Virus scaffold for self-assenbled, flexible and light [ithiumbattery This
application clains priority to U. S. Provisional Application No. 60/620,522,
filed CctwbenoslAs078004, the entire contents of which arecirnsessosased
herein by reference. Field of the Invention This invention pertains to
production of el ectrodes for rechargeable lithiumon batteries using a

bi ol ogi cal tenplate. Background of the Invention The increasing demand for
portabl e devices is driving the devel opnment of small, rechargeable
batteries w th Wighk seagfolty fotertf-dsgembidd)iflexibleanddight ditkimnmabattetdye syst em of
choice owing to their higher specific energy (100-150 Wh/ kg), higher
specific power (150-250 Wkg) and longer |ifespan (> 1000 cycles) in

conparison to ot hep;sly F‘cﬁt&i‘ 1AL bR S U eRAIRAY annesul t from the
battery's high voltg glm 7 i E ?an d the lh| ghlaﬁ@gretl cal capacity

density of tK8/6ROER, lfmddacrt@beeﬂ9,|289n4 treawtirementents of whish aincorRasded of a
lithiumign Sendgavi Iy influenced by the intercalation materials
used in |?s gﬁ%dfﬂym d"¢at hode. (1) The intrinsic properties of the
intercalation material determ ne the cell's voltage, capacity, and
stability, which in turn deterni déddohthelpygntionyal cycle-life and total

lifetime of the bahlGhdntiGAIAAMIERRIRCHONPIRULRHSdds Fordechate@dilikifu@nd coke)
have been wi del used as anode materials in lithiumion batteries because

thei r el ect r dembatietied uspngtadvialpgicad tepdatgi ni | ar to that of |ithiumnmetal and
because, unlike lithiummetal anodes, they do not formdendrites. Mst of

the known lithiunmtransition nﬁhalgr&iﬂdiﬁ&hém iM Co, Fe, M, N ..)]

and nanot ubes, for exanple carbon an nanot ubes éﬁ é have been
studi ed f¥ use adh emcrfr@a@gmaéfhf%np@rtam%&@ﬂ@a'%qftvmgdkﬁ veloBmen; gm de (LiNiO

) was one of &{f Jebﬂa?%eai)lbbﬂie‘r'l@% WRE Righ Q%érQﬁ&nQ@nﬁtﬁi@ﬁﬁi@n ()él)er@§ar@tlféat hode
mat eri al because’ of favorabl e specific cap it was found

that the | ayevsemef gheics qwirgstodhein figher épeslrﬁcmrgr thQtlée Vm/&g% *t*ﬁher
specific power (150-250 W/kg) and longer lifespan (> 1000 cycles) in comparison to

other types of batteries. These advantages result from the battery’s high voltage (2.4 -

15 4.6 V) and the high theoretical capacity density of the lithium carrier ion (3862
Ah/kg). The performance of a lithium-ion battery is heavily influenced by the
intercalation materials used in its anode and cathode.(1) The intrinsic properties of the
intercalation material determine the cell’s voltage, capacity, and stability, which in
turn determines the individual cycle-life and total lifetime of the battery.

20 Carbonaceous compounds (e.g., graphite and coke) have been widely used as
anode materials in lithium-ion batteries because their electrochemical potentials are
similar to that of lithium metal and because, unlike lithium metal anodes, they do not
form dendrites. Most of the known lithium/transition metal oxides [LiMO, (M: Co,
Fe, Mn, Ni ..)] and nanotubes, for example carbon and.Ti02 nanotubes, (2,3) have

25  been studied for use as cathode materials.

Layered lithium nickel dioxide (LiNiO,) was one of the first lithium-metal
oxides considered (4) as a cathode material because of its favorable specific capacity.
However, it was found that the layered crystalline structure of delithiated LixNiO;

would collapse after the exothermic oxidation of the organic electrolyte. The collapse



woul d col | apse after the exotherm c oxidation of the organic el ectrolyte.
The col | apseof the | ayered structure results in accunulation of lithium

at ons on wbeoelmsizsode/ el ectrol yte interface. The accumpcatdodsiosdsaum at ons
formdendrites, which penetrate the separators and create a short circuit
inside the battery that can cause an explosion. On the other hand, the
crystalline structure of delithiated |ithiumcobalt dioxide (LixCoQ2) is
nmore stabl e tdfihe layeedd s@hdtineesORs inlac@m@datios oflithainy atowednthe conmer ci al
lithiumion batte e ca / is

smal | er than e?ﬁ‘fé{?éeﬁs?_drg&%dﬂteﬁg%gp VoVl urﬁa&f& Kthgnlrr%téé@%r& %eggr?g%]t“& nd
stability of pendtetehé atpammrsrmtderaaa:l ashors ew@ntahsxdeahe batehyarhat olaeezmse an

t ted. F t hi d d ith t
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substitute f QfioxMie (D1 ceoz)amhoﬁetsadmd tharethithod LILNy®@y. eliCox isovidelg usdd m he
intercal ati on materi

- ver,, this Li.M-XTixZ Ni ) phase
(5) is difficQmmerea 3‘9}\?%@? erioth BOYRYFD H‘ﬁﬁ?@éﬁ% @e?é‘?%% %n%@dauce (sof t
chem stry) tqnﬁumth@ﬁhgte,ftnﬁ.d)zay%mn/g)t hi um manganese di oxi de (Li MnQ2)

phase. However, the . |ayered phase is struc ural unstabl e and transitions
to an unstabl e spilRéMprove gsaracity Eﬂ.ﬂ'ﬁt% ity, gkintegsp a{\ﬂ‘i‘ mateRpls SEYSERRHF  al | y

attractive, tHae&s‘eemv%sﬁga{ea Fof kM fle, Inltmm@bta mildmgwl: bé dPpel witlomage
capacity. Tunj ng t he norphol ogy or texture of lithiumintercal ated
t

mat eri al sl& o $v 196éetrﬁbar'?ﬂﬁ§at‘%l°giLF“§ﬂst(§c&eT‘éP%¥géo?‘ﬁ?ﬁﬁ% Flemgnty substitytes an

al ternative shfRf &L dn@'stab{iRé ﬁl\éna}greeIsﬁ@&ﬁr@eeth@m@feanaﬂoﬂsnamlsst abilities.
For exanple, electrodes fabricated from nesoporous vanadi um oxi de (V2Qs)

were report ecHewsvamihis ]elé’baaxfaMészQJM%o ard) phage Saisetifficnlbtp wndesiziodes of
pol ycrystal |'i Qg Qpﬂ?&fcﬂ WihpNg e RRcd (€t Sl itryg kd sy'nﬁlegfest'hé phtedto have an

el ectrode material for lithiamion batteries th exhi bits i nproved
capacity and lghiamimanggnesedinnide (LiYOptrhasenenevesriheriagerpd phasqis | nvent i on

provi des g Vas’ir‘u@th%ll?tms?ﬁf@%'tIahQﬁ@r}stt@ﬁrg uds&sietggmenaLm%4, eefﬂnféﬁhse fd)' ms and

batteries conprising one or nore conposi t1ons, and net hod
While electrochemically attractive, these materials exhibit limited cycling life and

storage capacity.
Tuning the morphology or texture of lithium-intercalated materials to produce
porous, high surface area composites presents an alternative strategy for improving
20 electrode capacities and stabilities. For example, electrodes fabricated from
mesoporous vanadium oxide (V,Os) were reported to have capacities up to 100 %
greater than electrodes of polycrystalline non-porous V,Os powder.(7)
Still, it is desirable to have an electrode material for lithium ion batteries that

exhibits improved capacity and stability.

25 Summary of the Invention

The present invention provides a variety of compositions that include a metal
oxide, films and batteries comprising one or more of the compositions, and methods
of making the same.

In one aspect, the invention provides a metal oxide coordinated to a first

30  peptide, the first peptide exhibiting an affinity for a reduced form of the metal. In



of making the sane. In one aspect, the invention provides a netal oxide
coordinated to a first peptide, the first peptide exhibiting an affinity
for a redwoedodmasomsof the netal. Incertain enbodi nents etrtuseodspymsdi on the
nmetal conprises a transition netal, e3g., cobalt, vanadium nickel,
manganese, iron, cadm um tungsten, chrom um zirconium titanium

scandium yttrium copper, calcium alum num barium beryllium nmagnesium
and stronti urertdimembsdiméns wtb@ixiivminn sheofietallvemprises atriasitianeetplet.2)  oxi de i s
an oxidi zed ne nano art e ntion the
met al oxide 88#‘?% ynagiy I’ﬁ‘f:fée 1T ?rghgcagTﬁméer gEIE [?itcgrr?g{ld&' nhﬁérr?%@}{@f t he

i nventi f)n thentzfﬂurrﬁ,tsca:iﬂbﬁn,g}mmm,odoppm,scatcanﬂucakymmre,daaanmnbﬁr)dburds In a

parti cul ar enbodi nent e se nce of t j and the
metal is cobdfaE"esie aBéf)‘f‘?“i’B’% § BRI eg}htogm?e"gs O&f@qmehﬁgn %‘gﬁgﬁggspects of
t he inventi ons ad di)@dnﬁémrmaslinhh@artfcler tih eerrtalrrmxhhmdemen& of ¢fednknpepthe detal hat

sel ectively binds redeterm ned netal selected from copper, nickel, gold,
silver, plat |°Pﬂﬂ‘?1°a'é1‘?g°?5’% létéluﬂ’rﬁ °™'n a particul ar enbodi ment of these
aSpects of the i nyeaaRrenibd@inkatWEHeenehtidite ﬁscpepﬁd@mpmumamyylbwd

LKAHLPPSRLPS and the predeterm ned neta on t hat
i ncludes a sEEBMAMEPLT %I%arf'ﬂ’é?r ¢ P@H’FPVE‘T Vqﬁ?fﬁagptﬁ gFSéB“é?'SHﬁ ans Etn’[éet al may
further conprangehetri@alRy QW& CTHE pRpddRiyMe palttg a Riredet er mi ned netal my be,

e.g., between about 1% and about 30%, of the metal coordi na ed togdal protein

coat of tWe vi rusIn sestaincasRectsAh s ipeHtian. theeompaiitndirher deplydss aFecPd pet ween

about 15% an%eﬁmutﬁatgggétm:lytbhﬁis %Fe%lateﬁnﬂﬂédih&@ﬁs@ﬁcﬁe@fr@m%pﬁe@lrﬁck‘éDat of the
virus. In certain enbodi nents of the invention a fjrst tPtortlon of a

pr edet er ni necgobbélﬂveprpéﬁﬂéplﬁ,mpﬁﬂ@lw o a paseylgrabodiment ohthgse 335E5 Q6 and a
second porti Pe Bledtidf t&rs@&lﬁhé‘er dﬁt&%‘éc&]@%pﬁe%a@m@ IKMUSISRPRENE BzoNd
peptide. The first peptid é@ e part of a first predeterm ned coat
protein, and Hrmteslemeﬁdlebbmﬁ' gty be part of a second predet erm ned coat

E;/Otstelegs I{SRa?nOt h&the 35RES tion MR il MUEY deOShdRVePYde AR s@e&RBBRIds hon produced

predetermined metal may further comprise the predetermined metal. The

predetermined metal may be, e.g., between about 1% and about 30% of the metal
coordinated to a protein coat of the virus. In some embodiments the predetermined
metal is between about 15% and about 30% of the metal coordinated to a protein coat

20  ofthe virus. In certain embodiments of the invention a first portion of a
predetermined coat protein on the virus includes the first peptide, and a second
portion of the predetermined coat protein includes the second peptide. The first
peptide may be part of a first predetermined coat protein, and the second peptide may
be part of a second predetermined coat protein.

25 In another aspect, the invention provides a composition produced by steps that
include: (i) providing a first peptide exhibiting an affinity for metal ions; (ii)
coordinating a metal to the first peptide; and (iii) oxidizing the coordinated metal to
form a crystallite of the metal oxide. In certain embodiments of the invention the
crystallite has a size between 2 nm and 1000 nm. In certain embodiments of this

30  aspect of the invention, providing a first peptide includees providing a population of



include: (i) providing a first peptide exhibiting an affinity for netal
ions; (ii) coordinating a netal to the first peptide; and (iii) oxidizing
t he coor dvoaverhssal to forma crystallite of the netalpconisd@sobnseert ain
enbodi mrents of the invention the crystallite has a size between 2 nm and
1000 nm In certain enbodi nents of this aspect of the invention, providing
a first peptide includees providing a popul ati on ofvirus dlsplaylng t he
first pepti d@lruﬁ'dl@la)rwgéﬂhe lﬁmnpénwdt Hebe lrpaemwncfeshetTFP@Vfd% élgcﬁ)rﬁ@m@g)npom tion,

wher ei n subst ant i ion. In
anot her aspec‘ff’mp?ﬁll iory Wv%rﬁ'flls tanhalw ar!ifetge ‘él?"gq%/%gio I n?ﬁ g&gp sgt?\éynt of the

af ore nmentioned chnpotiet aspas, thél'ineerftlohmavmpsaﬁhgthat ixloildsiany bbthg afosgrge or der
or short ran e qrder

. I n cert n.enmbodi ment t he inv filmdoes
not exhi bit gor gr?ﬁ‘é‘p%‘tb‘?é‘rs %‘%ﬁlgblp?)éleﬁ 5?‘@83 or?éﬁ?n§e8?d%{]‘§1esﬂ§lrrtn¥/gea fion the
film goez 5n0tordﬁ( hlnbiei;]talﬁﬁﬁnbbdlmaﬂtgef the deentiohhke filil doesmagt el&labbdmgeargeabout 10
nm and about 1 t hic anot her . aspect ovides a
lithiumion B4 ef'reTRFeftﬁ'atemlbﬂ‘ginﬁﬁtégPt?‘f i“)velgl?néﬁ’e @f"r%qeflf’%t gﬁ'& ]E) J*'&° i t hi um
accurru: ation ﬁr@yerhaﬁmsﬁsﬁ lﬁbﬁi}f&ﬁ&ﬂéuttl]?nm%de?mﬂo ahythiek. t he | i t hium
accunul ation | ayer t i ncludes any of the afore ntio tlons
The battery may fé‘}‘ﬂﬁ’g}“ ?SrRE‘fttfg"emé{FPtéP8&"["[‘%&8?%‘%H %[ﬁﬂ}fg@ﬁfg?
| it hi um accunleRtir@te! #4QN) a NRIEAOurhilexidnl [hyer unp@e@au]weaﬁtbm I ayer | s
di sposed between the el ectrode terl al and the ele troI

el ectrol yile rfsgtrplstegthe ithigm 6‘?"“5‘ iR yerthat ieldrseny £l heafd ref’?’?@“?’}‘?\qentl on

provides a ”%Bﬂﬁ%l@cfnspﬂ"ﬂéjbﬁ%ﬂe%@/ fubthé? ifddd@an elRErdR inhdeHial A5hodal tBehest eps of :
(i) providin plurality of nanotubes, the nanotubes con;grl sing a virus to

whi ch a net aqlt@xm@écqnﬁllaf@aﬂ%YFhW%ln the Hthpum geceguletionayqnds disRsed ity into a
film I'n cert@jfles me%@ycf?&ﬂ:trﬁat&ial hiY e @T@&thﬁ’ﬁe The @LHHINE nfaybelsalid érva Of

nanot ubes includes: (i) providing a population of virus conprising a first
peptide exhi Hiuwd.ng an affinity for nmetals; (ii) coordinating a netal to the

first pepfs de; anzn %{eo'tﬂe% étdt'hg iﬁ%t%%r&%@gm{o@%fﬁ%ﬁﬁ!m% Pihirdfii, 2

crystalllte of th di sposed about the virus rief Deéscription
of the Drawi rthe Mhtbod mbldtngétﬂ?pfi @f deerevidined pliraliy peaspshesethe panaigbes ey er al

figures of t h:%mgflﬁ}% B 9irus to which a metal oxide is coordinated; and (ii) casting the plurality
into a film. In certain embodiments of this method, providing a plurality of nanotubes

includes: (i) providing a population of virus comprising a first peptide exhibiting an
20  affinity for metals; (ii) coordinating a metal to the first peptide; and (iii) oxidizing the

coordinated metal to form a crystallite of the metal oxide disposed about the virus.

Brief Description of the Drawing

The invention is described with reference to the several figures of the drawing,
in which,
25 Figure 1 is a transmission electron microscopy image of virus-based Co3z04
nanotubes;
Figure 2A is a graph showing the variation in specific capacity with cycling of
an electrochemical cell including a thin film of cobalt oxide nanoparticles according

to an embodiment of the invention.



in which, Figure 1 is a transm ssion electron m croscopy inmge of

Vi rus-based CO3O4 nanotubes; Figure 2A is a graph showing the variation in
speci fi c woepamidiyo7ei t h cycling of an el ectrochenical celpcTiuscdos@smgo a thin
filmof cobalt oxide nanoparticles acsording to an enbodi nent of the
invention. Figure 2B is a graph showi ng the variation in voltage with
cycling of an electrochemcal cell including a thin filmof cobalt oxide
nanoparti cl es accligiaB isa geaphahdwidg thevariafontimeoliagywithicyalingPf gure 3A is a

t 1 SSi I 1 CI. h of thin fil f ' | d
nanopar 1 of oSSR BAL e e far By Betan GRAMG RHAR 855 ¢

glraph shﬁw‘ ngin}ehﬁoclﬁ&feht&ifitMni'dmtiSrpeCi fic capacity with cycling of an
el ectrochemical cell ipcluding a.thin film of cobalt. oxid ol d

nanoparti cl es accgfgdff%g‘\ Bé t%%‘ﬁﬁ%’ﬂ?'ﬁ@ﬁf‘ "B?mgrﬁéh ?%\/%H‘tof?i@nq c%eeit]tai | ed

Descri pti gn Qkidegbldafofare@racaidimgioagicmbolimeMlT tiiavariomphage cont ai ns
about 2700 copies_of a nmjor coat protein, pVIII protein, V\Ei ch. ar

| ongi t udi nal |y asSEWH JYis3 & Sﬁ‘i’l‘%‘“gfl}el)'@"%“%?pe I SARASHY WER GYding oEopi es of
m nor coat prgteRichscheRidal celliMludidM thin RMCHRbBAITYxMefioRBandpatickasenbl ed at
the two ends of the virus. This unique periodic, uniformstructure is
genetical |y cserrdiag fean embodimanbofdhe ifxention yse this particul ar property of
ML3 bacteri ophage to create tail or-nade nanostructure el ectrode materials
tggt d_exhi bi t ihrrpr ov edpetalled Dedcriptioh abCéritdiy Peefdrridd nebodaaaaci ty. | n one
enbodi ment, the mgjor, coat protein o act eri.ophage i s genetjcall
engi neer e to spedM¥ Ragierigphags,epnfains ?‘2{:]2%(&‘? 155 ﬁ&ﬁlﬁ’gﬁ?? P'ageé%.pvﬂ)gt al yoxi de
nanot ubes ar eyrst¥it WEish dRdorifthdiflalfytssenfdledi aldg iRty ittls s DNA evipreaie,. Due to the
ani sotropi c structure of bacteri ophage, the vjiru é)F sed .m;t al oxide

nanot ubes selFYadsapist &f migpirogt RF%@B‘&B?IHU%V%BKHC‘?'@ PF'SHRS) A8 m

I ntercal ati onys@inpliddtddiHévb BRRWE theaitds. TRt WRRfle birodid, briSorRasactuigasnot ubes, as

well as their high specific surface area, can greatly increase
genetically controlled. Therefore, we can use this particular property of M13

15  bacteriophage to create tailor-made nanostructure electrode materials that exhibit
improved structural stability and higher capacity.

In one embodiment, the major coat protein of M13 bacteriophage is
genetically engineered to specifically bind to metal ions or nanoparticles. Metal oxide
nanotubes are synthesized using this engineered virus template. Due to the anisotropic

20  structure of bacteriophage, the virus-based metal oxide nanotubes self-assemble into a
mesoporous nanocrystalline film. Intercalation of lithium through and between the
virus-based nanotubes, as well as their high specific surface area, can greatly increase
the capacity of the films for lithium ions. Furthermore, the highly oriented helical
major coat proteins of M13 virus promote the structural stability of individual virus-

25  based nanotubes, increasing the total life of lithium-ion batteries incorporating them.
Other viruses, such as fl, fd, and tobacco mosaic virus (TMV) may also be employed

in embodiments of the invention.

Mesoporous thin films for lithium ion batteries
Films produced using virus based metal/oxide nanotubes according to an

30 embodiment of the invention may be used in all parts of a lithium-ion battery. A



the capacity of the films for lithiumions. Furthernore, the highly
oriented helical major coat proteins of M 3 virus pronote the structural
st abi | i t ywofwéendsomcdual virusbased nanot ubes, increasi ngctrhs2dostoatose i f e of
lithiumion batteries incorporating them Oher viruses, such as fl, fd,
and tobacco nosaic virus (TW) may al so be enpl oyed in enbodi nents of the

i nvention. Mesoporous thinfilnms for lithiumion batteries Filns produced
usi ng virus Haskies-ioebalefyoonpdeysrihion idesss aclepgediamgr irothe battenyy sonpleting of t he
invention may, be used in all. parts.of a Iithj iLon b ry. [k Qi umion
battery enpl 69%"'{"1“’[%%?{%9‘13’%962@0‘5 URUpte il{:og} {rhlgEl&e?%mtﬁé&ﬁalﬁtsgﬁ%ﬁ%orrpl eting
the circuit tabaaersedithiymabescire msatediin mtdratdtiog ldyersa.g. heafivtegess, ino a | oad.
In some prior, art batteries, Jithi iaons are . inserted in intercalation
ayers: b o tiagnotehaEr A3 by Gfees reaRE n ity B R et ry
di schar ges, t4@ thaidrédi thiéR1E@R%yté akEarole Wiinhhdieatteryds thadged) the lithiven @hect r ol yt e

to the anode. When the battery is charged, the |ithi ions | eave the anode
and travel bdﬁ%’eé}&%‘g% %“ﬁéraé‘?léé‘fkra(ﬂ%?fg‘%tegc?ﬂgeé%‘thﬁﬁﬁtgg’g%he stability of the

crystal line nicroghg ugbittyorefe driialleaicionmiurelef @ Bleiffled fitermifeespan of a
l'ithiumion battery. The |ong-range order of viruys-based nanotubes and the
stiffness of IHawewphalhiugeiop %’X-%W%ﬂ@“%ﬁﬂerﬁé(‘fﬁ% ased "aﬁPYb‘b‘ésraf‘ es to

virus-based fhi fFmedshrdsdiidpRtke iRAF Prolide glddh&hBsicAPrbpkiies RAMAL-BILS
t hensel ves stabilize virusbased thin filnms against fatigue, As discussed

above, delQ t Hilgseln additien heth the protainssnd therngnotihes dsasgiyes LMz YEls- The

i ntercal ati ony,efy thintfihhs R0 Ak, TRl 885, RIMRSdIIRIRngKeRANd;
diffusion of the lithiumions out of the oxide during the reverse cycle

al | ows the expeipldiicpmiareoliapse: dihginterpriation of fighdum ioph irsmetalxides GaUseN une
change can cajgf t@e@?f}d};( gié%fog of iR liffidr fonk Buidr %I%xiderauﬁ]@%"{h&f‘?ﬁgse begause the

nanot ubes are not a to one another, they can shi inthe filmto
acconmodat e |4lloks thiekpanded drdde tardlax andoopisacht Bs feneated vodureghapgeecani | m duri ng

battery di'Sscp%[&ed ﬁgp‘?ﬂ’hge %&gmgﬁhﬁet he vol unme change resulting fromthe

ej ection of ose fumions as t battery is charged. Likew se, the
fl exi bl e protein dimeintsst becayse theinanstubes ate noaaftinedsto ovhprfather.dheyc@dnmodat e

lithiumions shift within the film to accommodate lithium ions that are incorporated into the
cathode film during battery discharge and to accommodate the volume change
resulting from the ejection of those lithium ions as the battery is charged. Likewise,

20  the flexible protein chains in the virus coat can also shift to accommodate lithium ions

in the cathode film without causing permanent cracks in the nanotube. In addition,
the flexibility of the proteins and the malleability of the film may also promote
diffusion of the lithium ions through the film. The highly oriented helical major
proteins of M13 can stabilize the microstructure because of the layered crystalline

25  structure regulated by the proteins and their strong binding affinity for metal oxides.

Synthesis of a virus-based metal oxide nanotube.

M13 is a filamentous phage (~880nm long and 6nm in diameter) whose capsid
includes several proteins (pI-pVIII). At one end of the M13 virus, there are
approximately five copies each of pIl and pIX. The other end has about five copies

30  each of pIll and pVI. The wild-type M13 virus coat includes about 2700 copies of



in the cathode filmw thout causing permanent cracks in the nanotube. In
addition, the flexibility of the proteins and the nmalleability of the film
may al so woeosw@aseisf f usi on of the lithiumions through toe/dseéosisbee hi ghly
oriented helical major proteins of M73 can stabilize the mcrostructure
because of the layered crystalline structure regulated by the proteins and
their strong binding affinity for nmetal oxides. Synthesis of a virus-based

metal oxi de rmgjotaspieprotkin py llswhick presteeled duunifsied §uc nadubiratarangend 6nmin
di anet er) V‘h%ﬁout?sﬁﬂ%ﬂs 3§ 'bé’g&étiéaﬁlg?{eoﬁlilﬁeprtS’va'eQ%pédﬁﬁc‘ﬁé}fﬁ&éo%otiﬁat%}? end of

the M 3 virus, ere are’ appr oxi ive coples eac . _and pl X
The ot her endbilhandabganize hancmagesialse Beeashthe tmiolacidgpanepsd of thikmotif isd- t ype ML3
virus coat in CORI L O ' |, which are
stacked in urf‘?%kl és%gﬁy @é\%gtt? ﬁzggﬁse]?ﬁégﬁd gédr@{}& “Fﬁ{e?ﬁg‘gﬁrg%%lp%? ’get\%‘ll'tns may be
genet i cal |15 rgedétici sglies of thavieusacaffidd ¢dnibe cpapticasdly mod qdickih sprastapeddiynd and
organi ze nananpteri.al s. Because ] i i.Smotif is
genetically | SRS l{qtg%flﬂg'@i%?suss' %&ﬁegﬁ% c%%ﬁ’eﬁq]ﬁtgrﬁgv%g{a%lg%g{pﬁg}va?lpUs capsi d,
exact geneti cwiddpecanmiogartidxglivadidisdebaihd, eteeoaivalbeexpressed anlthea¥illly and

qui ckly reproduced i,nfection into bacterjal.hogts. | ne .enbodi nent,
glutam c aci PN ag@égpﬁ? Emgé"f"bo,us\%e?a(l: hon(S:E’)Iﬁ’tczii?l?]tloé‘agﬁ(%’)‘(%/ni‘l?q%@ggﬁmc?%g i dechai ns,
are geneti cal degueazgis AEBEED (SEQH®: PV sdquarcoEdT)Loapd sexpenkes,dndludidg ¥ar i ous

metal ions, vig chelation. An_exenplar pti de.s ence 1 s AEEEED ( SEQ
D) ( DequBEBneRds T gioae o atmBRcLe 0] HLPIS e teor 3-S5 i as. or
gore, }‘or gxaﬁw aﬂso&dh@lcf}@d. TRe t"eﬁniﬂlg,anﬁﬁrazms ﬁﬁkitl%gﬁcﬁ?f&mhp’&ptia@indgbe may zgl o)
e enployed. The terminal ami no Aci on _ei r end aof the peptide may be
oar boxyl at ed FPeRYeied ADRRRenth X iy Sp BB A FePePRds M SR ot

i ncl ude am noacaRitikhs wohtlidtintwy@ast dith MeSheREGodfiike fepedd 4t BicaRéthl0ITh tatiohe
peptide and the netal. The ratio of,gl utamate _to as(?artate in the peptides

may range frdthelseoatglonseariaiedn ths Pepiiss Bep sneafram 18Dl vamate &9 1006% |

addi tion, 18an 4sptate. REREGeI$ BLAAAGIBORTRY iR pepitR s@c?.leh&: hilEveCRuPIeXY at ed
pepti de sequence, or a peptide that is selective for some other materi al

may be coupl &8¢ 9%5bq>qﬂ&ateéaaeﬂeﬁwmeeﬁef, PlehhgpHde thfrtﬁéseé%ﬁim)ﬁ@y pAUREOth¢Thanc enent may
be expressed Qftedlmal/Be cHFIdd! to BRI 1IHOPIEHHUS Aha¥arb Sy iB¥HRScRRAL | al |y

may be expressed on all the pVIII chains (100% display) or may be partially
displayed using various techniques for modifying bacteriophage genomes well known
20  to those skilled in the art.(9) Alternatively or in addition, the carboxylate
enhancement may be expressed on one of the other coat proteins, e.g., pIIL
Variation of the degree of carboxylate expression may modify the
conformation and crystalline structure of the virus-based nanotubes. In addition,
variation of the number of carboxylate groups or different mixtures of aspartic acid
25  and glutamic acid residues may also influence the microstructure of the oxide. The
affinity of the desired metal or its oxide for the modified virus may be optimized
using the phage display library techniques described in US20030073104, published
April 17, 2003, the contents of which are incorporated herein by reference. Phage
display is a combinatorial technique in which a ‘random library’ of viruses is exposed
30  to a substrate of interest. In some embodiments, the random library includes roughly

10" viruses that have each been uniquely modified, representing about 10° variations.



di spl ayed using various techniques for nodifying bacteri ophage genones wel |
known to those skilled in the art.(9) Alternatively or in addition, the

car boxyl ave 2esdnapzenent may be expressed on one of the ethmas2emsas7oes ot ei ns,
e.g., pill. Variation of the degree o8 carboxyl ate expression nay nodify
the conformation and crystalline structure of the virus-based nanotubes. In
addition, variation of the nunber of carboxylate groups or different

m xt ures of ampa*roﬁlfmamirda)atakbtgb tormif en adsditibnalbaide esd myervzwthithiﬂ uence the

m crostructure of The { t he d its oxide

for the nodi fef‘%'(ﬁss\? ?’hg"enoé ebcé)at r?t?'rrﬁs (z)gh ﬁ'sralar?sse Bl F@é‘gg& 'S rﬁ'laﬁ/ library

t echni ques deafisushe@dunts otﬁzmﬁam&mamos pfdsbarsitmim@hmmatd_may POB3ed t he

contents of e. i ncorporate ein by reference. Phage display is a
et or! altoh B R e Side S | -

conbi natori a 8on1llbrary of viruses is exposed
to a substsrat e of AlsRb®IREdin, theterdDTPepiided deomsntstringtdiet leashthananhind acdsy
i ncl udes rou

ruses that have each. been dlfled
representi ng %‘Pgeibfg\éV£F?§Fb8?fg ?ﬁ@‘dﬁﬁlfiyfr%glétﬁaﬂﬁpdxﬂgq/”fg%é'gn B’ form of an
addi tional amgon&tia bfpepadese PERideingcdntaiediily ﬁStSQdarﬁiﬁo acids, @fthdugk neeat
proteins of the viral assenbly. Pep gldb(? cont ai ni n ri ous anounts of

car boxyl at e d¥lre grinocacs ('fsﬁa‘f“i’%ﬁ“é WA ‘Eéhafé@t d for their

affinity to andtRfoRdtePintcxpdigheptidel AGR) arrﬁﬁ)rldﬁﬂﬁ‘) d&ﬁlraﬁéhlﬂgs dshuge ltrﬁ;wml prept i de”
denotes a string of at |least two amno acids lin ed t oget, etE)Pep i de

bonds. P&t & manaltematively be pploysd; Mlsguane BaF fdhomind ag ? l@C”t

pepti des. Penﬁaﬂ&%medcmawrﬁm@m&mem@amabf@memw@mﬁwcabg fough
nonnatural am no acids (i.e., compounds that do not occur  in nature but

that can be icHEohyssrtaswYP; WhQSF&'aﬁS@FWei)fWéy EFRPRIN isxfarmesy! gRPRG %Y d

anal ogs as argidkhow) allﬂk&hﬁc@ﬁjhgmﬂ @ﬁ&l@ﬁﬂ%ﬁt’ldﬁebb’otﬁ’@ nRd ai&d etcAlS0, one or
nore of the am no aC|ds in a pep i de may be nodified, for exarrple by the

additio n of enekmhpdimentethe FTIOQlf'@EFMS aktha eniidp dag & ameregiablspeptidedR8s phat e
group, a fsar rg?é‘aYér Thglrfq)llfkpm v%? ' ‘Pﬁl{s@%@ﬁﬂno% P mcﬁldg & dii¥atfnicd ), @b’t&ie a |inker

for conjugation, functionalfzation, or other nodification, etd. " In one
embodi nent , ttheinaerdoriioraef anmm@facvh@wpé‘blnﬁ abthe medifications skaudd st abl e pept i de

(e.g., great b{?ﬂ\ltltafrl)y infte?tgl"er\mYH t‘ﬁQbesan&'Q&ﬁlltW%gbgﬁl{dkons may include

cyclization o
thhlum ion batteries often exhibit a decay in voltage after repeated recharging

cycles. This reduces the lifetime of the battery, as the capacity of the battery may not
20 provide a reasonable battery life or sufficient power after a certain number of charges.
One possible contributor to this effect is the irreversible binding of lithium ions to
each other and to impurities at the cathode and anode of the battery. In some
batteries, a solid electrolyte interface is disposed between the electrode, especially
graphite anodes, and the electrolyte to prevent migration of the lithium ions to the
25  electrode. Where the ions do not migrate all the way to the electrode, the circuit may
be maintained by conducting electrons from the electrode to a solid electrolyte
interface material.
The use of phage display provides a method to co-locate both ionic and
electronic conductors. In one embodiment, a peptide sequence that selectively binds
30 an electronic conductor may be incorporated into the protein coat of the virus. For

example, biopanning may be used to identify a peptide sequence that is selective for a



t he incorporation of D-amno acids, etc. None of the nodifications should
substantially interfere with the desired activity of the peptide. Lithium

i on batt ewbesomiss@s exhi bit a decay in voltage after repeatsdosssi’as gi ng
cycles. This reduces the lifetinme of bhe battery, as the capacity of the
battery may not provide a reasonable battery life or sufficient power after
a certain nunber of charges. One possible contributor to this effect is the
[ rrﬁvgr Si blde dosiredicatglystf e.bi tdppenygoldrsilveronichked iplasinhmy paladivmoctt.nparities at the
cat hode and anode of th ttery,, kn . i j &h. gl rolyte
interface is 48 Brgé’ﬁptbdgttgﬁé?{e t'&%lygfnggggglg‘?ﬁ é@fﬁggﬁ%ﬁy@gﬁa%hﬁ gﬂgnodgs,
and the el ectpeptid¢tneaytte eppressedidbn ariliffeseni aat prbtetntbar the hiodiied ovrt protein he

el ectrode. Were the ions dg n m.grate.all.the, way to t de, the
circuit may B‘éatﬁﬁ‘fjﬁﬁ‘ﬁi“}?é% Ob@e-cgh‘&iﬂ%@f’ﬁ -] %Jgft'rOBhtge P ér/pélr%gmggee%@%%{)dge to a
sol i d el eat r ¢hytportiontof tHeaae bRt protedd (e.glipd/1lIpen whichthegeptiiepd thymptabvi des a
met hod to co-locate botg 'Ergni c and el ectr.onic. conduci.grs. fl n.ane .

embodi ment, 2XpEpt PRESEq iiRme smbadimeais bippapaing upng § UoRE o VaUFHORS N
Condu?:t or o MBYone Godt Bﬁﬁﬁmg@ém id‘édﬂtiﬁ/ at;g:ﬁtiwsﬁq‘&inﬂe fopahichfa pohyaualéatids is For

exanpl e, biopanning may be used to identif epti de seguence that is

sel ective f orengigessd vg %E%F?‘éﬁ“,deé‘.eépr,ességﬁ'é’e&ffgrjgtl“tﬁ’:“t RPFPer , nickel ,

pl ati num pal | adi gfs i€hdt to &9 e BEAMdAEuERES deliRtitd 1t the @letd bkidebnd thé nds gol d
i s LKAHLPPSRLPS (SEQ 1D: 2). This peptide may be expressed on d{)ffer ent
coat pr ot n dastipnie Renduetar #1¢ BXpresset OPPOYEY FRHRIPCH; mefec ‘?’néaﬂi?éfahéf Wi de.

Al ternativel y0fdek B fnl iR regibh 8f A8 RirhIhei@dhe E@ni@&qﬂf RaGR6teRNs foupdr tion of
the same coat protein (e.g., pVIII) on which the peptide for_t%er net al
oxide i s expriossxanple, sormesapicsob BiPYEH PEotein Map MishidR g PERIIAGEISCUYE B 4RSy of
variations | rEléEﬂSniG_@éﬂdu&Bﬁ’%’ilEo!hérsmeta(ﬁeft)tdﬁ%l&ﬁ&e%rﬁ%Etﬁ_ﬁoxS&qUence f or
whi ch a pol ynucleotide is engineered such that the peptide is expressed in
a different clsghnigiesfasieNpressiiadwp sepatte nginggrpd pfpa(!e ssepsnrtondsitBfices

sel ectived ory;b 06 Mk alse ?ﬁ']@fﬂ,%{"g.,W&ﬁol@t&e‘?ﬁbbﬂ?%l.‘@l’)@ﬂ@b%e BhtRe €Xpressed on
the very sane protein nolecule, rather that both peptides show up in the
regi on of theovientasf whigh arctineorpsaated kanimby teberencer Briein aipéagemﬁwswlibr .
exanpl e, SOMEyGODk &S Mlied DEpRY b} PepRERRl PrdtBiks  MebbiforfrifR de sel ective

for the

Academic Press: San Diego, 1996, the entire contents of which are incorporated
herein by reference), is employed, using a plasmid separate from the already

20  engineered-M13 plasmid to express the catalyst-selective peptide-coat protein fusion.
The DNA from the phagemid are packaged into viruses as well as the enginecred-
M13 plasmid, allowing further copies of the virus to be reproduced later if desired. In
some embodiments, at most about 20-30% of the major coat proteins or between zero
and five copies of the minor coat proteins such as pIX exhibit the catalyst-selective

25  peptide sequence.

The resulting virus, expressing either one type or two types of modified
peptides, may then be used to nucleate nanoparticles of the metal oxide, with or
without an electronic conductor. Nanoparticles and nanotubules may be produced at
room temperature, in contrast to the elevated temperatures (> 150°C) required for

30  some prior art techniques. In one embodiment, the pVIII-engineered M13 virus is

incubated with a metal salt precursor, for example, cobalt chloride, at a concentration



el ectroni c conductor, while others include a peptide selective for the

nmet al oxi de. Techni ques for expressing two separate engi neered pepide
sequenceswonoddnaseane virus are discussed in Nam et al pcTNED@SHE1986 S,
2004, Vol . 4(1):23-27, the entire conwents of which are incorporated herein
by reference. Briefly, a phagem d system (Kay, et al., Phage D splay of
Peptides and Proteins: A |aboratory Manual; Academ c Press: San Di ego,

1996, the entbetvees attuehd okl abbitSmMr Beiahbas nsobttienl adecheatad bytheef er ence) ,

i s enployed, using.a plas ig:se rate.fromthe al.r J red- ML3

plasnmd to efﬁ&@é’g'ctaﬁgj Ifeapdsy é‘?'—a‘@gln}aeg?i'c{%a[ﬁélﬂ)etnio zé-'zé‘g% ¥1%‘§§§ %P%?cf usi on. The

DNA from t he phisigesict agsodipahydgade (NaDol) vt fuseampke, beriveenazbottHOmdhgi neer ed-
ies . of the virus to be re ced | ater

M 3 plasmd, al]ow further cop r odu

i f desired. mdéé‘wél@%d HlagYe?%lf“%léct“aQB%”fd?d‘J%'d%ng? e?tﬁée)an(rgria%r%‘?'n coat

prot ei Rsbqr bﬁttl»i‘@ﬂfhs&%ﬁ& castpréteiMebadirgetiech Bisourbmd andadbutd0mMeofs such as
pl X exhibit the catal yst-selectiye pepti uence. . T ul ti Vi rus,
expr essi ng eir?%rngéﬁ%ntt%'éis6?5*&%0&0515‘@?62@@5&% F%ﬁ%gﬁ?lgg ?aﬁlﬁ{f] t hen be
used to nucl egfSolBRHARWhidhGhesinRfis ubRent®t Athe Qicuglie fullyi dobite@vithi t hout an

el ectroni ¢ conductor. Nanoparticl es and nanot u‘lﬁul es . my be produced at room

t enper at ur e, NeRORAFIRIGSGloFming ammegalliq napgubey Beeapsethg Mefallic aterialiic) r equi r ed

for some pri ofandiducthRS BRiIvaHESactiVE tRYRetSIND AslioiRts eabioidikdd inamgi neered M 3
virus is incubated with a netal salt precursor, for exangql‘fa‘?n,1 cobal t

chl ori de, 10at aguewynednianr iAo RIREISe aBRPHUbE Aneesad absutalBRanetRr e i ons in
sol ution are Jlﬁatzlgﬂgﬂ[)cggééé%r{ﬁnﬁr ERbQENAL the FRisdedfl@REP be feliRbal @sh iRt al ions

are then oxi a basic solution such as sodi um hydroxi de
(NaOH), at, franotukesnfor exanipls, Weishenzyoas orsolyrnta gt digrgpiior DoOHN Vil t er nati vel vy,

metal l'ic nan {ok GhBSut TRYurbife HdCLeRiESa@nd grown on the virus major coat
proteins by grggﬂléng btet vveenurab%ut SM\AC:%(% about 10OvM of a reduci ng agent

such as sodi um borlbhyptidietioncheditipns ey b pherad forfeodifiithe nanpyrugtupgafibe sa t
ﬁngt i on i .itfehlahtkb%ﬂ}éﬁésy %hé fé&ﬁﬁ’&e&qgl%gti(]&%aﬁésr 1‘d§g”l with'kdmpe %&.ed Wi t h
particles, tormng a netallic nanotube. Because the netallic materials
i n nanost r uct $maler particlessmgy becraoduicedby daseeasing the temperaturohlelarger easi | y
oxidized in a&rticles may be produced by increasing temperature. The viral system is stable from
about 4°C to about 80°C; other templates, e.g., peptides, nucleic acids, etc., will be
stable in different temperature ranges. Particles may range in diameter from about 2
20  nm across to about a micron across, for example, between 2 nm and 100 nm, between
100 nm and 500 nm, or between 500 nm and 1000 nm.
The same chemistry may be employed to chelate the electronic conductor to
the engineered virus, simply by using a salt of the electronic conductor to the solution
in which the metal ion is attached to the virus or using a separate solution. The
25 electronic conductor may be reduced if necessary. Alternatively or in addition, the
virus may be incubated with a colloidal solution of nanoparticles of the electronic
conductor. Regardless of the proportion of the appropriate peptide in the virus, the
proportion of the electronic conductor to the transition metal oxide may be adjusted
by adjusting the concentration of the conductor or its salt in solution or modifying the

30 incubation time.



aqueous solution or in air to produce a nanotube conposed of crystalline
nmet al oxi de nanoparticles. In another enbodinent, the virus scaffold nay be
renoved fwormddnasovanot ubes, for exanpl e, using enzynes ecTtaskesns®se hat

di srupt or lyse the viral proteins witihout disturbing the ceram c phase.
The production conditions may be altered to nodify the nanostructure of the
oxi de nanoparticles. The size of the nanoparticles varies roughly with

t enper at ure. Snal Mecitheaerhbodinesnt,the/dibeetpr dducredotoyesdeayrbeadjustgd bhe

tenperature while larger particles be prao [, acr [.QQ:

t enper at ur e. HPYALRG] eﬂ)@f’%trﬁficgr%g’fyg%?dear?lp graﬁ'gsg%ggs%ob g% acg)gljjtr&glgoc; ot her
t enpl at es, e.ag@d/or the pioldl esio aftied métalliamingsecumbicto thehakik rdpetast abéduciion di f f er ent
tenperature ran . Partjcles may ran i.n dianmeter fro 2 nm acr oss
to about a m"@F‘%ﬁﬁH%rraB%f,so F%F"“é&%r‘rlfﬁ @%%qw'éﬁaﬁcﬁﬁt%ﬁﬁwiﬁggtﬁﬁe bet ween 100
nm and 50G nrAan&arthessvr@ies&Ronbesand 1000 nm The sane chemistry nay be
enpl oyed to chelate the el ectroni ¢ conductor tp the engi neer Vi rus,
simply by using aE%%HOE eBFmﬁqfémgqteagiefn@mecm?:tﬁlrﬁﬂf%f’(f’f’&}%rk?'?f 435?&%’ O in which

the nmetal i onfoinsedahtbaghRebet Osihd e YdchniGued idesesibéithedein ePteahetals tlatimapn. The
el ectroni ¢ conductor may be rgduced if nece sar¥. t.ernati veh\é%or in
f

addi tion, thePesd/8 PrRYCHRANPIHBEHASEUHING {9 Fnbodimgntst if IMEBieR NG

nanoparti cl esyrfitibh@elseot E:afiple, GRRELIESD EadnReg AU seaScHdmiube zipdoapar, t i on of

t he approPriate_peptlde in the virus, the preg%?rtion of the el ectragnic
conduct or & o Htpriumy seaBdIIMAITHEY SPPRSY Etfe IRERMe Enbed MR SeRoYAns e &efah g t he

concentrat i 0nygdes 3§ b€ RIMAEE @S ndAbrubdsS Fx@plaly'm&alk tiat @By B¢ explsiicl Yarng t he
i ncubation time.In either enbodiment, the dianeter of the nanotubes may be

adj ust ed by rHspMihIthetipyRgtiomachide b aregrot Hmiterhioyrlstuay alimiBHN. &8 expr essed

on the coat pLLHRIM, FAMIENIm [RE sttBHiRn. TA1 SAnQE a8 PRUAHUSIng B2 sRh@CUr sor to
the basic react'ant or Teduction agent. This ratio al so determ nes the

uni formity, singweerdivisysys pabiopanningmmaydesmpioned Radrppf Rapidesshad Arcrenes
nanot ubes; | %a@gélgﬁ{ve f lar nielal 67 A& M&RieMliRinafVelP6Sin addifith,as M2OA

or V20s,. may torned I nto nanotubes using the techniques d_escrl.beo’l her ei n.
Ot her net al s mixad metaloxides may be produced by incubating engineered phage in solutions

including salts of more than one metal.
Figure 1 shows transmission electron microscopy images of Co;O4 nanotubes
grown on an M13 virus scaffold at room temperature according to Example 1. As
20  shown in this figure, regular oxide nanoparticles are uniformly coated on M13 virus,
resulting in metal oxide nanotubes. The electron diffraction pattern indicates that the
oxide phase is Co304. Nanotubes produced according to certain embodiments of the
invention may be as small as 2-3 nm. An exemplary sample of Co304 nanotubes
exhibited a surface area of about 140 m%/g. In contrast, cobalt oxide particles formed
25  without any virus or with wild type M13 virus are irregularly shaped and significantly

larger than the nanotubes and include a mixture of Co, CoO, and C0304.

Self-assembly of nanotubes into a mesoporous thin film
The nanotubes described above may be cast as thin films ranging from about
10 nanometers to about 100 microns, for example, between about 10 nm and about

30 100 nm, between about 100 nm and about 1 micron, between about 1 micron and



be used to produce nanotubes according to enbodi nents of the invention
include transition netals, for exanple, nickel, iron, cadm um tungsten,

chr omi umwoioesmasere) titani um scandium yttrium copperCTaiseslos7osone
enbodi ments, non-transition netal oxides may be forned into nanotubes.
Exemplary nmetals that may be exploited for use with the invention include
but are not limted to calcium alum num barium beryllium nagnesium and
strontium AlabowflOtiiese, arhstwoen ghoodifoeigransind gbauh &0&mipeone frgiupeeidr ed vi r uses,
or bi opanni ng. may .be | o i 1] eph ven nore

sel ecti ve fog‘ﬂ?'ﬂ'é"f)%?ﬁggﬁ'ﬁgh% eé‘} plgb?lcglr}@tﬁa{f o 2&?3@2%%@? féer ?\tglﬁn\%eoﬁy or in

addi ti on, m xedcinat alcopriattd herimybyrefepnod powitebyxampdanp siethnds efivgitmger ed phage
in solutions inclyding salts .of .more.than _one.me Fi

transni ssi on fl@?’é’c?‘?@%‘%ﬁ%’ @?%?é‘c‘%Ypsy;‘Tﬁ%aﬁ%%m%P > &éﬁﬂéen‘g dﬁ%'uéé&gl% %‘ﬁ t‘({)}?l an M 3
vi rus scafsf olvirabfilnt Eshindt Eitpe hal hae ahickiads frgmtabolEX aniploe tdabods18hown i n thi s
figure, regul ar oxi de nanopart] ar.e uniform oated. opn . 3 virus,
resul ting i n MERP "&%hdgayﬁl%rﬁ?f‘tﬁ@@i’yfﬂgg8?%%‘??6#%& P ngﬁMpat tern

i ndi cat es t hatusgehgorMiadivephge The ndicBbds miaexititsdsrtpr ageage askeoindi ng to
certain enbodj nents_of th«? i nvent.ion nay be as ;mall as 2-3 nm Qn

exenpl ary saripf &imss fo anb L erysiahhgse, depending on b coneenizatign oLyt 140
n2/g. In contghagd in tkeChidal SKitRa. RRgdeCnbddineniEpsttwécnhbolt 181 phagermls or with
wild type ML3 virus [

are irreqgularly shaped and sjignificantly.larger than
the nanot ifbeso &byt il%]cP?ﬁgé/“Hcrﬁ{“_ﬂ fpliops ar@S‘,np%éS?i' S"é'%g’e%e .rd%é?cfe- Ssenbly of
nanot ubes i nt\GitAcINBHARGSO W13 Bicitibpitd BhiBlBNSHgHaRE @@ 6 lifed crghaige My be
cast as thin filns ranging fromabout 10 nanoneters to about 100 m crons,

for exanpl e, MetRABHOABHNIUE ANIsAHORIFANGBOTRIISPOC FhArackEistite ATEHYTY> 100 nm and

about 1 mi cr of|cHREEMAE RavdRRin that BIeAFineRERRAM bushOnddl & 245 predurddet ween about
10 micron and about 100 micron for use in |ithiumion batteries. U S.

Pat ent Publ i cetution taerm yiyd Z08 nanaszystasreniaisd binyid costaliie srspensions-Ror por at ed
nerel n bYig o1 RRRNEE 7 PhMLIGS SETHREAOHITBIRIM S She SRV FBlon! | 15 By
y sinp allowmng a solution of the virus to dry, |eaving the
viral film behisbrpedyirysgetaing ith igud erystalling bahgyior andream boeast intoniigisdasedo about
100 thin films with controlled thickness.
Depending on the solvent, the virus concentration, the ionic strength of the
solution and, for cobalt oxide and other magnetic materials, the applied external
20  magnetic field, various liquid crystalline phases such as smectic, cholesteric and
nematic phases can be achieved. Lower concentrations result in a nematic phase,
while progressively higher concentrations result in cholesteric and smectic phases.
When the concentration of the virus-based nanotubes in the solution is lower than the
critical concentration to form the nematic phase, the nanotubes will not form a liquid
25  crystal phase in cast films. The particular liquid crystalline phase of a nanotube
solution will affect the mesoporosity, mesostructure and the mechanical properties of
films cast from the solution. All these parameters influence the capacity, lifespan,
energy density, and stability of virus-based thin film electrodes.
In some embodiments, it is not necessary that the nanotubes assemble into
30 liquid crystals. Cast films of randomly oriented nanotubes can still exhibit the surface

area and mechanical properties needed to produce robust, efficient batteries.



m crons, which nmay be controlled by using a | arger or smaller anmount of
viral suspension in a given area. The nanotubes may exhibit short-or

| ong- r angsoanaaisi7e the filnms, for exanple, as a |iquidpcrystalsophase,
dependi ng on the concentration of phage in the original solution. In sone
enbodi nents, between about 10 14 phage/nlL to about 1014 phage/mcroliter
solutions are enployed. The degree of order increases with concentration.
M 3 bact eri opdnegbesibridatet y spaificrnavlgationrodengineer¢d \Guis dpantapseuslyl evplye phases

due to its unique anisotropic .and nonadi.sperse, char. LSt revi ously,
Bel cher, et dl‘g,as l'\?‘éppg%‘ﬁﬁyb iR ages Of?usg"ﬁ&ﬁféré'e?}éeds p\%‘f‘?%éeq%%%pdgﬁggb 'n zZnS
precur sor solikiosthudnge fand Miskineslof e Silmamobe pegilated by thetcasting dorditepuns,d

crystalline suspensions. (8). Al though ZnS nanocryst r i to pill
proteins at oﬁ‘l@{)@rfﬁn?ffm?tg‘?é" (Gmpgratur ﬂ‘@sﬁu{)erﬁ’,% W%Bééﬁ%lﬂ)d;ﬁ \2/l|§ra ftﬂégmr@ ains its
liquid cryst aliboBindAE kastha@Fedands Bamistloast aas filnk Bidahsti metsHibads thetfihns fi | ms
with controlled thickness. Depenﬂic&% on the soll vent the?ﬁ/.ilr u% d

concent r at i orsusReAged;ip splutian as drssripedAboydandagneiplios melgh panopyticles diglated oy e and
ot her magnet i H¥BLRE bl hen &z Alht Q6heSivh OF ke MAY PRV EM tHel ftndronvar i ous
liquid crystalline phases such_as snectic, chqlesteric and pemati c phases

can be achi evdigsolvingip thesplytiemt Thedilpmay e arhitrarfly thick sa dong as itdossnet \hi | e

progressi vel yinf} o eyithGROGAHR1F 81 dIQASNd BIHY FromhECiARIcRAAEE tbri@nghddtRBE i C
phases. When the concentration of the virus-based nanotubes in the solution

is |ower tharthe maltipls celleefia kagery e Rne gilleshingly aroyh reepgnize Hat the thitkaess. ¢ he
nanot ubes Wi | {¢ 0 inf RhyBeBophitfibet S mhiBhiPthe BRARSI ihRRghGE tHel fliAByithbhe

particular liquid crystalline phase of a nanotube solution will affect the
nMesopor osi t y, exaessively inreeasing therinfempleresigianca af batieriesripgraparating th film. | ny cast

fromthe sol ution. AHELGhScrlgieb i@ REEs 4rb SssEAPBE IntdYa filnd T €SPaN,
energy density, ar%laéks%%%%?ig?ﬂ% Vi r’ﬁé?%agqsﬁeed thin fri I r% el ectnr o?:lés. In sone

enbodi nent s, beforg soandinatingskesmetaloxideand amecondwrberio ths virys ehie i nto i quid

crystals. st ol g 1 Wik the XRiLI t the
surface alrsgg %Tﬁl{?dlrrrﬁe%hglﬁﬁ fﬁ:lgﬁqggﬁ%séﬁé %@hﬁggg@(g%%rg@?cﬁgme rlobtgt, (laffi ci ent
batt eri es. Nanwbegssed uhddy thecsame dorfsijtionp exthe virusta binddhd dertron censgitaeanded vi r us

spont aneousl| yfoﬁxme%lg%t%%g@e%&?lgtagitc‘a'tﬁgr?mé;' %Qumﬁ% ingin%?fﬂpgﬁi?&ﬁlitg' kegn film The

spaci ng between nan
solutions in which the film is immersed to improve reaction times.

Use of Thin Films
20 As discussed above, viral films produced according to an embodiment of the
invention may be employed in batteries. Li-ion batteries often employ a graphite
anode, a liquid or polymer electrolyte, and a cathode that can accumulate lithium ions,
such as a transition metal oxide, e.g, cobalt oxide, vanadium oxide, or nickel oxide.
In prior art batteries, the lithium ions intercalate themselves between oxide layers. The
25  metal oxide films produced according to various embodiments of the present
invention may also accumulate lithium ions through intercalation. As described
above, the mobility of the particles within the film allows the film to accumulate and
discharge lithium ions without cracking. Without being limited by any particular
hypothesis, it is also thought that the lithium ions are additionally accumulated by the

30 film via deposition of lithium oxide on the surfaces of the nanotubes through standard



m crostructure, and thickness of the filmcan be regulated by the casting
condi tions, such as concentration, tenperature, pressure and nagnetic
field. | nwenoadsygati ve enbodi nent, engi neered virus i ®criusadosoa®so as a
filmand then nmetallized. The fil misl4suspended in solution as descri bed
above and a netal or netal nanoparticles chelated to the virus and then

oxi di zed. The cohesi on of phage may prevent the filmfromdissolving in the
sol ution. The:lefcirbmemi&yil iechanibrng, reagr,itlhrputhe:kxiéajioh@ﬁgthasn and thiorsdugtion

interfere wit nsfe ect ge
carriers and® 38 é’rf) 4‘%‘?% Zal%éll f' cr)rfs Ba{gpélr"?gge%%g OkEllgln nog&}lﬁ% the art
wi Il recogni agtHimee fﬂd‘i@rdvhieckmﬁt&mh’badnbesntaslfamlrthxymbmsoqhtnehy ineaging mai nt ai n

t he physical jntegrity of t ut excessively increasing the
i nternal resi8t GREEY a'?)?a'ﬁt@?ilsg‘:?l”i@ﬁ}%f?ep@ Miting the film In an alternative

enbodi nents, the egikREEEERH N drirwilials r&fbgﬁllzbﬂﬁdthhmlmsacdo'rdimgtbeaflore
coordi nating the netal_ oxjide and ang gond ctor t.0 th
8y

enbodi nent , teofiner; ofdhe.inygntig SFIRIPYEH ‘thetaﬂg rLuéOn tfagFrI'evai ng whi ch

the filmis precespastioiiehe fahRuBAMeaCOHNEY l’ha}OHSste&Steﬂ hath véfergscetto thei nd t he
el ectron conductor and formthe netal oxide. ‘%%g%g‘#lt ation y be used

to maintain tRstrashemiehpeisntial ofdby ‘H?tFBﬂé‘s"ldri’tW’?lcéﬁl?o frrit 15 809tter sed to

| nprove reactyiQg bhdedBin fildP6r s%eBhieflmEtehaB hﬁgendtawmbsﬁﬁelnaabf@vew aMbdeal fil s
produced accordi Qfg to an enbodi ment of the Invention yed in

batt eri esl0 Lianf gathesdetaf dhej hatiery presglegirhpusy that.gyhep Hietl?“%fﬁbﬂas"%é’ gl‘igqﬂ?TF d or

pol ynmer el ectyalayibPof AR BREAGKRGNY liléﬁedﬁénm%@%@mh@dees brekdetibkmyi ons such
as a transition netal oxide, e.g, cobalt oxide, vanadium oxide, ni ckel

oxi de. In prifavored whija theaeveess reactiensiare enpigatiqaly §avored dpeing reeharging rr%@r ves
bet ween oxi dg(%flt}?%ﬁ{n%tloﬂ- RetaFiddHon Lahifor métgpoxmeeqége%d%@wmm Js@ vari ous

enbodi nent s the present 1nvention may al so accunul ate |ithiumions
t hrough i nt erteé¢ratii’lhm forpsse dethe pnasisgidglob e dithivn ionrhgtigry Bgmeexeptpdarpart i cl es

within the Almﬁ%ll{/@%ﬁdé a)%glft et &r%%@h@h@n@aﬂé’sedbﬁ’gmgﬁﬁw lahddaiang i ons

W t hout cr ackl ng €i ng by any particul ar hypothesis, it is
al s0 t hought datatle mhterisls miay berpptiomigecawigh eeaitict ioong oghes exashish@a desired) t he

difference in redox potential between the two sides of the cell.
Whether or not the virus-based films exhibit short- or long-range order (or
none), they also exhibit mesoporosity defined by gaps between regions of more
20  densely packed virus. This mesoporous microstructure can improve the energy
capacity of a battery. A large surface area in the inner and outer walls of virus-based
nanotubes may facilitate lithium deposition and intercalation, increasing the capacity
of the battery without requiring an increase in size. Moreover, the mesopores can
serve as electrolyte channels for faster transportation of the lithium ions to the interior
25  surfaces of the electrode, improving the kinetics of both charging and discharging and
reducing the internal resistance of a battery employing the film. In fact, effective
uptake and release of cations by oxide nanotubes was investigated and intercalation of
lithium ions in high capacity nanotubes was reported (3). The interface between
nanotubes in the virus-based film may also act as an intercalation site. These unique

30 characteristics of this mesoporous film can greatly improve the battery capacity.



filmvia deposition of |ithiumoxide on the surfaces of the nanotubes

t hrough standardel ectrochem cal nechani sns, e.g., through the oxidation of
| i t hi um awd 2béwmas@ducti on of cobalt or other oxidized metalus2008/087980 fil ns.
The high surface area of the nanotubes within the film provides additi onal
reaction sites for lithiumions, thereby increasing the capacity of an

el ectrode including the film One skilled in the art will also recognize
that thin filns adhorfilinegrddocedracantiog iormreimbodintehtofi the/ipmentionmarpe al so be

enpl oyed in the, ano aof Li-ion.batteri.es, The co j ot t

particul ar mets w{.}&g ”ﬁsag)c%gorgtéqgg)coihesgﬁI\S\f{eﬂtmﬁgf Se?ngﬁg@dtecl)e%tl ﬂ‘g{es' e

el ect rochem ckibiay emd high swofact frea/neltae raib ofithe dilia$ mhjelsc Gchitdethe wnet her it
i s anot her vi ru(ﬁ,ébase t eneral, the

i ilmot.some other,. material. In
materials forP" P& &H‘agﬂg’a&%{f"ﬁSbéffgrlemtcl‘fgﬁ%ué?t{o@?yﬁ?réms?e agg? ed such that,
when the Bzat tréducedindiafielzahgpenGuct B3eylindet disc,gisofand ibtlni Aheradtivelyer imode and
its reduction at. the t hode | s energetjcally favored, ile the reverse
reactions aré&4d W@P’ég'f‘i%@‘ais F“S?O'fdéﬂ%Péﬂel‘gﬁ‘?‘i“ﬁa‘@gﬁ‘ﬁé‘}vﬁmﬁ‘_m% gpte futo
transition nefigtro@date@dls §uchasplhdimim, 8i¥ed|or 0XppdE vhithardtérbeétnabimvgedray be

used to formfilns for use on t apode sjde of _.a lithium.iaon battery. Sone
exenpl ary matt@Fpngdust ‘i“HE‘PtLS?i@eé}BBg‘ﬁf"? EWPGR‘%}*‘? Pat PERFEE: Q-Hﬁelﬁ?iw&&nese. of

course, the apgefl sifraa 9B sdTRLR hindsis, eSfRriale whplelatbA®dtivd hitedi#spect to
one another to achieve a desired difference in redgggoten lilcglgml?l tween the

two si deslOof ip¢ladeddn the fiffgeThe Virgsebasgsk thindidm,plecirades leap it short-

or | ong-r angexfitii€high pabiy sk spddifendl§ Aeiyl Plelpild®naatingid y defined by
gaps between regi ons of nore densely packed virus. This nesoporous

ni cr ost r uct urmBinEgRizZatig el phpacedlgpfoR-soFuters, therlargeshaftd heaviest A | ar ge

surface area Jofhp%%t bRYRtabIR Qi CEHtindBd th e Rieirtafiétfes PRRIBTIARARbIRRS 0 MRY
facilitate lithiumdeposition and intercal ation, increasing the capacity of

the battery winteytbodimeatyefithq inyensian may be used to ereafp smallepppese flexiblet lightsiesopor es
can serve sas_lﬁhgﬁésrﬂs\é{aﬂ?nc&@ﬂ&‘?' s for faster transportation of the lithium

ions to the interior surtaces of the electrode, inproving the kinetics of
bot h char gi ng and Tavospinzoses saryed hyl theetbaeodey int tbatterntase elegtronsgadyctigrcandof a

bat t ery enpl gﬁégﬂglngggktg {())lr He okﬂiatfi&lccgr’reﬁuicﬁlcé .tls(eelaﬁ'imz%ge r.r(gé].,ease of
cations by oxi de nanotubes was I nvestigated and 1 ntercal ation of
lithium). Where nanotubes are produced incorporating both oxides and electron
conductors, the film may be cast on a more traditional electrode material (e.g.,
20  graphite) for use as a solid electrolyte interface layer or may themselves be used as
the electrodes. It may be desirable to use metallic leads to connect the various cells in

the battery.

Use of peptides to create Li-ion batteries
In another embodiment, peptides unconnected from viruses may be used to
25  produce metal oxide layers for use in batteries. For example, carboxylated peptide
sequences may be immobilized as a monolayer on an electrode material and used to
support the formation of a metal oxide layer. In one embodiment, the carboxylated
peptide is coupled to an alkanethiol or a polycysteine peptide. Thiolated molecules
readily attach to many metals, including gold and nickel. See Whitesides,

30  Proceedings of the Robert A. Welch Foundation 39th Conference On Chemical



lithiumions in high capacity nanotubes was reported (3). The interface

bet ween nanotubes in the virus-based filmmay also act as an intercal ation
site. Thewe igs@echaracteristics of this nesoporous fipkcmusasvsgsess |y

i nprove the battery capacity. Thin filmws produced according to an enbodi nent
of the invention may be used with batteries incorporating both solid
electrolytes and liquid electrolytes. The flexibility and high surface

ar ea/ vol une Ratéacchafanbpieasé Chemistnsay{oa:ttsro Teacpdges Hi%1 21H{&9990.ofliernatbmlyof

smal | er batterle er ent uratio roduced in
vari ous shap®§PHasy, B’ﬁ‘“gg‘gék‘ﬁ ‘iaﬁ(%}' ateccih suencﬁrafl(g?nse “%P%BH k@eﬂl ¥§§t?vel y or in
addi ti on, t hitie desirddssubgeay diused fo@odtnan ekbipaticnmendriabf Sdneeexiemplent i on may be
coated onto el ectrode rials such as i nu silver r, which
mat eri al s may*BENGES t?rS Sé&‘i’i‘dﬁi‘lrp ‘L%'lc'r’lgrnstugftf?&tsﬁ'grql??erﬁreﬁ)f)'ftéd Pq‘rr anﬁj pggiot her

part of asci figBirikayd RealgNatié SEARriaB] @oogIVo&mepmtsss,rmyemee smitdnek ofr a nesh,
especi al |y where a conduct | ncl u i film The

ter .in.the
Vi rus- based t"Hish ¢ l“ﬁ?@?’é&’ij‘ﬁ‘&é‘ ysreﬁefeé‘}(‘? 5" eréﬂli“’%ﬁé‘ief‘ {5% 2% bits high

capacity and Wﬂ,ﬁg&cwegyegﬁmlabyve Despl te the cont i nui ng
m ni aturization of cell phones and | aptop ng t he Iarl%est and

heavi est conponentd W“B{)?‘I‘B‘tﬂ“@e‘ﬁeﬁ'ﬁed’égl@ﬁ)ﬁ‘@yh tt‘beB’B melioKdBat t eri es.

Thin films agepsgdhRest Poﬁ&aﬁﬁi@%ﬁmﬂna@fbetshsihés&wagmgmnaaUasaesdmaed to
create smaller, nore flexible, Tighter batteries for small er devi ces. Two

pur poses Wer \nbaseisynthesis @ﬁé@?ﬁr%%wﬁﬁeﬁmwﬁ%‘@?@e&‘fs& o feen Mgk @H¥%uct i on and

providing a sj, n@@paf‘tﬂ:‘esm%s@s)fﬂug@;e'19Fbg91%te539%tﬂeﬁtme@f It iR einBBdimes@ ge carrier
(e.g., lithi Wher e nanot ubes are produced incorporating bot h oxi des and

el ectron conchm}tf@?h@m'qah%e“flﬁ Fonstresjedising ska maerial wheseeoxide g peinsiegnedasect r ode
material (e.gye %&B@m dafhbad ranbI A céhél?ﬂe cgmﬁirﬁﬁén'is@eiﬁrﬁedl fbarfeace |ayer or

may t hensel ve e used as t ect rodes: may be desirable to use
metallic | eacbéeCtrglyt?(hj'ma!@SStfmte Andﬂafdla@luw Iij e?‘ﬁ“lﬂ%eﬁb@‘&tl%ﬁ%/use%seth%f pepti des

to createpsli e'le%ﬂol?%t t’[‘?’nEB Erk £%4 tla‘?llie &é&ﬁ%@ké‘ﬁrﬁw cRBlthfEs eynqensect ed from

Vi ruses may be us UCE,‘ net al oxi ayers for use in batteries. For
exanpl e, car bdyThe el 1spe;m‘a,t@kgalvanlcally at low current, e.g., about 10 mA, for a short

time, €.g., 1 min to generate metal ions. See Dai, et al.,’Electrochemical and
Biomimetic Synthesis and Organization of Hybrid Protein-Inorganic Nanostructures,
JACS, (2005) 10.1021/ja055499h, the contents of which are incorporated herein by

20 reference.

Examples
Co304 nanotubes were prepared by incubating virus engineered to express

sequence E4 in the pVIII coat in an aqueous cobalt chloride solution between 1 and

10 mM at a pH greater than 4, e.g., pH 6, for 30 min at room temperature to chelate
25  cobalt ions to the carboxylated peptide fusions. Sodium borohydride was used to

reduce the cobalt ions to cobalt metal, which oxidized spontaneously in water to form

monodisperse, crystalline cobalt oxide nanotubes. The nanotubes were formed into

films and disposed on platinum electrodes. The electrode was used to prepare a Li ion

battery using a lithium metal foil was employed as the anode. A Celgard™ 2400 film
30  saturated with 1M LiPFs in ethylene carbonate and dimethyl carbonate (1:1 by



sequences may be immobilized as a nonol ayer on an el ectrode material and
used to support the formation of a netal oxide |layer. In one enbodi nent,

t he car boxypl2adeadsg@epti de is coupled to an al kanet hi ol orcaedgOyB8Ei NE
pepti de. Thiol ated nolecules readily mttach to many netal s, including gold
and ni ckel. See Wi tesides, Proceedings of the Robert A Wl ch Foundation
39th Conference On Chem cal Research Nanophase Chem stry, Houston, Tex.,
pages 109- 12ko(uhf2Whs ushl hethaatebtv@yty., Thelpttegesasicpclediktweent hand dliBoxy| at ed

sequence and a. s ctivel i nds. t.h trate be
used to coat “éﬁgz\@g@@g@g eéﬁ?sgfq“'%e @fe 4 %f%g%h%eﬁg%s P at are
sel ective fOl’volft@g’etdeﬁwdrai’b}sthbsitfesgtz&Ssl’masmenB%GrESQApmdQBd for exanple, in
Sari kaya, et al., ture . Materia 577-58 the entire
contents of which @“?%d’@fr"ﬂ’&%‘f‘%gbtﬁg@%()"b‘&? apg\gcilp@%gepre;ar%&rys may be
identified usigptylnga doldpIAding peptiteUKALEESRIPSY (SHEID:2panvae E4 phagaot her
enbodi nent, free peptides mayﬁ% @;d 0 for nmet al oxi de ng(?,;)p? ticles.
For exanpl e, YSWSRiPHRESMASYSIFET WERSSERAR abPuL AP § %‘ﬁase
synt hesi s ang,\ali19editiRebrant E@bhdg@ch@bmuwoﬂﬁmglﬁdpﬁﬁdest@asfdbtanneﬂmto&i oxi de
nanoparticl es whose structure |s regul ated by the pep one

embodi ment , arpddelzandgpsbaied with él}:qqngqnger%ﬁgl{srfgf(ﬁbg\{f tweﬁﬂﬂgst eri al whose

oxi de i s being ﬂ@ﬁ?%c@s%eéﬁ%b@\rbqg?ro@[i& %bﬁi—&fb@@oknﬂe adrRhibEE m%@@t hol yt e
corrpartrrents separated fromthe ectr te by a glass frit, An Nad

sol uti on, 10f orwess easbinte filgisdigm a Ay’ P*Sagﬂg‘édoh%‘o‘ﬂH@@P@@t‘?‘@lbﬁg‘esﬁe peptide is
added to the &L&ﬁ)@:{ ?A(XIE eAaltEM%rGQQB?Jﬁtﬁ@treblﬂtrhg BnGis shoWria FigaMd 3Alhe cel | is

oper ated gal vani ca | ow current, ga about 10 mA, for a short tine,
e.g., 1L mn t"Bleg’en@tht"éCﬂfPé@'w Wiﬂb%hng@éa lon cgll ingprpoatipg the dWRdsri cal and

Bi om netic Sy gani zati on of Hybrid Protein-Inorganic
Nanostructureﬂétﬁﬁiﬁﬁlgﬁ&g;%) 10. 1021/] a055499h, the contents of which are

i ncorporated herein by reference. r’rPI es Co O nanotubes were prepared by
i ncubating virus engineered to exprefsletegétence E4 in the pVIlII coat in an

aqueous cppal t chli9fidersacst ARIMOEIMRE N Isku@iHd challenges facing rechargeable
lithium batteries”, Nature 414, 359-367 (2001).
2) G. Che, B. B. Lakshmi, E. R. Fisher and C. R. Martin, “Carbon nanotuble
membranes for electrochemical energy storage and production”, Nature 393, 346-349
(1998).

20 3) Y. Zhou, L. Cao, F. Zhang, B. He, H. Li, “Lithium insertion into TiO2
nanotube prepared by the hydrothermal process, J. Electrochem. Soc. 150, A1246-
A1249 (2003).

4) J. R. Dahn, U. Von Sacken, M. W. Juzkow, H. Al-Janaby, “Rechargeable
LiNiO2/carbon cells”, J. Electrochem. Soc. 138, 2207-2211 (1991).

25 5) G. Yuan, M.V. Yakovleva, W.B. Ebner, “Novel LiNil-xTix/2Mgx/202
compounds as cathode materials for safer lithium-ion batteries”, Electrochem. Solid
State Lett. 1, 117-119 (1998),

6) B. Ammundsen, et al., in Proc. Int. Symp. Electrochem. Soc. Vol. 99-24,
57-67 (ECS, Pennington, NJ, 2000).



10 MM at a pH greater than 4, e.g., pH6, for 30 mn at roomtenperature to
chel ate cobalt ions to the carboxyl ated peptide fusions. Sodi um borohydride
was used wo 20@&us®et he cobalt ions to cobalt netal, whi ebTwshaisnsdso
spontaneously in water to form nonodimsperse, crystalline cobalt oxide

nanot ubes. The nanot ubes were forned into filnms and di sposed on plati num

el ectrodes. The el ectrode was used to prepare a Li ion battery using a
lithium metal foil) WaE)oengoReRlolasn tth ®uandtidectréchOmiqghprdpertigs 2A@D film

saturated with IMLiPF i Gar konat e an d CRY ate (1:1
byvol une) wa§“5§%°§&r°§§’a?arqéu"é?’é§?s a5ﬁ°§€f‘ %?eﬁ'aocbattgeiorh‘}‘slv\%géﬁ% 3l er ﬁgt ween 3 and
0.0 IV using (MROOR aut omat ed test equi pnent. The capacity of the battery

and the voltage del | yer eny, in.Fi gur and 2B
Nanot ubes i ncor pogb'k';‘ﬁgfgxg%e &%})ﬁxﬁd ?ﬁ‘&ﬁ °lecur]aer°pre"et%g°rne by

di spl ayi ng amhﬁn&ﬂrmmgodmtmmlfdsléﬁubmmayat¢ SEQ@dbin. Byi. pavt Bhe E4 phage
using a phagem d s stsgl g’%g %z)l bi ndi ng peptide was present in about 20%
of the pVilIl ,lygf f62p195 age. A solution of 5nmgold particles was

obt ai ned from Ted 9fel Mao,andl ., iPnsd) vall etkawi Sch UL$He. W0g69segr@d).vi rus for about
two hours. The phage were t hen processed as above to produce gol d-cobalt

oxi de nanot ubes. e ph were.cast into. L

sol ution and for m-g)ghqr ﬁ?‘gg‘ﬁﬁlf?téf)p@g nyention i r1 :b%epcP a et??{ntﬁosiglﬁléﬁﬂ lﬁlq@erq%{gr aph of
the resul tingrdnt 4 BansRlebiones thélsﬂiblgwtbn&Apraa'tiue o\i&fenmtenmm disclasegpbareiny wi t h
cycling for a Li-ion i nc oratin i gure 3B.
Ref er ence¥ 1)It{§‘ntﬁﬂd°q'ﬁ’ra5§‘88??° et ‘%anﬂre%ﬁ’?fges bclcgg ‘?fr%ﬁ Cé%‘ﬂ?ré’r?aé's faci ng

rechargeabl e ‘lumthe tie eopé idi spiit of N irveRioh bling Haflcalld by((RODUPwing klaltns. Che, B.
B. Lakshm, E. R _Fisher a(g C. R Mrtin, Carbon nanot ubl e nmenbranes for
el ect r ocheni cal enfBhayis cainrdise and productl on", Nature 393, 346-349 (1998).
3) Y. Zhou, L. Cao, F. Zhang, B. He, H Li, "Lithiuminsertion into TiQ2
nanot ube prepared by the hydrothernmal process, J. Electrochem Soc. 150,
Al246-



Al1249 (2003). 4) J. R Dahn, U Von Sacken, M W Juzkow, H Al -Janaby,
"Rechargeabl e Li NN @2/ carbon cells", J. Electrochem Soc. 138, 2207-221 1
(1991). 5y0Goocxussrs M V. Yakovl eva, WB. Ebner, "Novel [icds2005i037980y c/ 2Q2
conmpounds as cathode materials for safer |ithiumion batteries”,

El ectrochem Solid State Lett. 1, 117-1 19 (1998), 6) B. Ammundsen, et al.,
in Proc. Int. Synp. Electrochem Soc. Vol. 99-24, 57-67 (ECS, Penni ngton,
NJ, 2000).7) W Donga, D. R Rolison, B. Dunn, "El ectrochem cal properties
of high surfakce are@mpesibian cemmisinges aer ogel s", Electrochem Solid State
Lett. 3, 457-459 (Z2000hxid8LookdinNed t0% fird/pebft, thd e pg_&‘tldtc:%xhiei_ﬁngfhn Bel cher,
"Mol ecul ar orientation of a ZnS-nanocrystal-nodified M 3 virus on a
silicon sdbstrate", J.affioityfar aseducgshform pf thpstelaln - Phys. 42, 629- 635 (2004).
9) C. Mao, et al., Proc. Natl. Acad. ScL U S. A 100, 6946 (2003). O her
embodi ments of thepk QYEHMsHtRA ofbhim PEvVIRRIRIE Metal Borh fiASEa BlsttloRGhetd), the art
froma consideration of the specification or practice of the invention

di scl osed herein. It is intended that the specifi catié)g_ and el\xarrpl es be
consi der ed as exer P 8PYPesHiop of Gleion Liwherein the metad seelsrigd Epmcobalys ¢ he
invention gei ng i REhdARINEhidRYI, Bfxahede] iRoM, E&lnﬁﬁrﬂ,itﬂ?ste\ﬂ\m{roﬂii%nﬁkﬁdoﬁﬁ%,i s:1. A
conposition conprising: a netal oxide coordinated to a first peptide, the
first pepthde exhitlAMYymhgeandiugs, piteRmycopRaT> 3lciusy qleyNY B baripm, basylivie a1 . 2.
The conpog tion ofynfhaium, hnd WRGkigmD the metal conprises a transition netal.
3. The conmposition of claim1, wherein the netal is selected fromcobalt,
vanadi um ni ckel, manganese, iron, cadm um tungsten, chromu zi rconi um
titani um %scahdi urhheyempesiiion of plape s W &‘%fhﬁmetaég’ﬁ‘ﬂf moxiglized U{%al beryl | ium
magnesi umo and st maidpaMidle. 4. The conposition of claim 1, wherein the netal
oxi de is an oxidized netal

11 5. The composition of claim 1, wherein the metal oxide can intercalate lithium
12 ions.

13 6. The composition of claim 1, wherein the first peptide includes carboxylated
14 amino acids.

15 7. The composition of claim 6, wherein the sequence is AEEEED and the metal
16 is cobalt.

17 8. The composition of claim 1, wherein the peptide is part of a virus.

18 9. The composition of claim 8, further comprising a second peptide that

19 selectively binds a predetermined metal selected from copper, nickel, gold,
20 silver, platinum, and palladium.

21 10.  The composition of claim 9, wherein the second peptide is LKAHLPPSRLPS

22 and the predetermined metal is gold.

23 11.  The composition of claim 9, further comprising the predetermined metal.



nanoparticle. 5. The conposition of claim11l, wherein the netal oxide can
intercalate lithiumions. 6. The conposition of claim1l, wherein the first
pepti de iwolueaasaar boxyl at ed ami no acids. 7. The conpo®ciriusposivzokai m 6,
wherein the sequence is AEEEED and th® netal is cobalt. 8 The conposition
of claim1, wherein the peptide is part of a virus. 9. The conposition of
claim8, further conprising a second peptide that selectively binds a

pr edet er milned2met dhe sehmsitied of claim tlopherein thé prRadtermiped dnetal iid kegweenpl at i num

d pallagjum 10, The, i thon of ¢l ai m 9 i d peptid
o LRAHLPRSRLPS aftet ke B anat abon B i sPorioalbB R P GuBERTE BFV) 0%t

claim9, fiurther etoprising the predeterm ned netal.12. The conposition of
claim11l, wherein the predeterm ned netal is between about 1% and about 30%
of the metal coordinate j { '

conposi ti S‘n olf%" cl gih?ncolrﬁ,os\}kﬁgr%g%ﬂi ?é“&?%@é?%érfﬁlgn@\{%ﬁ alijrsgbelg\gét%\ﬁeen about
15% and atfout 30%abdut tl 5 anbisut 3e96 0fihe atetad cocndinatpd wtagirpteinsaat ofthet he vi r us.
14. The cgrposition of claim9, wherein a first portion of a predeterm ned
coat protéin on tNE"irus includes the first peptide, and wherein a second
portion of the predeterm ned coat protein includes the second peptide. 15.
The conposi tildn ofThekamposdionwficlpis H viheeeir & first poyagnt ¢fdepredetepmined egata fjr st
predet er mned coat_pr.otei.n,. . r.el . i i of a
second pr esrc]et erm ne e"&8a¥}{%pvr"§€gllcwagslt§% ﬂﬁ*%@%%%é?‘?%ﬁagﬁdédﬁé‘g§°bg{‘?ﬂe st eps
of : providi ng a fithesireqeegpmindé cent piotdin inolydesrtheadetond peptideor net al i ons;

10 15.  The composition of claim 9, wherein the first peptide is part of a first
11 predetermined coat protein, and wherein the second peptide is part of a second

12 predetermined coat protein.

13 16. A composition produced by the steps of:

14 providing a first peptide exhibiting an affinity for metal ions;
15 coordinating a metal to the first peptide; and
16 oxidizing the coordinated metal to form a crystallite of the metal oxide.

17 17.  The composition of claim 16, wherein the metal comprises a transition metal.

18 18. The composition of claim 16, wherein the metal is one or more of cobalt,

19 vanadium, nickel, manganese, iron, cadmium, tungsten, chromium, zirconium,
20 titanium, scandium, yttrium, copper, calcium, aluminum, barium, beryllium,
21 magnesium, and strontium.

22 19.  The composition of claim 16, wherein the crystallite has a size between 2 nm

23 and 1000 nm.

24 20.  The composition of claim 16, wherein providing a first peptide comprises

25 providing a population of virus displaying the first peptide.



coordinating a netal to the first peptide; and oxidizing the coordinated
netal to forma crystallite of the netal oxide. 17. The conposition of

cl ai m 16,wohessisso7she nmetal conprises a transition netalpctaB20050h87980
conposition of claim 16, wherein the a2retal is one or nore of cobalt,

vanadi um ni ckel, manganese, iron, cadm um tungsten, chrom um zirconium
titanium scandium yttrium copper, calcium alumnum barium beryllium
magnesi uml ard. st Thetdmpositid® of Taien Wowpersintsitoatantiallycdlbtherv itds, is vimeved n t he
crystal Iitze has aeri 26 bet ween 2 nm and 1000 nm 20. The conposition of

cl ai m 16, 2wher ei n TP A5 Ui r st pepti de conprises providing a

popul ati on of virus displaying the first peptide.2 1. The conposition of

cl ai m 20, 3whé2ei nThebstmmsitionbf glaigd 20, whereinithagoph itiprepfoxia akse epmprises 2
conpositign. 22. The ¢o Sjiti Al i 0 ation of
virus al sd conpri &&8" apes’r,yggeoér}f g%gﬁtﬂe«lﬂ@ 1%?%“@%?%&@%#&Elfcrlgg’sgg!rjfe or nore of
copper, nisckel, geilwty, pddtinu@r andplabBddivenm  and pal | adium 23. The conposition
of claim 22, wherein the second peptide is LKAHLPPSRLPS and t he second
pept i de sel echi vely, binolsiaRlforaiftho, WAERARPRSbid RBidd is EKNHDPPRRLPYT t her
conprising coordinating a transition nmetal selected from copper, nickel,
gol d, silver, pl adndibasecamdipgptidé sediictively bindhgoléecond peptide. 25. The
conposition of claim?24, wherein the transition netal selected from copper,
ni ckel , gqQl d,,sil i : I L WREGH: Wkiod % and about
Boshor thd nzs) | HRE copRioRRbaAlS @g@@%g%gﬁu on %?ﬁq ai m 16,
wherein tWe first npiadsélented fram cehpsr, oigkdlosold. sitves pdatinde, and nalladiym to thee
COMposi tilQ)n of cl g‘i:cr&lggepﬁ\q@erei n the sequence is AEEEED and the transition
metal is cobalt.

11 25. The composition of claim 24, wherein the transition metal selected from
12 copper, nickel, gold, silver, platinum, and palladium is between about 1% and
13 about 30% of the metal in the composition.

14 26.  The composition of claim 16, wherein the first peptide includes carboxylated

15 amino acids.

16 27.  The composition of claim 26, wherein the sequence is AEEEED and the

17 transition metal is cobalt.
18 28. A film comprising the composition of claim 1 or 16.

19 29.  The film of claim 28, wherein the film exhibits long range order or short range
20 order.

21  30.  The film of claim 28, wherein the film does not exhibit long range order.
22 31.  The film of claim 28, wherein the film does not exhibit short range order.

23 32. The film of claim 28, wherein the film is between about 10 nm and about 10
24 um thick.



28. Afilmconprising the conposition of claiml or 16. 29. The film of
claim28, wherein the filmexhibits |ong range order or short range order.
30. The fwbmefossd7ai m 28, wherein the fil m does not exhipbirtusb@s®srsnge
order. 31. The filmof claim?28, whermrin the filmdoes not exhibit short
range order. 32. The filmof claim28, wherein the filmis between about 10
nm and about 10 mmthick.33. Alithiumion battery, conprising: an

el ect rol ytie; 33. | i tAAhlithinmaior batehyatoroprisirgyer di sposed adj acent to the

el ectrolyte, the Iithiu accurrul ati on |l ayer conprising the conposition of
claim1 or 16. 342" ?ﬁ%‘ﬁ% tery of claim33, further conprising an el ectrode
mat eri al adj acent auiﬂnmrhacdutrtuhitlumaaaodisrpukeﬂtaﬂjanenlt w,/thc ¢leWméyteithie litheml i t hi um
accunul ation | ayer is disg ed Petmeen t he el ect 1.0 rgte 03 gJ(@nd t he

el ectrol ytfe. 35. The bHtP }‘ét“?ﬂ‘ a%ﬁirzii”ﬂi’%%"g%g?népoﬁl 'tOH(g lro yte is a
solid or a fluid. 36. A nethod of producing a thin film conprising:

provi di ng 5a [@4ur alThe yattety sfatem 38 efrthérivempasiog anodertrodemeiegiladiagenyior us to

whi ch a netal oxi i.s. coordi toa film
37. The t hod of e”ﬁﬁHWﬁ%m”n e%@ﬁaepr03$ Bén&l&Fgm&%Haa&4%yﬁé£otubes
conpri ses:7 provi didisgosad petpetrathe elactaide wiatenisl andrtlptrelmtmgftfa f| rst peptide
exhibiting an affinity for netals; coordinating a netal to the first

pepti de; Xi di rdi I allite of the
met al oxi e spogégggf?%&&ﬁ@ 3\(fjl’i Qﬁ%&ﬂg&%ﬁ%hol’&% 'gﬁg(ﬁ]daofr% f?bgcf m 37, wherein

the first pepti de conprises car boxg/I ated am no aci ds.
36. A method of producing a thin film, comprising:

10 providing a plurality of nanotubes, the nanotubes comprising a virus to which
11 a metal oxide is coordinated; and
12 casting the plurality into a film.

13 37.  The method of claim 36, wherein providing a plurality of nanotubes

14 comprises:

15 providing a population of virus comprising a first peptide exhibiting an
16 affinity for metals;

17 coordinating a metal to the first peptide; and

18 oxidizing the coordinated metal to form a crystallite of the metal oxide
19 disposed about the virus.

20 38.  The method of claim 37, wherein the first peptide comprises carboxylated

21 amino acids.

22  39.  The method of claim 38, wherein the first peptide is AEEEED and the

23 transition metal oxide is C030;.

24  40.  The method of claim 37, wherein the population of virus further comprises a
25 second peptide that selectively binds one or more of copper, nickel, gold,

26 silver, platinum, and palladium, and wherein providing a plurality of



39. The nethod of claim 38, wherein the first peptide is AEEEED and the
transition netal oxide is CO8B8Q4. 40. The nethod of claim 37, wherein the
popul at i omoahoewissars further conprises a second peptide trhatuss@sostosyel y

bi nds one or nore of copper, nickel, old, silver, platinum and pall adium
and wherein providing a plurality ofnanotubes further conprises

coordi nati ng one or nore of copper, nickel, gold gold, silver, platinum
and pal | adi um t o hhetwes funteqrepipiists codtdinatiitpeone®t Motk affcopfeninikdlpgoldher ei n

t he second peptide j.s.LKAH.PPSRLP . the secon i de sel ectively binds
gol d. 42. gThe met RO %‘fvecha"%H“é??‘?P??E?ws‘r o, ??ngipgép(}reérmvi ng substantially

all the virus fromthe nanotubes. 43. The net hod of_ claim 36, wherein the
filmis bétwedn abfbetehbod nfelaimHlabbereintile senondipieptide is LKAHLPPSRLPS and

4 the second peptide selectively binds gold.

5 42.  The method of claim 37, further comprising removing substantially all the

6 virus from the nanotubes.

7 43, The method of claim 36, wherein the film is between about 10 nm and about

8 10 pm thick.



