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NANOTUBE ELECTRODES FOR LARGE SURFACE AREA CONTACT
WQR\RPBBOEKTY ONS FI ELD OF THE | NVENTI ON [ 0001] TheCT/US2007/078230

i nvention relates to highly porous nanotube fil s,

met hods of formi ng such filns, and applications for

such films. BACKGROUND [0002] In the majority of

PTG SSA 20T SRR E A NONY BEEAL ECTROBES FORI E@kcmﬁpACE

the required cQRECEONIGHTF APPLIOATEORS! ! al Iy planar
(2D) interface between an electrode and the materia

bei ng contacted. What appears planar at |long | ength
scal es general |y aggyiy &6 THFARR & ATHNIat i on at smal

| ength scal es. Howe on is generally a
[OOPg]a;'I L ?"el“h% gng/grll L%eelﬂ e to%:;% h eoer(?r%&%rrl(l)t%%e f%li%lgt mh&Elocfs P)?Porr%ing such
wever .. nuirer ous | ications can benefit from an
ﬁhrégl ek appliggfo otﬁfsz%]?%[) is 3- dinensionally

di stributed. [0003] Exanples of applications that can
benefit from 3-di nensionally distributed contacts
include el ectrodes for el ectrochem cal reactions such
as for the production BACKRLEEEN from water and
Broton %Eneratlon at the anode in hydrogen fuel cells.
[0002] such In gispnsiestyi b lsviesseand peplecaiens reqififag elegyiead contact, the
el ectrode provides an increase in electrochenmcally
requiegyeqoataeicdepire divant cssepbrllystlanar dn peteifaco bstweethan ¢leptiodasrsdhe
el ectrode surface area greatly increases the device
maeepalsiingacmectedt Whatagppbdre atanang, losgbhgthsseley ganetally acquires
cells or photodetectors, where |ight nust be absorbed
somd tdrrugatéonse rsnatichett saatps) Hoedveorhis egiugatiorps seasliyng natural
built-in potential to drive the photo-generated
comBtq@eiide @ shetrntdria® radthbgle; fea@re spsdifitdllachyindeadahiotthd ih@ftce.
the extended active area volunme that a 3-di nensionally

HoheSéd induefhs SpREdibRdRaf aRn@ltoMbElean ”ctrical contact that is 3-
el ectrol um nescent device applications increased

din®HsibRES dRrBRAted.

[0003] Examples of applications that can benefit from 3-dimensionally distributed
contacts include electrodes for electrochemical reactions such as for the production of
hydrogen from water and proton generation at the anode in hydrogen fuel cells. In such
applications the increased surface area electrode provides an increase in electrochemically
generated product. For super-capacitors, the increased electrode surface area greatly
increases the device capacitance. Other applications, such as for solar cells or
photodetectors, where light must be absorbed within a semiconducting junction region
possessing a built-in potential to drive the photo-generated electrons to the cathode, can

similarly benefit from the extended active area volume that a 3-dimensionally distributed

electrode can provide. For electroluminescent device applications increased surface area
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to the active material can provide increased current

WO pjoeosisen, with concom tant increases in |igP€T/US2007/078230
generation. [0004] Recentlyz filnms of single-wal
car bon nanot ubes (SWNTs), which are electrically
conducti ng have energed as prom sing el ectrodes for a

ele&ﬁ@a@%m&g% g ac@PPIhfdtal RBS pro3iidinchda st &ﬁrémbﬁuecuon with
fabricated by various methods including a method

cordGRfAr RRELalR iPHE bSREMOY. S. Appli cation No.
20040197546 (hereafter the '546 application) to a
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of the nenbrane formng a film Subsequent washing
“’?éﬁﬁ?é%1?%@FHM5¥N§W%F§EF5H¥3mﬁﬁ??E“Hm9$ngn€oﬁ§bﬂﬂ&ﬁ¥§§ls
the nanotube film Transfer of the filmto a
incerppyater Ay aeigrenehiic be pegeitragBlicapt ity atiecty e Baglly. dbe Bethod
the nmenbrane nmedia to pernmt its dissolution in a
desgipiped ém thet Frigt app bgitipe cerpprisesati bigtigpnyoft hwrfgeyy tspspeesion ¢f SWNTs
which the transfer is made. Such transfer generally
ontp tlgcedas dby fiddiien imggibtane powedsmamperes backel fordho’ WhHE's to pass
filmto the substrate, followed by dissolution of the
threvehdbr ‘Eine namotibhe acamoden ass dleventice pOARSeBYNRe forhmmg 8 dfilm.
fabricated possess a tortuous path, open porosity in
Sutsbdqueht whdhingpemeses hedidvae surfianat, wWhels dayige dakolnds by fidnetube
over |l appi ng and crossi ng nanot ube bundles. The
filnnanmeingee st ten@int ® Heutsehit -udrca6itd Zgdirésndpprdprine | seBctidmadhthe
possessi ng a varyi ng nunber of nanotubes across their

meMbhd feliib WP@mﬁtQW disQol i QdSIveht (RAA) beloldnAROhyUHRE Substrate
approximately 3 to 20 nmin dianeter, with a typica

to \9&1@“@1& &an®dr is md&. Wikch Fhfer %e&m%r&e&ﬁ d0REEk AL ¥ embrane-
force mcroscopy (AFM image of "a typical 70 nmthick

bacidecl H&n%Hbe ik t()QHQ qalﬁﬁatgj R)’ﬂg%g(f %y dissolution of the membrane in the

chosen solvent.

[0005] SWNT films so fabricated possess a tortuous path, open porosity in which
the pores between nanotubes are defined by the overlapping and crossing nanotube bundles.
The nanotubes tend to be self-organized into bundles, each possessing a varying number of
nanotubes across their widths from a few to hundreds of parallel nanotubes, approximately
3 to 20 nm in diameter, with a typical diameter of ~ 10 nm. Fig. 1 shows a scanned atomic
force microscopy (AFM) image of a typical 70 nm thick film surface (bundles diameters

appear greater than ~10 nm only because of tip-sample convolution). This open porosity
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structure having sone of the desired, high surface

area, 3- dinensionally distributed electrical contact

Wi th another material. [0006] Exam nation of Fig. 1

hasSHE 988htfal td ploviiRiadSrubele Qe GHRS S Mg MANQL, WA subHRALEesS 3-
have di nensions of tens to ﬁundreds of nanoneters

dméﬁ&&%ﬁly dHMRNRlec kil oRhENERGRothS mAGE L Vol umes from
such surface |nages is msleading. In the film
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nanot u spersed In
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o P A B EnL R “éh S For fats Tt T e useta%%mcess
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pl anar orientations. The result is a filmnorp hoIo%y

aq‘\%‘&—?rsél?ff?nilﬁ% TheaFitst Digwiles i aad oa b it IHtryjoq faembrane suiface are
orientations, but lie in stacked planes, with two-

foregd i his icorsalial yasdel wole sirfirs. aPeqagseahp il icrwsor iagHifegn rate
polymer film This would suggest that the average

(with paspepo hungiestlpiag papsshese dgpasiedpmiene dkem)i spbsggaently deposited
direction perpendicular to the filtration nmenbrane

burslips fizke eon (thehsantetrilanknesantagipnse ckhieaesubifis ¢ Fibm friokphplogy svheigit the
of only a few nanotube bundle dianeters. This

nan@idby dhe asdumes pbweveenttiats, thhie linamostedked andb,ewithr evo-
rigid rods. [0007] The nanotube flexibility, and

dineusid@t enisnepgyintilanion Hatidlenietyd papmereiln\ i swodd Biggedt that
causes themto maxim ze their contact, acting to

the favlgrbhfedimefGbiCef thhpses pateenvidnd¥ESin theAlifpfdadt pdrgdntiélar to the
measure of the available porosity is given by a

filQAHP afchbeine AhrfhdeReh@ikBlsk Gakctiodedtsthe i@, i@ tRe%AGARAL few
cl ose pack array of nanotubes (using a prototypica

nanbiude BuiiR didine@Rt erhil Hiysil AsuBROREWMRE) thaidle hiiRtube bundles are
experimental |y derived density of a filtration nmethod

rigii@6d¥ed SWNT film The former is approximately 1.33
g/cnB while the |atter has been

[0007] The nanotube flexibility, and surface energy minimization by van der Waals
contact causes them to maximize their contact, acting to further reduce these pore volumes.
A quantitative measure of the available porosity is given by a comparison of the theoretical
density of a hexagonal close pack array of nanotubes (using a prototypical 1.356 nm
diameter (10, 10) nanotube) and the experimentally derived density of a filtration method
formed SWNT film. The former is approximately 1.33 g/cm3 while the latter has been
measured to be about (.71 g/cm3. Hence the as-produced filtration method described in the
'546 application produces SWNT films that achieve nearly 53% of their theoretical

maximum density. Since this porosity is generally uniformly distributed throughout the
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theoretical maxi num densit4. Since this porosity is

generally uniformy distributed throughout the WO
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filnP QR avel ol PBrel WIARNR! ddeYallQfor @ stie @t ih@halled eMBhdrn average
even than an average bundle volunme. [0008] There may

buR® Widhd ty to infiltrating the porosity of fl|ﬂB
produced using the process disclosed in the '546
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ut et “BIEEt réde app ons:
ti t ed th , ,
nanagsg)%snassel%c rofl‘%g as SV%]? :ﬂge %Bad]l %’%% ?ﬁ ﬁ%ﬁS% p?)g\% lg&lgin%? gﬁi}lty of this

at | .
suogfo {6 e B 5@%@{% AR Ren Rt P ol epitaicas apgsiped
dynam cs for perneatin chen1ca| speC|es into the
witfy 6]% praalppore r?ézefd[el’?i’éls O3By PRECITCHPPRGHAR VU BRIk mitations
reaction products that nust get out. This will limt
beipgds fpHdfuct i on rate of the desired species. [0010] 2.
As photovoltaic el ectrodes, which are infiltrated with
[0089)semi c dndyctlestrochenggal g]@ﬁé?dm gy anablupdres- yipld séave dynaglics for
at the nanotube-sem conductor interface, wherever the
permaroguthemicdefienien inte e yowres of ihe filinshagainat De ypenteremayn of
proximty of each other, their potentials will screen
reaganhprodurer thatr mdsicgengut h&hisovidnlirialtheypaduceint raSiafiglee desired
that potential gradient provides the electronotive
spetiog.ce for charge transport away fromthe interface,
such screening will |limt the photo-current and
[ootdmer ef one AshgoRRVERLc gROEIdRE, 80hiEly atehi@fiplet ovigl & &bGiconductor

devi ce. Thus, a need exists for nanotube and/or

thaN 3&HR¥Aek & il I pHemian@t MHedhsube¥dli®n@ictor interface, wherever the
nanotubes defining the pores lie within a Debye length proximity of each other, their
potentials will screen each other, reducing the potential gradient. Since that potential
gradient provides the electromotive force for charge transport away from the interface, such
screening will limit the photo-current and therefore the power generated by the photovoltaic
device.

Thus, a need exists for nanotube and/or nanowire films having higher levels of
porosity, significantly higher pore volumes, and a higher ratio of surface area to film
volume as compared to films produced by the method described in the '546 application, or

other methods of nanotube film fabrication such as spray coating or Langmuir-Blodgett

assembly.
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[0011] A fuller understanding of the present invention
[OOTf'Jd the At QAfH ﬁ&ﬁ:rs@e[ﬂ%ng%f%ﬁé ﬁl%sen{ Hl@éfﬁgtl aYMi Itﬂe i*é?cures and benefits

acconpl i shed upon review of the follow ng detail

o1 R3O0 SRR i o
C based on the nethod dlsclosed
meagmywaﬁ %ﬁ%ﬁwnﬁiﬂn“l$%n The col or-graded, vertica

00f § on, Tl TS A DM ap Yy Ccufﬁ"ﬁfﬁgﬁiﬁﬁﬁfgﬁed on the
: 2 ned AF
el o B el yeriafi” sOhaP e 68 saitehy iy scannca

. accordlnqkto the invention before and aft
”mﬂFggﬁP&P?ﬁﬁs%@uPﬂﬁm'%W?@F?P@H%(fQBH@F@§3C¢$P”§@aIes
are the same as in Fig. 1. Note the far greater
[0002) t i calligras P@EYiaadh éB)afge scaprRda @] imagas o€ 2 Pelypipiesae FiagEWVNT
shown in Fig. 1. [0014] Figure 3(A)-(C are scanned
conpipoisite fHlm AFgirding e theuinf ensien hletors ast afger stissalyipml of GWiNPlystyrene
film a conposite polystyrene sphere/ SWNT fil m before
sphsphepl sdilsssat uhé ermeaeacor Hignd. Nae tthee far rveatetr iveniicalavegiations as
after sphere dissolution, respectively. [0015] Figure
condyfafd tare sC@nedimegschnwe th Bigahni ng el ectron m crographs
(SEMS) of a conposite nanosphere/ SWNT fil m before and
[0024] er nanaspBeN)a(Yliass alatiiddaiedy AFPEGhide¥ &hface ptbiglof a standard
resol uti on AFM i magi ng shows that what appears in Fig.

SWAN)iInt, @ Bfpasife Poys@aE sFHRAISWIT fils Heforé dthbreRRA6IuMon according
resol ved nanotubes. [0016] Figure 5 conpares the

to BORVEHioRS and RAEDBh &t BkRAHohNedfe@illcly. a5 a function of

[0015] Figure 4(A) and (C) are scanned scanning electron micrographs (SEMS) of a
composite nanosphere/SWNT film before and after nanosphere dissolution, respectively.
High resolution AFM imaging shows that what appears in Flig. 4(b) to be a thin over coating
is in fact poorly resolved nanotubes.

[0016] Figure 5 compares the amount of charge stored (in uCoul) as a function of
time on two electrolytic capacitors, one comprised of two porous SWNT film electrodes and
the other of two standard SWNT film electrodes. The curve shown is the instantaneous
charge on the porous film device divided by the corresponding instantaneous charge on the
standard film device. The same mass of nanotubes per geometric surface area is exposed to

the electrolyte (0.1 M KCl) in each device so that the only difference between the two devices

is the morphology of the SWNT electrode films (porous versus standard).



time on two electrolytic capacitors, one conprised of
two porous SWNT filmelectrodes and the other of two
W e@Rd3asey SWNT fil m el ectrodes. The curve shownCT/BES1008078230
i nstant aneous charge on the porous film device
di vi ded by the correspondi ng i nstantaneous charge on
the standard film device. The sane nmass of nanot ubes

[00REI 9EeOmBlyd & swsftﬁ@{sauaroe fhel cﬁal%é‘ BR 8 Gokds flthﬁ% the charge on the
electrolyte (0.1 MKCO ) in each device so that the

staiRfldy flﬁiﬁ fag %rﬁﬂ&f‘on betige Buﬁr&etht% \Qosegﬁl\ﬂ' (ﬁ&‘ﬁargé %yél@ &rom the data in
mor phol’'ogy of the SWNT el ectrode filns (porous versus

Flg@[eafp d %g )pohoY{p f&gocigqqg ?f§ §e%n FE%%S% Q e(cRZIﬁg :'EIQ e@ce{egé) thl] of the

igure ows the ratio e charge on t he por ous
Sm¥bﬂpﬁ%§%wg Q%%gedgplLgethztgngzggnglLFLCﬁZrSe cycle,
seen 10 have a Capddi FHER 9%{@18%0&\3351 hat of the
007B515] " G B PN R g bR %P%Eﬁa%?%%%ga\'mﬂlfwm s
in electrode applications is their gh surface area

theyr hiehestrelpgerarqadpr demviicat fontage rdF@Ylﬂ% frf)‘indlfﬁlf papscaliarid§e aawever,
wi dt hs. However, as recognized by the present

as 1ppRzared P the Prrsens ZveRigisethe Pifpsubs ddaeRassqseless pRspsiyi angl therefore
and therefore |ess accessible surface area than nmi ght

lesgpaccespiblesiupiadeerca tBasaithobe anticipatadhdBrssd an dhingnderstandipgdsmethods
are described herein for form ng highly porous

are rfigstoiberb berein fna fromingehighly perotio ninvotbe ag @andyare films to increase the
accessibility of the nanotube or nanow re surface area

accamsibility of the nedayuberx naioznére tshigace ptee nAdE thérebycomtimct: tarie@rfacial
and vol unme between the nanotubes or nanow res and

conitdaf arkd #ratvethnieticevdealis:. nahQ0HR jor Aanoeirboshdfinfitrhod mategals.
por ous car bon nanotube or nore generally nanow re

[00f9] MB CQUPkinSE Sorl BENISE PPBuOEarb@N MHnB@bEOCABRAShdr Iy hdnbBwire
conprising (i) carbon nanotubes or nanowires and (ii)

filnSA@hiphik &Gl (B stBRNIRSMEAE h 8SmAsitdkiGh OPdpdied art®f thanotubes or
renmoving at least a portion of the sacrificial

nan@@’ﬂ@zpﬁﬁ& Ii¢) ?a%rlﬁ&alnhﬁlroﬁﬂﬁéltes! of %ﬁc&ﬁ%l&shean@ QBRORAS @t least a
Imto forma highly porous nanotube or nanow re

por{lbﬁ Ot ihE keicﬁﬁcﬁﬁ?aﬂgﬁgrﬁ}gest& Iﬁlbl%pérﬂé/lgg]fré)rﬁ '?heogo‘ﬂl\ﬁog% film to form a

highly porous nanotube or nanowire film. Films according to the invention provide
enhanced pore volumes and high levels of accessible surface area within the body (volume)
of nanotube or nanowire films. Resulting films have been found to provide both high
porosity as well as high electrical conductivity.

[0020] In one embodiment, sacrificial particles of a uniform particle size (uniform
defined as + 5% of a mean size) are utilized. In another embodiment, a variety of particle
sizes is used, such as a distribution including both nanoparticles and microparticles.

[0021] As used herein, "nanoparticle” is used to refer to particles with at least one

axis less than 100 nanometers. As used herein, "microparticle” is used to refer to particles



enhanced pore vol unes and high |l evels of accessible
surface area within the body (volune) of nanotube or
Wmm2008/083889 fi | ns. Resulting filns have been fourdI/Us82007/078230
provide both high porosity?’as well as high electrical
conductivity. [0020] In one enbodi nent, sacrificial
particles of a uniformparticle size (uniform defined

witBSit 19% 6fe &iiBRRveSh 460 ndhidndidr lahdQdo rhibrodRRENEAIthough both
enbodi ment, a variety of particle sizes is used, such

nan%ﬁarﬁclgé &trﬁﬂclkgﬁguhg’l@s éa'ﬂ h@él%e%&&wﬂ@ﬂﬁ@ﬂeﬁﬁ&l @&h%@glcles will
mcroparticles. [0 used herein, "nanoparticle’

be #e?enlégf? etré?liéselga%g @cl&%lt éo‘ﬁl/fgﬁen% th at least one axis

ess one ers As used herein,

0033h,57 05 3ueb sl BB S b Byt T hifup lg L STt hgoveen 10
nerRBgH TR o E%E‘%?ff A2 5o s BhEIET g mvenion

e use ntion, such particles
canljipy 4 316@¥%e%‘?eé\y?eé1§0tnan%ﬁt%? GBS 1 ol e 1 or
conveni ence. [0022] Nangparticles useful in the
moﬁﬂes ent 1P AORAPPEM ek fhe, lFwingrsiepyqas coapiissndopgsiting the carbon
nanoneters and 100 m crons, inclusive. The
nanghep &F NRroMeiss 38 ke sicrilieinlngonateles. i fy @pathesrembogiment, the
have a di ameter between 10 nanoneters and 100 mi crons.
formp@zsip ¢an onwristrplrdnatiea depasiienfabropibay ngrasybes gn nanowires and
conpri se codepositing the carbon nanotubes or
depesiionpfrthesaanticitlhenepadicicki ci al nanoparticles. In
anot her enbodi nent, the formng step can conprise
[0024]t er natlh ¢t wlethoserhba@imaoi, thafdymmgraepotontpeisesor filtration method
nanowi res and deposition of the sacrificial
bastd@ oo plad filuaties mefHdd 28} cribad yretheafuxt hyglic vl o diteefiltratidoh@ethod
form ng step conprises a filtration nmethod based on
corhftBed probitimkia0fdrés ti@thraRsGikpdaesh 4 plufadies ofSAfotubes or nanowires
application. The filtration method conprises

aloRd Qvth GhdGhcAfiRAMRANSaNRIRIAD R, solliidRahS kAGtich ML) laf aRlone
nanot ubes or nanow res al ong with the sacrificral

surﬂt@@ %pa@ﬂfzh%l @sent MHO pReveddt RN nardoRBes Ak Uﬁah@xﬂlrésn GhH dhRicial
| east one” surface stabilizing agent for preventing

nantopﬁtlaég]ﬁ‘&rﬁ th%%cu@e{tmg 2Reuf sru%ﬁanﬁaﬁi, a%ﬁ@[ fih&idhltion to the membrane,

and removing the solution, wherein the nanotubes or nanowires and sacrificial
nanoparticles are forced onto a surface of the porous membrane to form the composite film
on the surface of the membrane.

[0025] Using the filtration method the sacrificial nanoparticles and the membrane
are chosen so that the sacrificial nanoparticles are too large to penetrate through the
filtration membrane, but small enough to co-deposit with the nanotubes during the film
formation. The filtration method film formation process can proceed with the nanoparticles
in a manner that closely follows the corresponding process with the nanotubes as described

in the '546 application.



nanoparticles fromfloccul ati ng out of suspension,
applying the solution to the nenbrane, and renoving
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sacrificial nanoparticles &are forced onto a surface
of the porous nmenbrane to formthe conposite film on
the surface of the nmenbrane. [0025] Using the

[ooﬁs]l trati®pe m%tr&gﬂmg h&m $AECHdeh wamh t@ﬂ:ﬁ%p@fh% lo@de8Ssu@élant and
he nenbrane are chosen so that the sacrificial
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Itration menbr ane, but small enough to co-deposi
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rati n met OfﬂHtIOﬂ process can procee
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nanopartlcles or. microparticles randomy entrapped
bybéﬁﬁ%éﬂf?%@O%ﬁﬁﬂPﬁﬁ%gm%%ﬁﬁPr‘Wﬁ@ﬁ?%bPW€h6§u%%¢¥@Pﬁ¥E%ng
the surface of the nenbrane. To generate the
Prop¢segs e alfiefie waseaotvibe ditsatipntasthod: Hee Framulubyeces o8 acappbefore,
formation step is utilized where the sacrificial
duringres péertai tiangler ite flantpwesebstipigm the film [ 0027] The
sacrificial nanoparticles can be renoved after
[0028Inposi tle af filshrdngrvalatinbmlimény, eefarsdi totag difsomgpimoidis sacrificial
i ncl udi ng dissolution, evaporation, pyrolysis,
nanopardetd on mivrogiadidsngleced doessege sbiubichia hasemofsolvire as the
filtration nethod, the renoval process can occur
filula@bror@embrany iong whichatieerilm tsr &sisk@r dafet herificihimnbparticles
substrate. [0028] In a first renoval enbodi nent,
simuRiRbisBH ik aSduding 8@l difsbR0on bhe SiR@ibirdnk Gh &le transfer of the film
nanoparticles or mcroparticles selected for use are
to tOlupbkLe 1 N the sane solvent as the filtration
menbrane on which the filmis formed. The sacrificial

[ooBgynopar trh Gl s%§ond%ﬁyl/aﬁ Q:Hl%@&‘iﬁieﬂt dirssQd N)easdéﬂéﬂlﬂgg it th€ sacrificial
di'ssolution of the nenbrane in the transfer of the

nanobz;rmles selected for use are insoluble in the solvent used to dissolve the membrane on
which the film is formed, the particle containing film can be transferred to a substrate and
the sacrificial nanoparticles subsequently dissolved, etched or vaporized away to yield the
desired highly porous film.

[0030] In a third removal embodiment, if the membrane is not adversely affected by
the sacrificial nanoparticle removal method, the particles can first be dissolved, etched or
vaporized away and subsequently the porous film transferred to a substrate followed by
dissolution of the membrane.

[0031] The method can further comprise the step of doping the SWNT film as

described in the '546 application to provide either n-doped or p-doped films. Dopants can



to the substrate. [0029] In a second renoval

enbodi nent, referred to as etching, if the sacrificial
Wom2008/033889 cl es sel ected for use are insol ubl e PEIT/UR®07/078230

sol vent used to di ssolve the nmenbrane on which the

filmis formed, the particle containing filmcan be

transferred to a substrate and the sacrificial

be BAORRRIM HaBszeSUAREARAN hleda1sdbS 80feV&Ehpl &t HIDREUIA! species all of
vapori zed away to yield the desired hlghly por ous

whfch lcgﬂ b(LrQloi%Qi]caliyr‘tOQhé Hén%glbéﬁﬁ%\(ﬁhe dﬂra{ﬁ@i@f or kefn bd'Bonded by

nbrane 1s not adversely affected the sacrificial
[
norgé{\]/gl@ﬁ'tr 5ptlo s&.l: ngf 121t C cﬁl&nsg?l{)hggg%% :afzﬁerg@t%nsf& ®r (fjtﬁﬁﬂf cfah E(?\Ialently
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t|on of the menbr ane.
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be sel ected fr.om hal ogens and alkall netal s or
theqry npPBRYCaRS | RERYifl Fhes pecppisms (beligyed tgbe dﬁ’e@ﬁﬁ ‘6‘6‘% eXPlam the
ionically to the nanotubes upon the charge transfer,
clegsficad RFPPBRICH 6h RS dgordimgrio diavenion piThe ek jmggdance to current
interactions, along with a charge transfer, or finally
flovs aiha aenpsibe rftlmyoccmjs) Adchagge tgaspRE APNL A ube ma@bgube (the on tube
effecting the charge transfer. [0032] The el ectrica
resigongu st bovintugh ofinadlpre thfap | torke-thbp eladgach resistencde glhae etho fformer is
porosity. Although not required to practice the
essgtigBe negliginle ntiNMonowndhe emalivr sliv ongritp béevebro twrdndnotubés i the
t heory, Applicants provide the nechani sns believed to
filnl ehe @perea lea mphdanbe @xhh@e mratspert balveat thealncprapert le€stance”
of films according to the invention. The main
depeipedasedy b thalbfe@ N thd baack.n Goniapatybe friol MNBCEUHS same
in charge transport from nanotube to nanotube (the on
gednkbli® aréfE Had GO 1% BMe GUATTHSERLY) @I nidd@bed, WhBreld iR film is a
"contact resistance" that the former is essentlally

stafREl 18 iRh 8) desMMAQY e, 54 pRERbA Shild 8 oBNELs|a3HRr A VR Blde
two nanotubes in the

as described herein, then the porous film, in order to encompass the greater volume of pores
must itself encompass more volume. Since the quantity of nanotubes is the same, the only
way this can occur is if the nanotubes in the porous film possess less overlap with each
other than exists in the standard flat film. The porous film will consequently have a higher
sheet resistance. As shown in the Examples below however the change in sheet resistance
in going from the standard to the porous films is not increased to a degree that degrades
their utility.

[0033] As described above, prior art films possess a morphology in which the
nanotubes tend to lie parallel to the plane of the film (2-D ordering). The nanotubes in the

porous films however possess a more 3 dimensional morphology in which many of the



filmthe greater the inpedance to charge transport
bet ween them since "contact resistance" depends

WO p0080338BYy on the area of the contact. Consequeeit/U§2007/678230
two filnms of the sane geonetric area are made from
the sane quantity (mass) of nanotubes, wherein one
filmis a standard flat filmas described in the 546

nardRiPkd 1ERL bfitedMHld I@n%tﬂseth‘é.’tt DEbridnfeddeRRAAUS ard tb [0 pIRASL dRSfilm.
descri bed herein hen the porous film in order to
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orous f.i ncr ed to a_.degree
cuchyiehiud POiRy vy Yy aaqf o5 Racndhs aarcrlﬂglalgm?ﬁéﬂc & are
rior art filns possess a norphology in which t
re”% ?fg{%e@ ‘fhé%‘PHmPg) fege saearer e a""’tt’&nt(ﬁ@ ‘?ﬂg%edeB?ndt%eupon the
film(2-D ordering). The nanotubes in the porous
parfile pgeppdipapat hseuisedis nangighes ary Willasddockad rogﬁ@?rp His1cBgyige in
i n which many of the WD 2008/ 033889 PCT/ US2007/ 078230
the Belimanrimabids Herpbolagpiaa b aBtle | engt hs that are
oriented perpendicular to the plane of the film This
[0034] necedsidnat @ebddymdnhetht alhm tchesisty msseially orfpesd. te 95%) the
films, prior to dissolution of the sacrificial
nanoguheparmanelies, Homeveramatheb esbalimemsidms hevoglagy to fthecinadntion
nanoparticles on all sides in randomorientations,
canl mclude intigruieh @f masdtaes antaiandwiess permpenadéscofl @notvaed bedistinct
pl ane of the conposite filmupon its formation. Once
mafehi8ls CiaNpYSs ptoportibh Ndckiged. orrrdfilnize caianRd UbEsdd o€ komea@dttion
other into position via van der Waals forces. \Wen the
nan®p&tititd Gh@dre AANARAT A Gh@parBéifate IINB V@R {Mif: oftde final porous
di ssolution) there is some relaxation (the degree
fiiependi ng upon the particle sizes), however because
t he nanotubes are stiff and | ocked together, the

[Oﬂgﬁnge e ﬁd?&l@ﬁglilsr@ﬂﬁh QR&h bt ke Hﬁ[o@h@ﬂa%ﬁ(reﬁ@in oP&andard
nanotube films. The degree of transparency depends however on the sacrificial
nanoparticle sizes used in formation of the films. For two films one standard and one
porous that contain the same mass of nanotube material per geometric surface area the
absorptive, nanotube material, path lengths through the film are the same (ignoring
nanotube orientation dependent complications) so that the amount of incident light
absorbed in passing through each of the films is (to first order) the same. The light
transmitted by the porous film will nevertheless be lower due to scattering of incident light
out of the forward directed beam. In visual observation such scattering manifests as a

haziness of some porous films. The scattering occurs because the film is comprised of



[0034] In one enbodinent, the filmconsists
essentially of (e.g. > 95% the nanotubes or

WO 2008/08388%6. However, in other enbodi nents, filP&I/US2007/078230
according to the inventioniican include m xtures of
nanot ubes and nanowi res or m xtures of nanow res of
distinct materials in any proportion desired. The

dis{iint1BmEeM1al BOndndRbbdshd Be 80 Med LAY ResBNARMCE {HALRS of
that are not sacrificial and participate in the
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porous films retain nuch of the optical transparency
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sane. The |I? transmtted by the porous filmwl|

nechidly dpEmeasl fesalaswelt appligatiogs %Cé%\ftrtnéroff Hghtdgropghepithe film is in
l'ight out of the forward directed beam |n visual

fac herefigial ibeefus éth PE et addingnalremPPBENidcs olor Jighh Absoietipg.  In
of some porous filns. The scattering occurs because

applibaions hete fazegsrprdesicablothe WP OBy P8ERES infiltrated with a material
PCT/ US2007/ 078230 11 dissimlar materials (the

otherathat eibe$haimdex hlerefragtiohiolf ke vaenid mapeswedlgiliegloser to that of
di stinct indexes of refraction. The degree of

the maadttles | srgnigbpenciond td He sei Sechoihdéxh@atciihg pogéndéde tintasacial
inthe refractive index, relative to the wavel ength

reflodtichf eespadibdd fodnbe Fa@rteringO@erdby Walidifg hily BazpOrixdmplef ofl this is
the sizes of the inhonpbgeneities are thensel ves too

prosied by tee p&SH filnh imSdadsis Ih8R00fnm VacSifiblaB prti@Bd) ,immersed in
however, statistical variations in the density of the

meBfbl WBlMPéxqilﬁnt@'é%lanE ﬁ(ﬂf&ﬁlg\ﬂﬁﬁaﬂl@ﬁ&ﬁ slﬁﬁﬁ%f"hﬁs% & RAUGR,).
some scattering and inpart some haze to films made

[00 ]t h 200,810 $ 26fdali 'aﬁh)aé)f FRGQP %[sﬁib‘ﬁteﬁ%1ec£)§(féea%gfl&go&r}hat can

e application, such scattering is not

benefit from enhanced pore volumes and high levels of accessible surface area within the
body of nanotube or nanowire films according to the present invention. For example,
applications involving electrochemical reactions including their use in fuel cells can benefit
from the invention. Also, applications involving charge storage, such as capacitors and
batteries can benefit from the invention. Moreover, applications involving charge injection
and applications involving light emission, such as photovoltaic conversion can benefit from
the invention. Finally, products that can benefit from the invention include, but are not

limited to, super-capacitor, battery, fuel cell electrodes, solar cells, and solid state lighting.



necessarily detrimental. In solar cell applications
scattering of |light throughout the filmis in fact
wWhewehsssal because it provides additional PCT/US2007/078230
opportunities for |ight abgarption. In applications
where haze is undesirable the filns wll typically be
infiltrated with a material other than air. The index
of refraction of such mategiahpmy naturally lie
closer to that of the nanotubes, or mght be tailored
to do so. Such index matching avoids the interfacial
reflections responsible for the scattering thereby
idin 1S 1h SV ~
00370 s s N R g IR RS ok Srip KL ik o
. rticl i rsed in _nethangl, which hibits a
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from enhanced pore vol unes and hi | evel s of.
embodupeny %P%Pa%ttfﬂegéii%‘é‘l’%ﬁﬁé B° t¥fﬁ‘i1erfla{“ﬂsg’ﬁer8% g ‘ﬁf%‘?ﬁ}%t?liﬁ ghabout
or nanowire filns accordqu to the present invention.
200Gyp) aad é‘lll‘;b"}t‘éfl me&'{?ﬁl“?%‘éftai TS ?W@PQ/‘?SFF@ (Kt peheiofcaing
reactions including their use in fuel cells can
solydpfacetons wegprtilved hlegitandin of pnosphersp picdees batsd on that
i nvol vi ng charge storage, such as capacitors and
estiteddp faaw appriaxipwtedy § mohelayers Héicxagorm clophpackssh @epepheres
applications involving charge injection and
(~52p pini teigk ivgthentinpnotibes )n d'he Dedntityerfingitghes used ohas gt calculated to
phot ovol tai ¢ conversion can benefit from the
formravidmt~80mm thickad thy abson@dyi dtemnathdrpbereafiden) thofvs @ seaniesl
invention include, but are not limted to,
AFBLipage caxpaciti@site flat fvefaye priod el disseldtioe bt pogegensdphats on
cells, and solid state |ighting. WO 2008/ 033889
the RN QOO (B3O filhPrdns@AP IFasire 108 s h bcag@umdgdds the film
understood that the Exanpl es described bel ow are

aftdR (1R a8 S8r drQke filhd (b USodth M B bRARS Surti3 whidFo&os et i n
any way define the scope of the invention. [0038] As a

pol & jf}@lﬂa'—:s hatd RRe BfsdiNG. PI8RSBla) (@) MR chRd HRENWFMNRage surface
ilTtra h I

ion method enbodinent, nanoparticles conprises
pbgggﬁﬁg?&§BﬁﬁgfﬁQﬁQﬂ&ﬁ%ﬁ»LQQk&ﬂkﬂldlanEtefS of about

and I'tration nenbranes of a mixed cellul ose

[00§§]t er ( ]Iplg o0 BRI I%ﬁgwing %erhiggliuﬂgn of the nanospheres in the composite

films, and their subsequent solvent washing to remove any residual polymer, the films were
dried for the purpose of imaging. Because liquids exert surface tension forces as they dry,
and these forces tend to collapse flexible nanostructures, it is anticipated that the film porosity
and accessible surface area before drying is even greater than what was observed in the
images taken. If maximum surface area of contact is required between the nanotubes and a
second material that is to be infiltrated into the porous nanotube film, it is important that,
where possible, such infiltration occur without drying of the nanotube film following the

nanoparticle dissolution.



soluble in acetone were utilized. The quantity of

nanospheres used was based on that estinmated to form
wappsosdssat el y 3 nonol ayers of hexagonal cl oseP@HUR®A7/078230

(hcp) spheres (-520 nmthiigk w t hout nanotubes). The

quantity of nanotubes used was that calculated to

forma film-80 nmthick in the absence of the
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the conposite filmsurface prior to dissolution of the
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dried for the purpqgse of imging. Because |iquids
thegefoae Herenfs Qi Bhetr dWETIEHIOP Bituy ™ 48 Ppy adpyy cogpyisph digellat and
forces tend to col |l apse flexible nanostructures, it is
porgft filgs e tradhatihe Heicimaniioay B paye badidlaeeey iBptgrial. The
surface area before drying is even greater than what
porgiss fith 9 thie @x4pple s magagemet29Remn ppiystyeeré neheresumhighevere
area of contact is required between the nanotubes and
diswlved ewendurimgtiey filal trankfat tojits stlgstiae (Myfarr Far bathddmp nt dthphgh the
porous nanotube film it is inportant that, where
filnposmiddied, ths saghe massi oft maadiubes @C @uomenit katice dregi thg pabus film
t he nanotube filmfollow ng the nanoparticle
sheeli 88 athitki v . mA 20 30BBEB L REST/ NS2RRTaldSR30is 1dkGer than the
[ 0040] To neasure differences in the sheet resistance
shebefeviieiteSirand ekt €1p 07 P Wssqudrk), e detkne, sbwadarid not very
(flat) filmand a porous filmof equal geonetric areas

largbedoBsill @ndBfat the MOKLAE o ALpIBSSHIR] w ré@h&Elya0o nhhehick,
l'at filmthickness was approximately 80 nm and its

nea%lp %Qfmeﬁ% RaR} MAF haf SUR ﬂ&%%h‘heﬁeﬁée' idd ﬁdf%usvi’ﬁl%s Hﬁﬁ%ﬂé{necge Ingjor
be -7 2/ square. It should be noted that nanotubes

fra&i%iof{h@goQ%\cthgrdfﬁle%&'ngaré‘hﬁnsd‘)ped by the acid to be
p-type conductors,

[0041] As a quantitative measure of the enhanced accessible surface area in the
porous films electrolytic capacitors were fabricated using two standard SWNT films as the
electrodes in a standard film device and two porous films as the electrodes in a second porous
film device. Each electrode used the same mass of nanotube material per geometric surface
area, and the geometric area of each electrode exposed to the electrolyte (0.1 M KCI) was
0.866 cm®. The standard film had a thickness of 80 nm. The porous films were of the same
type as described above, made with 200 nm polystyrene spheres (which by themselves would
have resulted in a hep close-pack thickness of 520 nm). The capacitors were each charged to

0.5 V for 180 seconds. At the end of the 180 second period the potential was instantaneously



but also that the degree of doping can change with

time. The resistivity of the nanotubes therefore
waele@ensisson their purification history. To ensRCEUS2007/078230

fair conparison the flat and porous filns were nmade

at the sane tinme, fromthe sane batch of nanotube

material. The porous filmof this exanple was nmade

swithbd Gyid@05 BR) BOLNSIoUE R 8w S RSB SfterMHiGNh¥WBEEntial was switched
di ssol ved away during the filmtransfer to its
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conductivity of the standard filns. [0041] As a
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surface area in the porous filnms electrolytic o

megsyreAent P ¥ deteiear padinre Relggudhat fy stiierestea it B gtalydfilms is
films as the electrodes in a standard film device and

nottagggsplle ersthat thigsanale grepsly dnceeseddiyele methedsglsscaibed Brse-ous
filmdevice. Each el ectrode used the sane mass of

[0042Inot ubeAsmdtligipna kxgemesgeenanat adddiogushaidisial parede syaehstahé
geonetric area of each el ectrode exposed to the

nanepaGtle ainytvel ri@hdds MrekiShgribpdhbelow. 866 cnR. The st andard
filmhad a thickness of 80 nm The porous filnms were

1. Sificatrhsomaivies disyglecddsy Ilescri bed above, made with 200 nm
pol ystyrene spheres (which by thensel ves would have

2. MRGUhinepartifledifyoped bpsad, Radkas tzinc akmgasicRE ddMvaamy H(The
capacitors were each charged to 0.5 V for 180

3. PesflGizatn dripelyeREc pdrtitiBeuskBAnsesitndedpiid ctbe.
potential was instantaneously WO 2008/ 033889
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volts for two seconds after which the potential was
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conpares the anmoun charge on each capaci tor
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invention. Other aspects, advantages and modifications within the scope of the invention will

be apparent to those skilled in the art to which the invention pertains.



charge on the porous filmto the charge on the
standard filmfor the discharge cycle. The ratio of
wa2eg/0sserhed at -1.25 seconds shows that thesECPUS®OF078230
films have 42% nore accessitble surface area than the
standard filns. Because the porous and standard fil ns
expose the sane nmass of nanotubes to the sane
el ectrol yte over the sangrgpggetric surface area, the
measur enent provi des cl ear evidence that nmuch of the
surface area in the standard filns is not accessible
and that this can be greatly increased by the nethods
d ESLIA Bgtg (hf?)'i ?ormin%ga%?%us @&b&{mnbiu%@ nafiHIP %ﬁlﬁ’, clﬁtﬁa\éﬁh%d
addi'tional” sacriticla particle systens and
int@gnoparticle renoval nethods are described bel ow 1.
iI'lica nanoparticles dissolved by HE 2. Metal

nanoparticles di ssolved. by acid, such as zinc o
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of Iyneric artic“gs using the ceiling tenperature
nm@??ﬁ@?.mﬁfﬁﬁﬁ iclp$. 4t 5 be understood that while the

i nvention has been described in conjunction with the

pr eFBPYIBY ApSER PITHORAEYi 1RTRAE IR OF RiroPattics ffopsaid film to

foregoing description as well as the exanples which
fOHiﬂ@ihlgW BOFRUS RPIPFed neRpWira 8% rat e and not linmit the

scope of the invention. Ot her aspects, advantages and

nodi fications within the scope of the invention wll

be apparent to those skilled in the art to which the
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15 CLAIM5s 1. A nethod for form ng porous carbon
codapmgingseid oarboamowiubes drinhmeyires laed st wicrapedicles nr saiat :

form ng a conposite filmconprising carbon nanotubes
nanoparidesOowWi res and sacrificial nanoparticles or

m croparticles, and renoving at |east a portion of

said nanoparticles or mcroparticles fromsaid filmto

forma highly porous nanotube or nanowire film

3. The method of claim 1, characterized in that the forming step comprises

alternating deposition of said carbon nanotubes or nanowires and deposition of said

microparticles or said nanoparticles.

4. The method of claim 1, characterized in that the forming step is
characterized in that:

providing a porous membrane;

dispersing a plurality of said nanotubes or nanowires and microparticles or said
nanoparticles into a solution, said solution including at least one surface stabilizing agent
for preventing said nanotubes or nanowires from flocculating out of suspension;

applying said solution to said membrane, and



2. The method of claim1, characterized in that the

formng step conprises codepositing said carbon
WO20000843€5 or nanowi res and said m croparti cl eBCDUS®AT/78230

nanoparticles. 3. The nmethad of claim1, characterized

in that the formng step conprises alternating

deposition of said carbon nanotubes or nanow res and

depesiblihg® E‘al@goh%ﬁin whéFkif rs&l@ %ﬁﬂdt&)leﬁ §r Rho®@dstind microparticles or
nanoparticles. 4. The nethod of claim1, characterized

said ﬁ‘an%f‘zﬁ'ﬁcl&sha@e fo?cremoﬁg SufReel oF sai B@Iﬁ%@fﬁbéﬁéﬂm'f&n{ gt ¢ composite

provi ding a porous nenbrane; dispersing a plurality of
ﬁhﬁﬂﬂ%) netuPssQhaanow res and microparticles or said
nanoparticles into a solution, said solution including
at | east one surface stab|I|Z|ng agent for preventing
sai d nanotubes or nanow res fron1f|occu|ating out of

> 6”3'5%5@ %@)@@ﬁ'@lgﬁtfw ka0 a036" FF UG et

? @m g 0® nanot ubes or nanow res and
pmﬂ? £ 5 nb nanoparticles are forced onto

a surface of said porous nmenbrane to form said
conposite filmdisposed on said nenbrane. 5. The
met hod of claim 1, characterized in that an electrica
rest-st i vibeynegod 9AFlaim hehyaeenzefl if het spi nangtabes opnapowges
S2.cm 6. The nmethod of claim 1, characterized in that
conapgisgl >atrotngiewalisel cachpppinoabes @HY%TS)se > 95% singl e
wal | ed carbon nanotubes (SWNTs). 7. The nethod of
claim1, characterized in that said form ng step
conprises a spray deposition process. 8. The method
of Zl ai nihg megtodvclhiar | ,2bara¢terizet at thaiasaid Hmring sigp sngpises a
conprises an
spray deposition process.

8. The method of claim 1, characterized in that said forming step comprises an

electrodeposition process.

0. The method of claim 1, characterized in that said forming step comprises a

Langmuir Blodgett deposition process.

10. The method of claim 1, characterized in that said nanoparticles or

microparticles possess a uniform size.

11. The method of claim 1, characterized in that said nanoparticles or

microparticles possess a range of sizes.



el ectrodeposition process. 9. The nethod of claim1,
characterized in that said formng step conprises a

wao 20081084889 Bl odgett deposition process. 10. ThePeeUkmd7/078230
of claim1, characterized itmn that said nanoparticles
or mcroparticles possess a uniformsize. 11. The
met hod of claim1, characterized in that said

nangpar tiing hQtodlof cint I G0 LitdrRErROS9a8:: @ range of
si zes. WD 2008/ 033889 PCT/ US2007/ 078230 17 12. The

met hod %ncﬁbf’i‘dh%n% ’sulffééést &%ﬁldchla aﬁﬁfcﬁ:@ blzﬁf&réﬂartfcn:@twuh a

funtl onal I zi ng surfaces of sal nanoparti cles or

Jp@&@srﬁa ﬁlllg %%gé%f{cfhbﬁmtysf&er?a!n%b&ao‘f 'n!ﬂ:% oS BaGHe! s%&i forming

aff not ubes “or nanow res ore sa
for mprl% atngeothé gssgm‘ttﬁang salci na%o%%?seorr%ayov%lres %1%8 %urfaces of said
nanot €S 0r nanow r aces of sal
nanopart i ? es or mcropart| cles. 13. The nethod of
cl at OIf'ﬁtlc BIRLPULPRYYILY in that said functionalizi ng
step conprises mxing and incubating for a period of
time said nanoparticles or mcroparticles wth said
nanot ubes or nanowires. 14. The pethod of claim4,
further ToRARHOLSS FlamyTs ﬁh%r%%nze%@dbﬁéalﬁﬁu“&H%‘iath?‘\l}‘% step
ot her than said surface stabilizing agent to said
congpiispeRisingnd epbtiae sfiaeripd olrting wil ranepsrticdesioy nagreparticles
.ﬁgeventl ng phase separation of said nanoparticles or
withbaid BpeibEeednowirdy. sai d nanot ubes or nanowires. 15.
The met hod of claim 14, characterized in that said
additive conprises a strong acid. 16. The nethod of
claim1, characterized in that said nanoparticles or
m cloparlike cled®dar elamefdydetr cimractgpzeti@skati nvol vi ng a
liquid, said filmbeing kept wet for
adding an additive other than said surface stabilizing agent to said suspension

before said filtration step, said additive preventing phase separation of said nanoparticles or

microparticles with said nanotubes or nanowires.

15. The method of claim 14, characterized in that said additive comprises a
strong acid.
16. The method of claim 1, characterized in that said nanoparticles or

microparticles are removed in a process involving a liquid, said film being kept wet for

subsequent processing for later use.

17. An electrically conducting highly porous film, characterized in that:



subsequent processing for later use. 17. An

el ectrically conducting highly porous film
w@eb@sasser i zed in that: WO 2008/ 033889 PCT/US2007/078230

PCT/ US2007/ 078230 18 a plusality of carbon nanot ubes,

nanow res, or a conbination of both, said film

providing an electrical resistivity of < 0.1 S2-cm at

25 gpll tfy"i‘)f deh&d ﬁa)ﬁoﬁt)esbﬁatn\ﬁﬁfﬁr@s Qr Q&)rﬁﬁﬁ’atlog of Bht8/ sl Biim

Imof claimi7, characterized in that said

progﬁﬁ%' ah%le'c&c?ﬁ&s\fﬁ%ﬁy Qf 26, 1@% aPZSS@ algd é:ﬁg%mm b%f%egn 0 05 and

eleCtrical resistivity is < -3 S2-cm at
0762 ohe filmof claim17, characterized in that said
not ubes or nanowi res conprises > 95%single walled
carbon nanotubes (SWNTs). 20. The film of claim17,
characterized in that said filmconsists essentially

of ISSQI d (k:)lalm 17, characterized in that said density is between 0.50 and

0.85 g/cm’ and said electrical resistivity is < 6 x 107 Q.cm at 25 C.

19. The film of claim 17, characterized in that said nanotubes or nanowires

comprises > 95% single walled carbon nanotubes (SWNTSs).

20. The film of claim 17, characterized in that said film consists essentially of said

nanotubes.



