPRUH WHFKQLTXHV WR
VWXG\WKH6(,DUHH[VLWXDQGLQWDNLQJDSDUWDEDWWHU\WRFKDUDFWHUL]H
WKH DQRGH¶V VXUIDFH WKH 6(, PD\ EH FKDQJHG DQG VROXEOH VSHFLHV
PD\ZDVKDZD\;UD\SKRWRHOHFWURQVSHFWURVFRS\;36LVWKHPRVW
DFFHVVLEOHVXUIDFHVHQVLWLYHWHFKQLTXHWRVWXG\6(,VSHFLHVEXWDLU
IUHHLQIUDUHGVSHFWURVFRS\DQGVROLGVWDWHQXFOHDUPDJQHWLFUHVRQDQFH
DUHXVHGDVZHOO$OWRJHWKHUGLUHFWFKDUDFWHUL]DWLRQRI6(,VSHFLHVLV
OLPLWHGE\WKHIHZFRPSUHKHQVLYHLQVLWXWHFKQLTXHV7KHUHVXOWVRI
WKHVHGL൵HUHQWFKDUDFWHUL]DWLRQWRROVFDQEHPRUHFOHDUO\XQGHUVWRRG
ZLWKHOHFWURGHSRVLWHGHOHFWURGHVDVWKHGDWDZRXOGEHWKHUHVXOWRIWKH
LQWHUDFWLRQRIWKHHOHFWURO\WHZLWKDSXUHDGGLWLYHIUHHDFWLYHVXUIDFH

'XH WR LWV VLPSOLFLW\ D KDOIFHOO GHVLJQ ZLWK D VRGLXP PHWDO
SVHXGRUHIHUHQFHFRXQWHUHOHFWURGHLVW\SLFDOO\XVHGWRHYDOXDWHWKH
DQRGHSHUIRUPDQFHRIQHZVRGLXPHOHFWURGHVDQG'DUFKLWHFWXUHV

)඀ං . Once a Swagelok cell is put onto the (4) cycler, experiments such as (5) applied current, measured voltage can be used to identify at what voltages 
SDUWLFXODUWUDQVIRUPDWLRQVRFFXUDQGWKDWGDWDFDQEHFRQYHUWHGWRWKHGLৼHUHQWLDOFDSDFLW\DVDIXQFWLRQRIYROWDJHLQRUGHUWRLGHQWLI\VXEWOHFKDQJHVLQ

the phases that are formed

)඀ං . Adapted with permission from Jackson et al. 2016. Depicted on the left are SEM images of Cu 2Sb nanowire arrays after 100 cycles with (a) 5% FEC, 
(b) 5% VC and 250 cycles with (c) 5% FEC, and (d) 5% VC. On the right, a graph of capacity vs. cycle number for Cu2Sb nanowire array anodes cycled in half 
cells between 0.10 and 1.60 V vs. Li/Li+ either with no additive (red), 5% FEC (blue), or 5% VC (green). The square symbols are lithiation capacity and circles 
are delithiation capacity

(continued on next page)
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$ONDOLPHWDOVIRUP D SDVVLYDWLRQOD\HUXSRQLPPHUVLRQLQWKH
HOHFWURO\WHVRGLXPLVPRUHUHDFWLYHWKDQOLWKLXPZKLFKPHDQVWKDW
DWKLFNHUSDVVLYDWLRQOD\HUIRUPVRQVRGLXP7KHSDVVLYDWLRQOD\HU
ZKLFKGRHVQRWKDYHWKHVDPHLPSDFWLQOLWKLXPD൵HFWVWKHTXDOLW\

RIVRGLXPPHWDODVDUHIHUHQFHHOHFWURGHLQDKDOIFHOO6SHFL¿FDOO\
HOHFWURFKHPLFDOO\DFWLYHGHFRPSRVLWLRQSURGXFWVFDQFDXVHHUURQHRXV
VLJQDOVLQVRGLXPLRQFHOOV7KHSDVVLYDWLRQRIVRGLXPPHWDOIXUWKHU
FRPSOLFDWHV XQGHUVWDQGLQJ WKH SHUIRUPDQFH RI HOHFWURGH PDWHULDOV
F\FOHG LQ D KDOIFHOO FRQ¿JXUDWLRQ 6RGLXP PHWDO VRDNHG LQ EDWWHU\
HOHFWURO\WH KDV EHHQ VKRZQ WR FDXVH D FRORU FKDQJH LQ FRPPRQ
OLTXLGHOHFWURO\WHVLPSO\LQJDFKDQJHLQWKHEXONHOHFWURO\WHQRWMXVW
SDVVLYDWLRQRIWKHPHWDOVXUIDFH)LJ 

$FRORUFKDQJHLQWKHHOHFWURO\WHLPSOLHVWKDWWKHVWDUWLQJPDWHULDO
IRU 6(, IRUPDWLRQ LQFOXGHV XQNQRZQ GHFRPSRVLWLRQ SURGXFWV $
VLJQL¿FDQWDUHDRIUHVHDUFKIRUVRGLXPEDVHGEDWWHULHVLVIRFXVHGRQ
XQGHUVWDQGLQJWKHUROHRIWKHDGGLWLYH)(&LQWKHSDVVLYDWLRQRIVRGLXP
PHWDO DQG KRZ WKDW LPSDFWV EDWWHU\ OLIHWLPH7R RXU NQRZOHGJHQR
FRPSOHWHFKDUDFWHUL]DWLRQRIHOHFWURO\WHGHFRPSRVLWLRQSURGXFWVKDV
EHHQSHUIRUPHG$JDLQWKLVLVGXHWRDODFNRIVSHFLDOL]HGWHFKQLTXHV
IRUH[DPLQLQJDGL൶FXOWPXOWLSKDVHG\QDPLFV\VWHP1HYHUWKHOHVV
WKHUHLVDQHHGIRUFDUHIXOO\FRQWUROOHGH[SHULPHQWVWRXQGHUVWDQGWKH
LGHQWLW\RIWKHVSRQWDQHRXVUHDFWLRQSURGXFWVDQGWKHSURSHUWLHVWKH\
KDYHZKHQGLVVROYHGLQWKHHOHFWURO\WHDQGGHSRVLWHGRQWKHVXUIDFH
RI DQ HOHFWURGH 7KH VWXG\ RI QHZ HOHFWURGHV PD\ DOVR LPSOHPHQW
DOWHUQDWLYHVWRWKHXVHRIVRGLXPPHWDOLQKDOIFHOOV)XOOFHOOVDUHD
ORJLFDOFKRLFHKRZHYHUJRRGVRGLXPFDWKRGHPDWHULDOVDUHOLPLWHG
6\PPHWULFFHOOVZKLFKLQYROYHXVLQJDSUHVRGLDWHGDQRGHPDWHULDO
F\FOHG DJDLQVW DQ XQVRGLDWHG HOHFWURGH PD\ EH DQRWKHU DOWHUQDWLYH
)LQDOO\DUHFHQWDUWLFOHE\/HHHWDOSURSRVHVWKHXVHRIDVLOYHULRQ
UHIHUHQFHHOHFWURGHWRKHOSDOOHYLDWHWKHSUREOHPVWKHVRGLXPFRXQWHU
HOHFWURGHKDVDVDSVHXGRUHIHUHQFH 

Conclusion

$V WKHXQGHUVWDQGLQJRI WKHUHDFWLYLW\RI OLTXLGHOHFWURO\WHV
XVHG IRU VRGLXP LRQ EDWWHULHV LV LQ LWV LQIDQF\ WKH XVH RI GLUHFWO\
HOHFWURGHSRVLWHG PDWHULDOV IRU DFWLYH HOHFWURGHV LV DQ LGHDO SODWIRUP
IRUSURELQJFKDUDFWHUL]LQJDQGWKHQXQGHUVWDQGLQJOLEUDULHVRI
OLTXLG HOHFWURO\WHV DQG DGGLWLYHV WKDW FRXOG EH XVHG WR VLJQL¿FDQWO\
LPSURYHWKHRYHUDOOSHUIRUPDQFHRIQHZPDWHULDOVIRUVRGLXPEDVHG
EDWWHULHV :KDW ZH KDYH KLJKOLJKWHG LQ WKLV DUWLFOH LV WKDW ZKLOH
HOHFWURGHSRVLWLRQRIHOHFWURGHPDWHULDOVIRUEDWWHULHVFDQEHDXVHIXO
V\QWKHWLFPHWKRGLWLVDOVRDQHQDEOLQJWHFKQRORJ\IRUVWXG\LQJWKH
IXQGDPHQWDOVWUXFWXUHDQGSURSHUWLHVRIWKHVHPDWHULDOVLQWKHDEVHQFH
RI FRPSOLFDWLRQV ZLWK ELQGHUV DQG FDQ EH XVHG WR JHQHUDWH KLJKHU
RUGHUDUFKLWHFWXUHVIRUEDWWHULHV
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)඀ං . $GDSWHGIURP3¿HIHUHWDOZLWKSHUPLVVLRQ7KHVHDUHIRXULPDJHVRIVRGLXPPHWDOSODFHGLQEDWWHU\HOHFWURO\WHDLPPHGLDWHO\DIWHUDGGLWLRQLQ&(
DMC with NaClO4 that is representative of the other electrolytes tested and (b) in EC-DMC NaClO4, (c) in PC NaClO4, and (d) in EC-DMC NaPF6 after three days.

*LPEOHHWDO
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breaking impedance data analysis 
program or how The Washington 
Post referred to an article on 
battery safety in the Journal of The 
Electrochemical Society. Check the 
ECS Blog frequently for news like this 
and more!

2 CALL FOR PAPERS

ECS works hard to improve your 
user experience. Did you know? ECS 
implemented single sign on, which means 
you can log in to the ECS website with just 
one set of credentials. ECS journals now 
accept submissions of graphical abstracts 
for inclusion in the online publication of 
papers. Visit the ECS Blog frequently for 
news like this and more!
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