1 Virus scaffold for self-assenbled, flexible and light lithiumbattery
This application clainms priority to U S. Provisional Application No.

60/ 620, 522, filed Cctober 19, 2004, tha entire contents of which are
incorporated 5 herein by reference. Field of the Invention This invention
pertains to production of electrodes for rechargeable lithium ion
batteries using a biological tenplate. Background of the Invention 10 The
i ncreasi ng demandyikes squdfdlafbesdlbusseambled, flniiblerand hightdétheo pattety of

smal |, rechargeable batteries with high energy density. Lithiumion
batteries are the systemof choice owing to their higher specific energy

(100-150 W/ kg), highep gnéaBSﬁuEi'n& pﬁewtoblé@r&ﬁﬂoﬂk?mmaﬁ&: Nenger |ifespan

(> 1000 cycles) in co rison to othéer types of batteries. These

advant ages r estW420f523rhileh@ctobart18r2004, the gﬁlrﬁk/@ﬂnt%&é’f(@““@ a'elE‘CQfP‘G'a\?S’ and t he
hi gh theoreti density of the lithiumcarrier ion (3862 Ah/Kkg).
The perfor?an?ﬁekeéﬁeypel%r'% umion battery is heavily influenced by the
intercalation materials used in its anode and cathode. (1) The intrinsic
properties of the intercalation nieldof the Iaxentjon ne the cell's vol t age,
capacity, and st ab'ﬂhﬁsis}fven‘ﬂ!@ﬁ Ea’tahﬁ to ﬁxHHﬁbthﬁbFéléEtﬂ&ﬂ&s Foh@clhdﬂgbaulledlitﬁium-
cycle-life and total Iifetine of the battery. 20 Carbonaceous conpounds
(e.g., graphi tien bfterieonsing liolecidldemRripteiel y used as anode materials in
lithiumion batteries because their electrochenm cal potentials are simlar
to that of lithiumnetal and begruRGourdbdf theIdvehfibatm netal anodes, they do
not formdendrltes Most of the known Jithiu ﬁ?transtii taI i des

[Li M2 (M 10Co, WCf%Fmgds']‘anérfaf R‘u’é‘ﬁ'&)‘f‘dﬁ‘ég"s ig dypvi ﬁﬁﬂ@ PHEPH and Ti 2
nanot ubes, (2, s%')allhl%}!l?argegﬁlel%@ﬁé?leﬂv‘l{ﬂh eﬁ&ﬁy HERIA LG A afiB e kieahs .

Layer ed I|th|umn|cke di oxid g was one of the first |ithiumnetal
oxi des consi deqyétam(oﬂyhta@e Qvipgtor @éh%ﬁrévqcsﬁc epeiey (K- 150 Whvikek highsrapl e

speci fic capa Vrasol wasRsdionpRAlifebah ¢ 1600 AXREAH compiisah id ne
structure of ?gl |t |ate Li xNi O2 vvou&?gcg)l Eﬁ sge aft%r t)ﬁe exiét herm c

oxi dation of tdiker typgaof kattetiescThase W@ntagqséeseblfﬂoap@ebaﬂery s high voltage (2.4 -

15 4.6 V) and the high theoretical capacity density of the lithium carrier ion (3862

Al/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 voitage, 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'TiOg nanotubes, (2,3) have

25  been studied for use as cathode materials.

Layered lithium nickel dioxide (LiNiO;) was one of the first lithtum-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 Li,NiO,

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



2 of the layered structure results in accunulation of lithiumatons on the
el ectrode/ el ectrolyte interface. The accunulated lithiumatons form
dendrites, which penetrate the separakors and create a short circuit
inside the battery that can cause an explosion. On the other hand, the
crystalline structure of delithiated Iithiumcobalt 5 dioxide (LixCoQ2) is
nmore stabl e t hithel 1Bpdredastrubiufd re¥lts ki 4codRulbtsonvdf dieliym awed onrthe conmer ci al

lithiumion batteries; however, t capacj af. Li xCo - 1.50mAh/. S
smaller than t fo‘éﬁ??%f '"(Q@%Hﬁﬁf‘ijﬁ}’.““‘fwi"ﬁﬂ?’wﬁ"’l’%"’g%ﬁ’ E'%Py‘%{%%i
stability of ipth@rstethatdpartdrohmd dréttda shof\eirtul insideithe attdnpthat dxmenause an

i nvestigated. For exanple, .lithiumnetal oxides ve been.doped. with inert
10 di-, tri- drPlogiepdnthegthepbandy FEryétg]é'ﬂ"eﬁwr“{ee‘%emwa?ﬁﬂ&ﬁ%°.°b ese

el enents supstdigHaEIEL00N is Rlord Ratddthas thatifiLiAe0S. heid o8¢ @tllebtusetinur e of the
I ntercal ation materials.. However, this LiM XxTix/ ?I\/g 0% (%}ggwo& Ni )
phase (5) is dommesgipilithigmaombatteries: bowevap dhaf@paciy of bREAOz (] Bhisni e
douce (soft chepiistihin thhibrIYNiOSEREGmARR).l @ayered |ithi um manganese di oxi de
(Li Mn02) phase. However, the |ayered phase is 15 structurally unstable and

transitions to an (idmave thesapdsity and silniitpef ingicalatign maderials) sevem| togtes
el ectrochem cajabypahlifvgidala: F&r*bﬁérﬁ”%}EEﬁf- ﬁlﬁl‘n%éal%?ﬁmephﬁvelﬂe&} dfidd Grhlineng 11 fe

t
and storage capacity. Tuning the norpho o_?y or texture o ]
lithi um i ntler chit &i-od tamavalent ghtionicelementiue € Tipnd M), Thesgielementsaubstigiieg

COmpOSi tes pr §8eRf 5 Allulslaifh2 e IR, RLALARY of (e iiBRARNG el €! ect r ode

capacities and st abi es. anple, electro ricated from

mesopor ous vari&uayan, this BMToE)Eer® (MsGoer Ml phase FAvedigigutide sinthesigp to 100 %
QT it e G ARSecR el RIS, Bubl B PAIAR) WSl FRMIRIRA()
batteri es t hatlithismimangamesé dipxide ddMmdhrptiasey Hawdvest the layered phag isSurmary of t he
i notude a ot aF el ST HARBRRK F BT bR LEMEOTRORN 180 17 e
conposi ti ons, Whilk elestiocitisnicadly attedctivey thebeematanads 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 (V20s) were reported to have capacities up to 100 %
greater than electrodes of polycrystatline 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




I n one aspect, the invention provides a netal oxide coordinated to a first
30 peptide, the first peptide exhibiting an affinity for a reduced form of

the netal. In 3 certain enbodinents of the invention the nmetal conprises a
transition nmetal, e.g., cobalt, vanadium nickel, manganese, iron,

cadm um tungsten, chrom um zirconiu titanium scandium yttrium
copper, calcium alumnum barium beryllium nmagnesium and strontium In

certain enRadinBiYodintned s8nd ms.mdnq&-ﬁq fl ﬁﬂ?ﬁlﬁtse%trgﬁsl& metdf] e @i di zed netal

nanoparticle. In certain enbodiments o I nvention the métal oxide can
i nt er cal atebalt, tVIanmmanskel Imartgenasa,l lmnenaitndumehmsstm, Chmlumvamononn the first

pepti de | S .hox at ed n aC| rt enbodi nent the
sequence oﬁ‘l’rﬂﬁ% ?clgrgil mnaecoPger ?:%‘I':" E@E@"’ % ﬁl@“ H'a‘ the netal is
cobal t. Theagmeptimda]CYEMnbEmpﬁlrdert@‘h etbotinkts off@hd iﬂvﬂﬁfohahe’lmaﬁp@ﬂtlé of the

I nventi.on,. t he osition further inclu second, peptide that

sel ect |5vel’§/a‘bPﬁ§£Zn§ "’(&;-B%‘loé’l"‘ﬁﬁci?eﬁ‘ TRERLy e”gﬁdéﬁ?’%ﬂoﬁpﬁ)fﬂvﬁ'ﬂfﬁﬁ‘éﬂe mgiadkel , gol d,
silver, plafdevaminidRdlaRalthi@gdiisf. |n a particul ar embodi nent of these
aspects of the invention the sequence of the second peptide may be

LKAHLPPSRLPS ( $ecertain pobodimens@f thednyantige therfirbtmeptidreineludersnprisaylgsidd. 15 The
t
Co oS er il B e R, SRCRARORL LG LT R O D 8

predet er M(REQ TieN@L 1 nand themetal §.cobale (The eeptatecndy Bpasiad aatast 30% of t he

net al coordlntedtoa in coat of the vjru In.s enbodi nents the
or edet'@r mi ned ﬂﬁ?l?f}m P%Peg AMEB8eR tliqs%?“ﬁ’r?a't'ng'ﬂR fﬁs?ﬁ@‘)ﬁ%t al

coor di nat g@pfige haieRtEidly sﬁasaa&d@fterrm@d MletallSelecidd ©6th kapper abRHIARN S Of
the invention a first portion of a predetern ned coat protein on fhe virus

i ncl udes tsH¥er plaipumaandipgbadivmding pasiicuial embedimeshoighesersspsstsefdeer ni ned coat
protei n | Nivedfee ey ARELRFPERLR Bopild frcly MK AREBELRED yc?ﬁgﬁlﬂﬁt of a

first pre eterm ned coat protein secon pep e part of a
second pr édeteétheipnadtarmated pieodl enay.be2fmld.n anot her aspect, the invention

providgs 2 comge it on rodieed by sLebs Limt Lpcludey, (1 Broviding
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

of the 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.

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

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




coordinating a netal to the first peptide; and (iii) oxidizing the
coordinated netal to forma crystallite of the netal oxide. In certain
enbodi nents of the invention the crystallite has a size between 2 nm and
1000 nm In certain enbodinents of this 30 aspect of the invention,
providing a first peptide includees providing a population of 4 virus

di spl ayi ng t hevifusdéssplagmpgtthedfrst pEptidel Thesinyénvion furthehpovidesatié fheegoinge f or egoi ng

conposition, wherei.n substantially,all .the virus i t he
conposi ti on. IW"%PHB’BH%W%?&%P?M?%&Y iair\\t}grﬁ"iu%ﬁ rf)'P%‘(/el%c?[é)g{@g? ‘?‘T“?ﬁ{sﬁ l?é‘t i ncl udes
any of the afore- neaidthérashecy tipdiieniianzovidése filivl thatrimglydee any. of thedfolet t | ong

range order or_short range.. 5 der. In certain enbodi nents of the

vt on t he TETRNGLEEMSHOR: G T8 Mty F b PR anE Gy Shgrhanee

enbodi ment s5 of ortiére In earRB énthddinkentsiofitha ifaatonme fmfalbéﬁ'hﬁot s:hﬁhfk it 1ongngﬁe order.

The filmmay be between. abqut,, 10 nm and ahou m t hi ck. .l.n anot her

Rspect .t he i nLFT: PRI RREneRt T YRR O A 85 RSN RPTAEEE® (1)  an

iloecltrol ytle; %&derﬁﬁh%_ﬁ&nhia?'b&ﬂéﬂv@ﬁﬁlawuﬂ_ mr}r@&d@bﬁﬂ(ﬂﬂlﬁﬂﬁ&el dd adj ace][lt LO the
el ectrolyte, t i thi um accunul ation layer that, includes .any, of .the

af or e- ment i oned cgﬁﬁ’b‘gyﬁriaﬂﬁ’%‘: Fl'é"eB‘é?"t'gP‘ﬁ/‘gé%}'tF'ﬂP’t‘H'éBatfeﬁbﬁﬁﬁtdﬁﬂéqi’seq')ect rode

material adj ac@ndlectrdlytedand (i) b Mibiith asctilatioh 129€r dishvedd adjib&it & thet he | it hi um

accurrul ation layer is disposed between the electrode material and_the

el ectrol yt & THEM8]Y theditinm angpmyiasion laysy that ipgludes apy of the afpre-mentioned her

aspect, the i ny@ipbliBonsDITRY balRSy MaPRIASinhdPddbieloOmatetifliabjabdnl 1 the t he

met hod i ncl udi ng_ steps of. (i) providi ngi a plurality of nanotubes, the

nanot ubes  cortPiE aggumaulgHan jayer.ovherain the dithiwn apcupyiation jayercis disepssdit ed; and

(1) casting tfevdehWedidcinéde hifeflaland tHeBectrMyeETHAIQ1BVROHAYBN solilor AT S

met hod, providing a plurality of nanotubes “includes: (1) providing a

popul ati on of .ﬂH' ‘us conprising a first peptide exhibiting an 20 affinity

for metalsis (i1) CORRMbRALLRG feWhelon Holils dihéfidd RFRSfE adiH oith 1)

oxi di zing the coordinated netal to forma crysta he netal oxide

di sposed aboutthe methed ingladingBiepeof: () providing aqrlurelitytof ardiubgk, g TEhetubesvent i on

L\;i gﬁs cribed oldpribifh §VEREE vicH diedR4RIeAl cddr@HAES afd (if) RGsuflE B PiGality' N

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 | is a transmission electron microscopy image of virus-based Co;0,
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.




25 Figure 1 is a transm ssion electron m croscopy i mage of virus-based
Co3™4 nanotubes; Figure 2A is a graph showing the variation in specific
capacity with cycling of an electrochegmcal cell including a thin film of
cobalt oxi de nanoparticles according to an enbodi nent of the invention. 5
Figure 2B is a graph showng the variation in voltage with cycling of an

el ectrochem cal celfhgmregbusia g.gpmsﬁolwmg thé Va¥iatibn ﬁmahge With chelingofypar ti cl es
a transm ssion

according to odj t he ure 3A.i

el ectron nicro Ffé n}‘)"d‘P“’*QE CF\EM‘WI“I‘*P“BI‘?'I @B g?‘lr?’altg’“gﬁf‘ﬂ’é’?@%‘f’@s ASASIE P I es
according to agh@ﬁmqhmahh@ﬁm@mﬁml nventlon Fi gure 3B is a graph show ng
the variation in specific cagam ty.with cycling a]P I ectecg)ggem cal cell
incl uding a thin fifigeAAdR F‘ES"B§§F°(§é/‘eﬁE5‘P'HmW&?€(5ﬂ§‘HfP dpig dilm ing to an
enbodi ment of §ige/bdly RiopaiclePdcaidingdo HeaRbddithé? Bf Bk ifvehfi@i.n Preferred
Enbodi ments 10 ML3 bact eri ophage contai ns about 270Q copies of a major coat

protein, pVilI prdtigis3Bine gmphshowingihe vasariomin Syecdg“s%ﬂi’ﬁ?‘@’d’”éh oikling ‘Pfe

virus's DNA. NQ{Q&YI%Ehemnéé?\éaiﬁnkluﬁﬂgh%ﬁnﬁfm BT &bkt 688 5&El%&tpﬂﬁlcfe@| I, pVil,
pVI1, and pl X proteins) are asse at the two ends of the virus. This

uni que per i odi #coidiierte preabodimentothednvegliotet i cal |y control | ed. Therefore,
we can use this particular property of M3 15 bacteriophage to create

tailor-made nanostruct w&.&h%emﬁmmmrﬁm Prefdiadd Exbbéintents Npr oved
structural stability_ an er capacl one enbodi nent, the nmjor coat
protein of 3 bactlﬁéﬁbiﬂt%@ehagg cmg&*n&ehoemwcemaﬁ Hfadnaier 403t Rrpletm pYHL) |

bind to nmetal p@Rm, ¥hidhAIROL liddﬁiaﬁﬁass%ﬁl@d al@?ﬂ%ﬂi@wrﬁ@i‘%&b%r&fv@r synt hesi zed
using this engineered virus te he ani sotropic 20 structure

of bacteri ophaﬁéera}(%'%"PFWWD&%GTW%PI%EVB@V%H@Q PIFeRrOSHEs} A8ssenbl e i nto
a Mesoporous AINMEY R donRdd belthe Vlhﬂtﬁ{l§§rl &le ﬁﬂo&ti Unifolth WRdiE gUgh and

between the virus-based nanotubes, as well as their high specific surface
area, can gr eagangtiGay perrodled. t%ereﬁagam qayumthtsmenmulamopmyq MK um i ons.

Furt her mor g5 tlbh%tehbm}lg}f tPerk BOAG- A8 afdstructure 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 M 13 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 f1, 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



maj or coat proteins of ML3 virus pronote the structural stability of

I ndi vi dual virus 25 based nanotubes, increasing the total life of
lithiumion batteries incorporating thegn O her viruses, such as fl, fd,
and tobacco nosaic virus (TW) may al so be enpl oyed in enbodinents of the
I nvention. Mesoporous thin films for lithiumion batteries Filns produced

usi ng virus baﬁeldmirﬁin&hﬁﬂ'yieﬁ@]dyﬁmhiumbﬁxﬁ mmﬁerognbomahb baB@rye ndyopietingnt  of

t he i nvention e use arts. of mi.on ttery. A 6

e hi el on” DalebircmciEned By festionattSiing Gom ettty @3 o ¥ oo Alic?

bﬁt t gr y, conpl g bﬂ@ne§ ighirh ighy lafe indeRv®ihSRErcMticn layetrsf ergs geapmmlaaer's rig from
the battery to a
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inserted in |nfh§raE%ﬂ°é’ch't?2’aﬁ%@/n§rA‘grﬂl‘° aﬁcg%&%ﬁ%ﬁseg F‘iv’é? ons eﬁ‘r}g Figag‘ﬁ%de of

the batterys AgndthReRaitHe@NettrelyRabaeGasde. When tneu:awgnis dhﬁl%edi ekw/kthivReiosat hode
5 and traverse the el ectroIP/te to the aps ttery I s charged,
the |ithium i offeve theainde ppdtraychbrck aergsstheglegtro %Pt ‘E? ®the el ectrolyte to

the cathode. The stpQiddbiiity efthé b@sﬁnm%ﬁérbdtﬂa&ummmémaw@te%meme
el ectrodes determ nes the | f espan _of hiumion battery. The

| ong-range or dEfespan ofp ﬂ‘%“%a@blli‘“ﬁ%(n dte lﬁé‘g‘réﬂﬁﬂ O'QCﬁEfﬁqubefFéé@“@Pbes and
bact eri ophage t%%ﬁﬂes?B%bQﬁoﬁB@glth@od RiceRfidal ﬁ%pérﬁes\/tb "vh‘ﬁs'—%&fd 10

films. In addition, bo rotei ns and the nanot ubes thensel ves
stabilize V9 ru§lmsdsaddition, hoth.thmota@amrfbﬂw panofupaethemselygs stebidizevirghove,

delithiated |i{Akdmid fiRiSphinQTatighBl A dﬁ&ﬁs%%bm\/ dARhihRY Rriun] Mansition

intercalation of Iitthiumions I n netal oxides causes themto expand,
di ffusion of t metal pxiggsumayicoHapse Thesinteraalation piiithiyny ippiginmdal oxides ewsesy cl e

al | ows the expgaged eﬁB&h&t‘ﬁ {ﬁ‘id’snéned lﬁﬂﬂmanﬁbtJu@SFthe &\H@d&rﬁ%ﬁﬁé RerNOLYE

change can 15 cause 'a so OXI mat er1 al crack. In-contrast,” because
t he nanot ubes allavsiba emﬁnded@uxdp@mha aaqhmmmt 'Phheypewd volyhiefchangecin n t he

filmto acg 9%@4&& LdOQkilérBdt&ﬁfﬁlC? 2§ are incorporated into the cathode
b

filmduring |sc arge an 0 accommpdat e t he vol unme change
resulting fromthe Iajcenitastaheaaﬁsetth@wombtdmrumtlaﬂhsdasonmowat, they gan s

char ged. Li kewysfwibh b0 |oSbih RoROhRM SRAMIS Hodbiaith ifi5pgoal can

al so shift to accomo rumions out causi ng
per manent cr ackshade filrh duri@gisttatyalischargasldi tb iaciommodate 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 fitm may also promote
diffusion of the lithium ijons 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 pll 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



the flexibility of the proteins and the malleability of the filmmay al so
pronmote diffusion of the lithiumions through the film The highly
oriented helical major proteins of M3 can stabilize the m crostructure
because of the layered crystalline 25 structure regulated by the proteins
and their strong binding affinity for netal oxides. Synthesis of a
virus-based netal oxide nanotube. M3 ¥s a filanentous phage (-880nm | ong

and onm | o5 Bl POTE GABRLY s RSl OGS, ORI 1RO s 1Rl PV 1)
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peptide sRGURBER AEEE@EEgﬂ)ﬁﬁEQHIP( Negdancé E4SEcHgBCRqlréhcss, kf\gifg 5

sequences, including 5 10 to 25-amno acids or nore, for exarrpl e, 5to 10,
10 to P, teg5aminancidinr pprarfphexagials o 1falp tal1§o! 10, @By aminorafdds; er ni nal
am no aci dg ot
novever . | TenasPhHIGRITR P AR AEITEY chftr AL RN ATLIT ! o
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peptide safphnafatd®yaspert@0uPihe feptles haAg rameFRxy | oo dlupemit ge1(@eguence, or a
peptide that is selective for some other nmaterial nmay be coupled to the

car boXyl at¥BRrEEp i gEativeli of iy asdRianatreingi PeMidsEgHENCHEYY Bec@ipitdiésed on al |
R s o A
material may be coupled to the carboxylated peptide. The carboxylate enhancement
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, ¢.g., plIl.
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.
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of the nodificati Oristlmhmldndzattencs 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




substantially interfere with the desired activity of the peptide. Lithium
lon batteries often exhibit a decay in voltage after repeated recharging
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a differengroteimat protein than the nodified coat protein that binds the
metal ,oxide. Alternatively or in addition, the peptide may. be expressed
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sel ecti ve i@k atefiscussed in Nam, et al., Nanoletters, 2004, Vol. 4(1):23-27, the entire

contents of which are incorporated herein by reference. Briefly, a phagemid system
(Kay, et al., Phage Display of Peptides and Proteins: A laboratory Manual;
Academic Press: San Diego, 1996, the entire contents of which are incorporated

20 herein by reference), is employed, using a plasmid separate from the already
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 engineered-
MI13 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

25  and five copies of the minor coat proteins such as pIX exhibit the catalyst-selective
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

30  room temperature, in contrast to the elevated temperatures (> 150°C) required for

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
nmetal oxide. 15 Techni ques for expressing two separate engi neered pepide

sequences on the sane virus are discugged in Nam et al., Nanoletters,
2004, Vol . 4(1):23-27, the entire contents of which are incorporated
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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,




10 aqueous solution or in air to produce a nanotube conposed of crystalline
nmetal oxide nanoparticles. In another enbodinent, the virus scaffold may
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Figure 1 shows transmission electron microscopy images of Co3;04 nanotubes
grown on an M13 virus scaffold at room temperature according to Example 1. As
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 Coa04. Nanotubes produced according to certain embodiments of the
invention may be as small as 2-3 nm. An exemplary sample of Co0304 nanotubes
exhibited a surface area of about 140 m%/g. In contrast, cobalt oxide particles formed
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 C030;.

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

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,
chrom um zirconium 10 titanium scandkum yttrium copper, etc. In sone
enbodi ments, non-transition nmetal oxides may be forned i nto nanotubes.
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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 liguid

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
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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 cathcde 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 jons 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. In an alternative 5 enbodi nent, ygngi neered virus is first cast as a
filmand then nmetallized. The filmis suspended in solution as described
above and a netal or netal nanoparticles chelated to the virus and then
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of the nanot ubes thwaetér 8 hartBavicuslshsed 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.



el ectrochem cal nechani sns, e.g., through the oxidation of lithiumand the
reduction of cobalt or other oxidized netals in the filnms. The high
surface area of the nanotubes wthin tise film provides additional reaction
sites for lithiumions, thereby increasing the capacity of an el ectrode
including the film 5 One skilled in the art will also recognize that thin
films according to &hin fémbptﬁdrrmdtacmrdingm anrewdodiment ofitle ialvgmiobmaezrhrpl oyed in
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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




30 characteristics of this mesoporous filmcan greatly inprove the battery
capacity. 15 Thin filns produced according to an enbodi nent of the

i nvention may be used with batteries ingorporating both solid electrolytes
and liquid electrolytes. The flexibility and high surface area/vol unme
ratio of the films may also facilitate the production of smaller batteries
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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 IM LiPF; in ethylene carbonate and dimethyl carbonate (1:1 by




peptide is coupled to an al kanethiol or a polycysteine peptide. Thiolated
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reduce the cobalt ions to cobalt nmetal, which oxidized spontaneously in
water to form nonodi sperse, crystalline cobalt oxide nanotubes. The

nanot ubes were forned into filns and di sposed on pl ati num el ectrodes. The
el ectrode was used to prepare a Li ion battery using a lithiumnetal foil
was enpl oyed as the anode. A CelgardTM 2400 film 30 saturated with 1M Li PF6
i n ethyl ene carbonate and di net hyl car bonat e (1:1 by 17 volune) was used
as the el ectrol att e usi ng
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vol t age desurfaes meda baynatiiuen b:atiasea'eyogarsé, Eeavarhem. JoligSrae LeA 3pAb7-280 Nanot ubes
incorporathg both cobalt oxide and gold were prepared by 5 displaying a
gol d bi ndi a?)epti de (LKAHLPPSRLPS) (SEQ ID NO 2) on the E4 phage wusing a

phagem d syst eng) JTRe sgcwotéai naiNghRe K. IMEBaEer PINVESIEdlariotiedaab of20% of the
pVI 11 proteins of the E4 A sol utjon of 5nm old particles was

obt ai ned f£mnanpseysgpogi md&i%wﬁmwmcmuw@t ifiedan.a¢! werids for about

two hours. pJihs p ag. 4processed as above to produce gol d-cobalt
oxi de nanot ug The é%ﬁtfdg aere cast into filnms froma 1014 phage/ nL

sol ution and fcﬁ)@MambbaIbd’MceNadsAasi Sde8dr4.064, &6\ 2003A TEM m cr ogr aph of
the resulting filmis shown in Figure 3A. The variation in capacity with

cycling for aLi-ion cell incorporating the filmis plotted in Figure 3B.
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<400> 1
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<213> Peptide sequence which binds gold

<400> 2

Leu Lys Ala His Leu Pro Pro Ser Arg Leu Pro Ser
1 5 10
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<400> 1 Ala Gu Qu Qu GQu Asp 15 <210> 2 <211> 12 <212> PRT <213>
Pepti de sequence which binds gold <400> 2 Leu Lys Ala His Leu Pro Pro Ser
Arg Leu Pro Ser 1 5 10 18A O her enbodi nents of the invention will be
apparent to those skilled in the art froma consideration of the
specification or practice of the inven}'on di scl osed herein. It is intended
that the specification and exanpl es be tonsidered as exenplary only, with
the true scope ond: SRiaithéd @ the invention being indicated by the follow ng
claims. 5 19 Wat is claimed is: |I. Alithiumion battery, conprising: an
el ectrol yt&; a Aildhipmriembatieryicamiptsingayer di sposed adj acent to the

el ectrol yte, thﬁ1&%ﬁﬂ%ﬁg‘ 5 accunul ation | ayer conprising nanoparticles of
a netal oxide coordinatéd to a first peptide, wherein a portion of the
first peptide cohthiinsesumuimijonldyeydisfosadradjaceaciodke elbastlng, halithouwnil i ¢ aci d

side chains _and, exhibits an. affinity. for tal iops. 2. The battery of
Claim D 1 iFPRERIRRIASFS Crpishe e e rban axdeapiingtd 06 130 { he
lit hi um acgapeidé,atlietdin b p¥Rion OMIRS Mkt pephi®e tdnpHsbd RIS OIrhiRR akigyer s
di sposed Dbetween the el ectrode material and the electrolyte. 3. The
battery of NQVIng GLOXYlihasidpide chaineandexhidity er affivity fesonstal ions.a fluid. 15 4.
The battery of claim1, wherein the netal conprises a transition netal.
2. The battery of claim 1, further comprising an electrode material adjacent to
10 the lithium accumulation layer, wherein the lithium accumulation layer is disposed

between the electrode material and the electrolyte.

3. The battery of claim 1, wherein the electrolyte is a solid or a fluid.
15 4. The battery of claim 1, wherein the metal comprises a transition metal.
5. The battery of claim 1, wherein the metal is selected from cobalt, vanadium,

nickel, manganese, iron, cadmium, tungsten, chromium, zirconium, titanium, scandium,

yttrium, copper, calcium, aluminum, barium, beryllium, magnesium, and strontium.

20
6. The battery of claim 1, wherein the metal oxide nanoparticles comprise
nanotubes.
7. The battery of claim1, wherein the diameter of the nanoparticles is between

25  about 2 nanometers and about I micron.

8. The battery of claim 1, wherein the metal oxide can intercalate lithium ions.

9. The battery of claim 1, wherein the portion of the first peptide comprises the
30  sequence AEEEED (SEQ ID NO: 1) and the metal is cobalt.

10.  The battery of claim 1, wherein the first peptide is part of a virus.




5. The battery of claim1l1, wherein the netal is selected fromcobalt,

vanadi um ni ckel, manganese, iron, cadm um tungsten, chrom um zirconium
titanium scandium yttrium copper, calcium alum num barium beryllium
magnesi um and strontium 20 6. The battery of claim1, wherein the netal
oxi de nanoparticles conprise nanotubes, 7. The battery of claim1, wherein
the di anmeter of the nanoparticles is b%‘tween 25 about 2 nanorreters and
about | mcron. 8. The battery of claim1l, wherein the nmetal oxide can
intercalate lithiumions. 9. The battery of claiml, wherein the portion
of the firklt peftcitddenyoriphinmd§, whacinllie sagurenpesaBEEEDtSEEhage. NO 1) and
the nmetal is cobalt. 10. The battery of claim1l, wherein the first peptide
is part of a virus. 20 11. The battery of claim 10, wherein the virus
conpri ses M3 bHettettegRTalim 102whekbia shibdtargially ol thel vihuglisli@movéfremithe
substa%tlall all the virus is renmoved fromthe 5 nanoparticles of metal
oxi de. 213 hag @%ﬁ?%@r@e%ko’%qeal m 1, wherein the first peptide is part of a
coat protein of a wvirus. 10 14. The battery of claim11, further conprising
a second peptide that selectively binds a predeterm ned netal selected
from coppe1r3 ni dkdiatteryoif ¢lainill whereinghefiish pentida irdparipeflal el prateini & a The

battery @I aim 14, wherein the second peptide conprises the sequence 15
LKAHLPPSRL\f?5 (SEQ ID NO 2) and the predetermined netal is gold. . 16. The
battery of claim 14, further corrpri sing the predetermned netal. 17. The

batter of, cl ai rein e second, peptide is rt of a virus 20 18.
The bl er&;* of e itaﬁtw ol F‘w ttﬁé)nmr@ taeSFFﬁ“ﬁié’(?Pﬁg‘t'i“P‘%eLe"B‘éeren about
1% and ahgids SR M&he1eRA Tdh&pper, hRka, g&atsd%lobfahﬁurﬁf afdhe Vvirus.

19. The battery of claim 17, wherein the predetermned netal Is between
about 15%palladium.

15.  The battery of claim 14, wherein the second peptide comprises the sequence

15 LKAHLPPSRLPS (SEQ ID NO: 2) and the predetermined metal is gold. .
16.  The battery of claim 14, further comprising the predetermined metal.

17. The battery of claim 16, wherein the second peptide is part of a virus.
20
18.  The battery of claim 17, wherein the predetermined metal is between about 1%

and about 30% of the metal coordinated to a coat protein of the virus.

19.  The battery of claim 17, wherein the predetermined metal is between about 15%

25  and about 30% of the metal coordinated to a coat protein of the virus.

20. The battery of claim 17, wherein a first portion of a predetermined coat protein

on the virus includes the first peptide, and wherein a second portion of the

predetermined coat protein includes the second peptide,




25 and about 30% of the nmetal coordinated to a coat protein of the virus.
20. The battery of claim 17, wherein a first portion of a predeterm ned
coat protein on the virus includes the first peptide, and wherein a second
portion of the predeterm ned coat protein includes the second peptide. 21
21. The battery of claim17, wherein t first peptide is part of a first
predeterm ned coat protein, and where the second peptide is part of a

second pr eziet erMidtRees i claiB 9t @#héteindhe Arst E@]ﬁ‘ld@@é ﬁa‘?tr df anrsl(Hr@de@Er%méﬁher ein
the nanoparticles of netal oxi de are di sposed in . The battery

of cl ai m 23t pitsibiand phereibthe peaond pertide dbpast @fwcamrecifé@mnm @3t The
battery ofpngl.gi m 22, wherein the filmexhibits |ong range order or short
range order. 25. The battery of claim 22, wherein the filmdoes not exhibit
| ong range order. 15 26. The battery of claim 22, wherein the fil mdoes

fPimr S beteon bl iRy isinuhe pogpaTiles Af welal ofiae & dispeted i ' °
a film.

23.  The battery of claim 22, wherein the nanoparticles comprise nanotubes.

10 24, The battery of claim 22, wherein the film exhibits long range order or short

range order.
25. The battery of claim 22, wherein the film does not exhibit long range order.
15 26.  The battery of claim 22, wherein the film does not exhibit short range order.

27.  The battery of claim 22, wherein the film is between about 10 nm and about 100

um thick.




