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priority woanidepr27Provi si onal Pat ent Application Seri alpchigeher 00d0h898, 468,
filed on June 25, 2010. FIELD [0002] The present disclosure relates to
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[0003] Graphene (G) is a two dimensional sheet of atomic carbon with very

attractive physical, optical and mechanical properties, including high charge carrier

mobility, record thermal conductivity and stiffness. Currently, upwardly scalable

graphene synthesis methods mainly include a solution-based graphite oxide-

mediated route and chemical vapor deposition (CVD).

[0004] Graphite oxide-derived methods of forming graphene produce graphene
samples with poor crystalline quality and high defect density. Films prepared by
such methods required a high-temperature annealing process to convert the
graphene from an insulator to a conductor. The CVD method is suitable for
preparing large-area thin films, but is not amenable to solution-based processing.
Solution-based processing is needed for bulk processing of graphene composites,

blends, inks, etc.

[0005] Conventional methods for the solution-based synthesis of graphene from
direct exfoliation/intercalation have yields that are generally less than 10%. This
means 90% of the starting material, which is graphite, remained unexfoliated, and
only 10% or less of the starting material is recovered as graphene flakes, each
comprising one or a few layers of graphene. A problem with such low-yield methods

is that they require multiple steps to generate sufficient products for further
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mat eri al .wo[2000@@}2727hus, there is a need for a high-yi el ¢crsiched/0é225 or m ng
graphene flakes directly from graphi te2that bypasses oxidation treatnent,
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fabrication process is |ow cost, scalable and has low toxicity. Use of the

gr aphene peageotsired herein in solar cells and high sensitivity
bi o-extraction and detection, as well as in form ng conducti ng sheets that

are opaqufo0os] The exfohitel @Rfhene produeed Bt YhethRds deschibedelefifédnde are al so
described. WD 2011/162727PCT/ S&011/ 000225
dispersed in solutions and recovered readily from the insoluble parent compound,
graphite. These exfoliated graphene flakes can be functionalized by various organic
and inorganic components. The high-yield method allows for bulk synthesis of high-
quality graphene in large quantities for industrial-scale processing of polymer blends,
composites, capacitors, lithium storage, DNA extraction, biosensors, solar cells,

conductive paper, as well as conductive, transparent sheets.

[0009] An aspect of the disclosure involves using the graphene created by the
methods disclosed herein to fabricate a nanocrystal/graphene heterojunction solar
cell, which can be made to have record power conversion efficiency (e.g., 3.2%).
Graphene solutions suitable for spin casting, roll-to-roll, ink-jet printing or other
solution-based techniques are also disclosed that facilitate fabrication of a wide
variety of graphene-based devices. The solution-based device fabrication process is
low cost, scalable and has low toxicity. Use of the graphene as formed herein in
solar cells and high sensitivity bio-extraction and detection, as well as in forming
conducting sheets that are opaque (e.g., from paper) or transparent (e.g., from

plastic) are also described.
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const i t ut aiagaraxidationiprecespeci fi cati on. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0012] FIG la is a schematic overview of the graphite exfoliation process

to form f ¢e011y he fréguing gerferal description ankithis followirg ddisilddadustistionon of

nanocrystal / graphene heterojunction that can be used as an active |ayer in
sol ar cel lpseseptermbodimeats ofithe disglosurecand are intendedito prbvide go oweryiew or

raphene- based heteroj,unction; [0014] FI.GS. 2a-2b ar EM i mages and FI G
gc !Os an ?B}ﬁ“&ffhff&éadﬁfsﬁ'@g%'b%"@ “F%@'@q‘}ﬂ Q\ﬁ‘ﬁ%ﬁ?f‘“’g?sdgﬁene G as
exfoliate -ﬂ.{saag | | : | Ln; [0015] FIG 2d
are pl otSGIgI'ﬁ?(??e an%ﬁigf)@z? aa?‘@%‘ﬁﬁ%ﬁgg@ggﬁgédvgﬁge&ﬁhgbers[of g]r aphene G
on Si subshderstahding of t@disclosure, dapd ircoipdrated titoRndonstrutkta par€of! ect ron

m croscopy i mages of nanocrystal s/ graphene heterojunctions;
this specification. The drawings illustrate various embodiments of the disclosure and
together with the description serve to explain the principles and operations of the
disclosure. The claims as set forth below are incorporated into and constitute part of

this specification.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1a is a schematic overview of the graphite exfoliation process to form
few-layer graphene G, and also illustrates the fabrication of nanocrystal/graphene

heterojunction that can be used as an active layer in solar cells;
[0013] FIG. 1b is a schematic diagram of a general graphene-based heterojunction;

[0014] FIGS. 2a-2b are SEM images and FIG. 2c is an atomic-force microscope (AFM)
image of few-layer graphene G as exfoliated from graphite using the methods

described herein;

[0015] FIG. 2d are plots of the Raman spectra (514 nm laser) of a few layers of

graphene G on Si substrates as compared to graphite;

[0016] FIGS. 3a-3g are electron microscopy images of nanocrystals/graphene

heterojunctions;



WO 2011/ 162727PCT/ SG2011/ 000225 - 4 - [0017] FIGS. 4a-4c are plots
illustrating the optical and optoel ectronic performances of an exanpl e of

guant um debWgr@phnene act ive layer in exanples of thin Pciwcaelianxne! |
(i.e., photovoltaic or P\/) devi ces;-40018] FIGS. 5a is a SEM i mage of
gr aphene ?as formed usin hods descri bed herein; [0019] FIG 5b
shows t wo [N FfieeAadc atrﬁelqt%ﬂlpstmimséaﬁ gp¥ical and gptsrelastronicipesfornangsast s

floatin

ntoracti St bR nhetd %&apﬁﬁkﬂ?’é&%n e AR B B sa are
pl ot s of @Qg;p@bgqofa%gg,t@}«( d@vicess- concentration of material (MY for
SsSDNA (FI G Sc) and protein HCC (FI G 5d) for both graphene G and graphene

oxi de GO Lar di i CD) spectra of
free ss an ]désgfﬁ& ?Elf%r?f*gg?og%gﬁnar{éﬁgiﬁ%feaﬁegkgﬁé%re@eg on graphene G
and graphdescribsd #erei) (FI G 6b); [0022] FIG 6c¢ schematically illustrates
how graphene Gis used as a G ssDNA SELDI probe; [0023] FIG 6d plots a

SELDI-TCF I j - 9~ SSDNA &
orotei n iy ER7 SEanaats ottt ke Rl PhotGgfabR Bt Bhisthels °7 0041 £
6e plots tslliatwoamgcdrmat@f ahdnthebighp photvigrdphrbemithof G-sgDNAfed! in@Radtidhng
graphene G (top) and ‘%gaphene oxi de GO (bottom as a SELDI probe, with the
| aser fl uH’é'é"!ﬂ!ﬁ‘StaQn ONA tsaDNA){ 0025] FIG 6f plots the M5 spectra of HCC
using a SELDI probe based on graphene G (top) and graphene oxide GO

(bot t onm) ; [0020] FIGS. 5¢c and 5d are plots of adsorbed material (mg/g) vs. concentration of

material (uM) for ssDNA (FIG. 5¢) and protein HCC (FIG. 5d) for both graphene G and
graphene oxide GO;

[0021]) FIG. 6a and 6b plot the circular dichroism (CD) spectra of free ssDNA and G-
ssDNA (FIG. 6a) and native HCC, HCC adsorbed on graphene G and graphene oxide
GO (FIG. 6b);

[0022] FIG. 6¢c schematically illustrates how graphene G is used as a G-ssDNA SELDI

probe;

[0023] FIG. 6d plots a SELDI-TOF MS spectra acquired directly after extraction of 1:5
ssDNA & protein mixture (top) and after washing with DI water (bottom);

[0024] FIG. 6e plots the MS spectra of the BP parent ion and fragmented ion using
graphene G (top) and graphene oxide GO (bottom) as a SELDI probe, with the laser

fluence set at 40 mJ-cm™;

[0025] FIG. 6f plots the MS spectra of HCC using a SELDI probe based on graphene‘G
(top) and graphene oxide GO (bottom);

[0026] FIG. 7a through 7d illustrate various properties of flaked graphene (FLG)
powder and its derived ink (G-INK) that can be used to make highly conductive

paper;



[0026] FIG 7a through 7d illustrate various properties of flaked graphene
(FIG powder and its derived ink (GINK) that can be used to nake highly
conduct i weopaper2727WO 2011/ 162727PCT/ SG2011/ 000225 -.5 »cir8e2dhi/obies 7e

pl ots the paper resistance in (ohns peb-square) vs. the amount of graphene
| oadi ng (Taézcmz for sheets of paper coated with different anmounts of

gr aphene il0827] F%Q)(YZ-‘S]WFFG PIREr sesistance, in gohms persavarned vs the ampurk9fon of an
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[0029] Fl @raphenBlifk;s the transmttance (% vs. wavel ength (nm for four
exanpl e transparent, conducting sheets; [0030] FIG 8d plots the resistance

kohms per, f ransparent,
gonduct?n %ilg)s%ﬁ%ﬁﬁgﬁgﬁg&g{}%l& ?%w%h%ﬁ%é%iﬁqlﬁf%ﬂgéﬁéte 9e are

el ectron %Mmﬁ?@&bﬁh&éﬁ(ﬁﬁéﬁm&ﬁtd \WEorMYBUBEIG fAn3nqlastt al / gr aphene
het eroj uncti on of CdTe/ graphene/ PbS-Ti 02; [0032] FIG 9f and FIG 9g are
el ect ron dgubstrajes byomapuaal polishingdriedFLExyowsrles; CdTe/ gr aphene/ PbS-Ti 02 sheet
[0033] FIG 9h plots the results of an EDX anal ysis of the

CdTe/ gr apijeo29] PiG>8tiplbts tHaeinisniittance (%) vs. wavelength (nm) for four example

transparent, conducting sheets;

[0030] FIG 8d plots the resistance (kohms per square) vs. transparency (%) for the

four example transparent, conducting sheets, with no annealing;

[0031] FIG.9a through FIG. 9e are electron microscopy characterizations of
asymmetric nanocrystal/graphene heterojunction of CdTe/graphene/PbS-TiO;;

[0032] FIG. 9f and FIG. 9g are electron diffraction patterns of an example
CdTe/graphene/PbS-TiO, sheet;

[0033] FIG. 9h plots the results of an EDX analysis of the CdTe/graphene/PbS-TiO,

sheet; and

[0034] FIG. 9i plots the concentration-dependent optical absorption spectra
(absorbance vs. wavelength) of the CdTe/graphene/PbS-TiO; sheet of Fig. 9h as
dispersed in iso-propanol, with the “graphene only” dispersion shown for the sake of

comparison.

[0035] The various elements depicted in the drawing are merely representational
and are not necessarily drawn to scale. Certain sections thereof may be
exaggerated, while others may be minimized. The drawings are intended to
illustrate example embodiments of the disclosure that can be understood and

appropriately carried out by those of ordinary skill in the art.

DETAILED DESCRIPTION

[0036] Aspects of the present disclosure are directed to methods of forming

graphene G from graphite without forming graphene oxide. The method can be
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2011/ 162727P / S&2011/ 000225 .- carried out in a manner that is highly
efficient! G, agg g5ap, B%E’f'gea'f GOhee 2PPIRItE- al so i ncl ude mul ti pl e uses

and appl i cat | ons of the graphene G produced using the nmethods descri bed
herei n i n[@A3FREIG Jelis mschbmtledhntrat;gyofaﬂm meethad stepk hssociatedwith di scussi on
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few | ayer graphen y extoliating sos
fabricati oellsst eps associated with form ng nanocr yst aI /gr aphene
het erojunction solar cells. [0038] In a first step of an exanple of the

gr aphene- {6u38) "t Ifsh@ep oaan BXdrhpia of (rféé}aﬁﬁamfo%mhhétﬁo& affRhfial Material)

10 is provided. In a second step, the graphite sample Is intercalated with
a netal sédtartibg) graphbite singple (robterial) 16dd prowded.anasecgnd step, ttie%rgﬂdtel n a
lithiumsalt/organic electrolyte solution for self expansion. In a third

step, a dF%‘EH&ﬂig'PFRj’C%[éﬁeG W'F'b&mtsalﬁtléﬂ‘ ypelpatrofutic slylion 3Hhe-8aishort time to
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a soni cat sip, $HREhatgin} ameltwaﬂaeﬁmwa@is rfofmad FarshoRtini€ o rebovet- 9-, 1N a
cheni cal bath usi ng ultrasound (e.g., VCX750, 20kHz). As discussed bel ow,

t he soni cany salidsalép Ni)exwmleaedttea;mem weeHEkanpl e of a driving force 45
used in the exfoliation process. Oher exanple driving forces 45 are

descri bed[0030PW a fourth step, the atomic layers of the treated graphite 10 are exfoliated in
a sonication step 40 involving sonication in a mixed solvent 14, e.g., in a chemical
bath using ultrasound (e.g., VCX750, 20kHz). As discussed below, the sonication step
40 represents just one example of a driving force 45 used in the exfoliation process.

Other example driving forces 45 are described below.

[0040] The exfoliation process is repeatable. incompletely exfoliated graphite 10
(thin graphite) can be returned as starting material to repeat the exfoliation process.

This process can be controlled to to make few-layer graphene G.

[0041] Various layered crystalline graphite materials 10 can be used in the above-
described method as the starting graphite. Such graphite materials 10 include for
example natural graphite, synthetic graphite, highly oriented pyrolytic graphite
(HOPG), graphite fiber, graphite rods, graphite minerals, graphite powder, and even
chen}ically modified graphite.
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(such as [(70.09 Amhpwithootr solvation isauclesmalies tiean thanstedaydristajuelof gedphita of at
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sol vot her gabf gRghité 46asound can be used as the driving force 45 to enhance
the exfoliation process, with ultrasound (sonication) being discussed in

cetar! 2 i % IRl R SRR AR RBTRBR R, 11
B
dimethylformamide) and salt (such as Li*, CIO4, or CI') chemical system, and 2) the
application of at least one driving force 45. Highly soluble lithium salt provides
concentrated positive solvated Li ions or negative solvated ClO,4’, or CI" in an organic
solvent, which favors its diffusion into the graphite interlayers. At least one of
electrochemical, thermal, microwave, solvothermal and ultrasound can be used as
the driving force 45 to enhance the exfoliation process, with ultrasound (sonication)
being discussed in detail by way of a non-limiting example. The gas pressure caused

by the decomposition of the intercalates into the graphite material 10 can assist the

expahsion and exfoliation of the graphite material.
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| i t hi um pdayetddomategialsL TH@! iion-oxidativiei proceseinblvesthepdectrchemiogl ¢6oPF6) , | it hi um
tetrafluoroborate (LiBF4), Jithiumchloride (M), lithjum.i odide (LW
lithium b&tSEcéEatW%ﬁgFl‘}ﬁﬁ? -felaped ipns apd orgain %H@F%’F%}S‘ﬁ%’ﬁﬂ?%@?e b)

Nonaqueou e (0 : hpe ' : t hyl ene
car bonat o ol Yot etk ifdrRecs 17 Blanfiid priehicALHANE, figpe’ "

ci s- butyl eaopatetatiohtes, dudciedspropylen@carbenate, @hylahy edrbbnkta pdly HF) |

2-met hyl t et rahydrof uran (2- Me-THF), di net hoxy propane, di et hoxyethane

(DEE), di teronyepecarhoratem dinmethplforgamitde). Jhe expantiey gahite 10isfigallyr bonat e,
d pol t t hers. [0Q4 a_thi mbodi t _of di scl , th
ot of 1 a | BHOBHSHAS EFineng ks Beife e ot each SREILENNG ITEH AT E BOMEs achi eved
usi ng any : ' v 011/ 162727PCT/ S&011/ 000225 - 9 -
afl:freﬁm@ﬁtu’;%oJ ﬁ%ﬁ%n%él\ﬁ'e'%ﬂne 0

forces 457 a sonochemcal process, a thermal treatment, a mcrowave
Aspoct o oo T SedeRt sbogIraei 8 the SRgH:Be 1B CRATSIOR o SFERSPRS ude ot hods
o aphene. LtE AR B P i B e ok S A P RS2 ap A RR] 29 e
a gr aphentqiiid etettrolytesGThike inay inctlide\bytwey cfleaamaplde s)lithiua sdltsfsubh ps ocess 48.

lithium perchlorate (LiClO,), lithium hexafluorophosphate (LiPFG), lithium

tetrafluoroborate (LiBF,), lithium chloride (LiCl), lithium iodide (Lil), lithium borates

with aromatic ligands, lithium chelatophosphates; b) Nonaqueous liquid

electrolytes such as linear dialkyl carbonates, ethylene carbonate (EC), propylene

carbonate (PC), dimethyl carbonate (DMC), cis-butylene carbonates,

dimethyiformamide), tetrahydrofuran (THF), 2-methyltetrahydrofuran (2-Me-THF),

dimethoxy propane, diethoxyethane (DEE), dimethoxyethane (DME) and

poly(ethylene oxide) (PEO), polycarbonate, and polymethoxy ethers.

[0048] In a third embodiment of the disclosure, the exfoliation process of the

intercalated (expanded) graphite 10 is achieved using any of the following driving



[ 0050] Aspects of the disclosure include nethods of coating or otherw se
appl ying quantumdots Q@ to graphene G as illustrated in FIG la. This
process iwonoti/desererted to the types of quantum dots or iPO@SGaNI1®00225
nanoparticl es. Exanple quantum dots Q»are related to Il-VI or VI-IV group
chal cogeni de sem conduct or nanocrystals, (such as CdS, CdSe, CdTe, PbSe,
PbS, PbSef@ges 435 psonatiesucal grxgss, Atkernsl eatraent) a mictowrieltreatmentoras Ti 02,
Mb03, Sn02 gt ch. %%51 Anot her aspect of the invention is formng a

gr aphene- 640RIPat@ptheredict i on 50 via the asymetric application of suitable
materials 52A and 528 on opposite sides of the graphene G as illustrated
i n the gegghatal asgeRifPEndmeitedr am of FIG 1b, and as explained in greater
detail below Exanple materials 52A and 52B i nclude netals or

met al / sen[e0A9} dspexts ofthe disglosare distusdeddin greateralepdidselaw sxludeahettiedsli f f er ent
nano-netals on the different sides of a single sheet of graphene G O her
exanpl e nef apRiving sraphens @ tg ppperie|fama copductive pareiaansl apphvingsrapkene G

' d I t | . t.sid f _singl e-sheef. h
cC) Gonay A ghaBABREI ke L i M SHRLIFG 85 ha8 B R5GH uf ann
flakes Fl G.iNR/fBRAedS] the dba0e Bt Pibeafirfiprotisbags described herein as a
matrix for performng SELDI (Surface Enhanced Laser Desorption |onization)

for Lhe a6 aspdths S REBIERY R nddemBOYBas B Eod AR LT brARISK Bph el

limted, to a W de range o ecu S ei ns and

nucl ei ¢ aguaumQctp OPNO grahthe @) ds fliRsthatedtin PGS 15.0RROprdee b RoinkitéPt ai ned

using the exfoliation nethods described herein can be fornmul ated as a
powder . Stethegypesafquaptumi dotsoaindsganienahdpprtitilesp €éxamplei quantuny dats QDO
2011/ 162727PCT/ SG2011/ 000225 - 1Q - pol gr so] vents and hydrophobi c sol vents
(ohl or of o ATR EIETH VbSO 8 Reows ShalcqBEhIaE s mish B oG AROREI BBHSS i

St ve | aGiSREse Qftef fhsel s Mce SPPRTE B, ErnsoSitel i) BidpdEP B FO1
of few | ayath ggﬁpjg,emeogsae;,setqr singl e-layer flakes produced by enbodi nents
of the exfoliation nethods described herein can have a size distribution

ranging f [%Ufshf ﬁ“@fh@" a{%&%ﬂ()@ﬂ@ ifVentiah R¥6HAE ]p'; O?#I%gﬁmagéd)ﬂ&E%ﬁnctime

t hi ckness e grap eets can range nmto severa

nanomnet er SO vialthe dsymhreetric dpplicatiohlof uitsble Materiald s 2N aniss 280 eppogiteat er. I n
certain cases, sone thin graphite is produced (e.g., with a thickness of >
20 nn), afidesofitbegraphege Spas llustrated jnthegenenabschrmatie diagram phElIGotb.pr ocess to

obtain si qucll as tlex%Yaelrr\ecP in gfreeawéll' §etsh blod? @Qﬁ\p% materials 52A and 52B include
metals or metal/semiconductor nanocrystal catalysts. Examples also include
different nano-metals on the different sides of a single sheet of graphene G. Other
example materials 52A and 52B include different nano-metals and semiconductor

nanocrystals on the different sides of single-sheet graphene G.

[0052] Aspects of the disclosure further include the use of graphene flakes FLG
formed using the exfoliation methods described herein as a matrix for performing
SELDI (Surface Enhanced Laser Desorption lonization) for the analysis of
biomolecules like DNA. The target analyte is not limited, and extends to a wide

range of biomolecules such as proteins and nucleic acids.

Graphene forms and formulations
[0053] Graphene G obtained using the exfoliation methods described herein can be

formulated as a powder. Such graphene powder can be readily dispersed in various



[ 0055] The graphene G produced using the nmethods descri bed herein has
nunber of desirable properties, such as high electrical conductivity and

hi gh hydrwphobidst2y. | nportantly, the graphene G is not poesG20mjodézed
during the process. [0056] FIGS. 2a ang-2b are scanni ng-el ectron m croscope
(SEM inmages and FIG 2c is an atom c-force m croscope (AFM inmage of

gr aphene Pl selvents and bydrophabissolvents {chinreform-anddichlodobenzenghdnant hi ckness

is -1.5 i s beli d to be Dbil .. t
used to CRIRRPE:REmPRBHEhEsed Bk retion drersioh (e acd BivcchSe EGRETT L, 1
plots of & forRPdEdlarsddfiGkive IQ?%%OE‘HHIIQ&F‘J&?QTHG. ££W layers of graphene on a

Si substrate as conpared to e Spectra of graphite (HOPG . The inset plots
best f4 t.h f Al tri i.n th nmb

ange. 1 offSRbGoRAS AR formotden ik ibhshe shésiEpr R InaY T4 1 crm 1)

can be aspieiiRed by eRbBAINTLE6F the ekifiatiiRfdths dRsAIMATHRréIRYSS Rave d S

estimated fromthe positions, shapes and intensities of the 2D band peaks.
The 2D baside distritantiioarenging frath/<evéaBlurciredsefinanameberk to Lo®migompters.e (2670
cml). FIG 2d (inset) presents the best fit to the Lorentzian peaks, which
i s i ndi caifh¢thigknestef thagraphene sheets ean rgpgg framed.&nm tosevergbnanemetaisee | ayer s

Gof ect  UueTRg FRREGHNE mathodGon 5 A0k #o.58h o prdpter I g5rtal €58, SBme thin O
2011/ 1627 Ef3RRE SHBIARNEE ith I hickn STFUTE I HORTR g3 Re

tetrapod-1i ke branched nanocrystal . FI 3b is a SEM i mage of branched PbSe

nanocr yst axtiedthineugh thElegfolidtion proresSTalbtaim sjegleflayes Sr femtayey griaphémy aphene.
FIG 3d is a TEMimge of one fol ded sheet of nanocrystal PbSe/graphene.
FIG 3e i§an electron diffraction pattern of foldled sheet of FIG 3d.
FIG 3f is a High-resolution TEM i mage of PbSe/graphene. FIG 3g is a

t ypi cal SHM55}dbe gwphaneépoeduced asing themethodsidesaribed herdimhacmumberaofi ces.

LT el P i S A e
Sg F?Sts i éﬁ%@%ﬁ%&@&n&? fé?‘:’*@@fﬁ'ﬁ%ﬁ%ﬁ“ﬁ‘@‘?’%ﬁé‘?%‘%&f lTFZ” fabri cati on
ohot ova 1 M6 Fiasu 2807 2 1K scning e REBR BB e dsiM | Blaskepnd BB 266

countri esapn GEHRRIf 'c@%%g%ﬂggéfﬁgﬁa}regfé?ﬂhieﬂ?ﬂ&gﬁagﬁk}tg%nfa% | owcost PV

devi ces because of the | ct'ron. nal organic PV
devi ces ussbstratd, avhenein diog graphenecthickrédsh4 ~ 15 nivl) ané iscadlievet todechilagér. and
p-type conjugated polynmer (P3HT) with a reported power conversion

ef f1 Ci enclogsi) Rafih shRURAESpy WiRBl fo BNGATE bApnéREipetiedBls] Ly probl ems and

| ow quantumeificiency (i.e., low conversion efficiéency o ight to
energy). bubstrates. #1G. @dgatsiforthplats ofdhe, Ragnamspectral (514 noalasérg ofiséelv [ 0061]

Col | oi dal , sem conduct or nanocrystals present a wealth of size-dependent
quant um playsis©ieraphgne pe @St sbspateasicompared totha speryranfgnanhite: (HRPERpt ure, a

tunable s £_an r r gpi,C St ture.  The best PCE is 3-4% nuch
| ower t haﬂﬁézg'ﬁ?a/‘efﬂ?ﬁsséﬁésg%ﬁ%(&ﬁbf 21BI9\7"§8\F/F@36Y§T argz)frg%mtm éhel\\&]vggwm F&I Sol ar
Cel |, devpingaednRbsActY 2800 Tie pPesehBd bNdhall-B'Dahd Bldal cni ™y chiBe f i 1 St
solar cell Dbased on ultrathin filnms incorporating nanocrystals made of

hi gh- per f assigned ¢ edgmeffents. cTheatumber lof gilaphefié lagers CisSestinzated frdnptheyner ; 2. 9%
CdSe/ CdTe nanorod). Sol exant conbines high-efficie materials with

addi t i onaPosaons: shapgs apdintensisiesof thes2B Ba%l’ﬁa&eT%gﬁ{Q%ﬂ/isﬁg@teﬁ?d # to 50%
conpar ed 58799%% an2 Vwﬂﬁ\éisﬁﬁt ﬁ-&%@%h‘?&' (5&70 cm™). FIG. 2d (inset) presents the

best fit to the Lorentzian peaks, which is indicative of the thickness of the graphene

G, i.e. two and three layers (2L, 3L), respectively. The intensity ratio of Ip/lg indicates

the low defect density and high quality of the graphene.

[0058] FIGS. 3a-3g are electron microscope images of nanocrystal/graphene

heterojunctions 50 as schematically illustrated in FIG. 1b. FIG. 3ais a STEM image of



[ 0062] A di sadvantage of nanoparticles is their poor charge transport
properties. Recently, sone nanocrystals were reported to exhibit multiple
exi ton geweratime7 WO 2011/ 162727PCT/ SG2011/ 000225 - 12cT/schiavoeas
theoretically increase the efficiency-1af- single PV devices from31%to 46%
The net hods,_di scl osed herein include coating graphene G with quantum dots

D t ﬁ t ak &dIalesaphege, where(dTe jstetnaped-like hragehed rsa;@smstajlq-ﬁ@@é’ris A 8EMot i
- i ' ts t
Ot am ad B end e b apsty R GHRAER F 3 Eia <M ReeBF BHS U1 2 ohene

produced wahf&ryétaFgraBh&Re 16! s ATEM iRfigeiof oRéfoldéd shieet 8ndhotRstal ve carrier
sink for exciton dissociation and charge . collection. In an exanple, a

convent i oPhbefgraphengcElG. 3e issaprelértaindiffeaction pattemmxfifoldhbdtsheetxfFiG 3a.
nanocryst al /%r aphene heterojunction in so|lution. The_nanocrystal/graphene

het er j unctH®Rf sHigh-resalytionTEdtInIgeRfdbSe/graphenes AiG: 3gfs atypical$EM i t h t he
por t1 on 1 AnaEnefThibehEta idhefis i 16 OB LEFaeR B0 U 211 Tt o of -
ctabi || zoi009T dhe gE I ESt ofF e 5 <Bow Thatahe araRient Fyeh eSS RS of
Por " pi n- Sty R BT B Rliefe, 08 SRl o ppReNefecsE 11 G cal

nanocr yst abafirmédthét thesdwas 6niph shiall afiduat 6ftarBormbs@ationc! ude form ng bul k
het erojunction solar cells that use a graphene-quantum dot conposite to

repl ace P3HT/ PCBM commonly used in organic solar cells. The fewl ayer

graphene @GrisHeethdsad S8iat belis ¢V abligdd)on net hods described herein can be
used as an active solar cell material in conbination with inorganic

I
nanocr yst r ne heterojunction shows, enhanced
phot ocurr Z‘%@_&Eﬁgéﬁggﬁéﬁﬂﬁ%ﬁg‘ggﬁ& e sﬁ#"%ﬁﬁ%@%@ﬁ?”'& i?larﬁﬁﬁ%xarrpl e PV
devi ce acqs, fHdgovohalctt PY devlces)us 6n BieStedhhdMsgiéal PoddRYdps of fostéouneried. of a
gr aphene/ nanocrystal junction and has no organic active |ayer, and has a
hi gh PCE 6frgahi@based salas tellsaae privhkicandidates fortlowrcos] DOddjicesbecausapfe PV
device 70 js, shown jn FIG 4d. The exanple PV device 70 includes a solar

cel | acti the lowgost gipradydtiony, Copyentiopakorganie BY devicesysedulerengie and ag
| d ' Lde. 72
Conpr | ses C&fitANaE Roats) a3tnd HEchBPIdeblor sl b pallut Pl BufmeF |E37] P00

el ect r ode with £1epbrted ﬁ&wbhé@ﬁe*sﬂifﬁéfﬁéieﬁcﬁ@@%.'aﬁ&wbﬁéf%r anic PVs suffer
(Pol y(3, 4- et hyl enedi oxyt hi ophene) WD 2011/162727PCT/ SG2011/ 000225
from stability problems and low quantum efficiency (i.e., low conversion efficiency of

light to energy). In lieu of organic materials, quantum dots can be used.

[0061] Colloidal semiconductor nanocrystals present a wealth- of size-dependent
quantum physical and chemical properties, including high photon capture, a tunable
shape and surface electronic structure. The best PCE is 3-4%, much lower than
conventional bulk film PV devices. Solexant's Nanocrystal Solar Cell, developed at
Lawrence Berkeley National Lab (LBNL), is the first solar cell based on ultrathin films
incorporating nanocrystals made of high-performance, inorganic materials (1.7% for
CdSe nanorod-polymer; 2.9% CdSe/CdTe nanorod). Solexant combines
high-efficiency materials with additional manufacturing innovations to achieve cost '

savings of up to 50% compared to other PV device technologies.

[0062] A disadvantage of nanoparticles is their poor charge transport properties.

Recently, some nanocrystals were reported to exhibit multiple exiton generation,



- 13 - poly(styrenesul fonate) ) 74A, an I TO (indiumtin oxide) |ayer 74B
and a glass layer 74C. FIG 4d includes an energy-|evel diagramED that

shows t hewoebatisy27energy | evel s associated with the di ptersenoitjoayess that
make up PV device 70. In an exanpl e, ddantum dots QD conprise chal cogeni de

sem conductor nanocrystals. Experinents showed that the external guantum
ef fi ci encVhidrendheqsigtisally ingreasethe efficiency ofsingle RY devises fEomi33% t9r46%:i ency

reached 3% 9 i A t creased
o 1. 896 f ohe s licRtad RErsdBlopitie oo abHGeS; Wi aTfLEL 085 Q] o

I'n an expeile'divbntagé ofhel exeelleRy Efar trﬁﬁsdﬂi’ﬁﬁ"ogeﬁfes'bPE&Bthel%}aBﬁéﬁd“' ckness
was spin coated on the electrode of an I'TO substrate 74B with a PEDOT: PSS
coat i ng belsoactstas afsegnegatifiginedigt thay prevents the\quaritumi daasrQBIfeand r ode 72 was
then deposited on the dried active |layer 60. [0067] FIG s 4a-4c present the
optical pPBYEEIUNEs and the performance of exanple PV devices 70. FIG 4a

pl ots the absorbance (arbitrary units) of two solution dispersion sanples
fornmed fr $0063] cFhebhighlycenductiva graphege Grireducedusingitbe methadsidisclased wo

solutions, having differept ratios of ,quantum dots.and gr.aphene. The
S bsor banchern G2t on S ERbctlyRlcaer ok WEEEHER Rttt P RhrERer once. The

curves ar e 0 el : Gl5 (15%
gr aphene, @%ﬂeﬁgﬁﬁ gne%%g%%’fgcﬁnﬂ%gﬁw gt }sﬁzéncgpréssﬂgp gggggﬁﬁ?eleag%gsa{ted by
QD once anslobtaircenancepBedllgrahene hetdrojumibtign intsalution. Thepari son of | CPE%

absorbance and external power conversion efficiency of QOG0 (n 3.0%.
FI G 4c phasegiystal/graphsne heserjunstion gan be sefn iPSENHMmagessurh asithat ofEIG.ve | ayers

absor pt | R SOHtBIRTELTE I st it e okt apd WRREr oo o

PbSe/ G ( s qasqétivstaiBorGsPe dehbed) S Tl : } i sndieates the
resul ti ngﬁﬁybr |St(§5|6rp1‘% Pbsg/%'éf'ggﬁéﬁﬁJﬁ%@%‘@“gﬁgﬁgwygﬁ??ﬁgﬁﬁf of

nanocr yst abhsodrystals andfewrlayeegtaphene G hthendnocnatal gttachinmientadith & stabiliyerr eached
60% at around 440 nm This maf\: indicate that high-energy light is nore
ef fi ci ent OP grapheae Gifap jarevgihe solubilityand:disnession of erppuie|topNercgmephene

L 0 Do b S Rar ) anet] RS okl SR  iskSihn b ! eney
2011/ 1627 36t 4 ahitdHLfilRPReZolloidhnanoeRstakased to 1. 8% for 20% graphene

sanpl e PbSe/ G0, although its absorption is stronger. There is |ess

2 o] ALY o Rk i e AR RSyl sl B o0 oo

the charg us the vol'tage an

open- ci r Cehdt u¥@h gripheRé-qaamtRREdst doRipRisivé t8fepldeB PSAT/PABM Ebtﬁﬁgnw\(:cse&\hi ch

much hi gher than the reported PbSe nanocrystal PV cell voltage o
0. 2- 0. 3V) in drganiv sdlarcedis. The tenslayergrapieneds tbrmedssingdhe bxfoliatimml em of t he

native | ow voltage of narrowbapdgap, PbSe nanocrystal PV devices. The
vol t age imeﬁm&&gﬁﬁdﬂ@aﬂwafe Es%&w%ew Cé'i’ﬂ@@”?'%c?ﬁsﬁ‘ép?%tal si ze
of PbSe h | ;‘ﬁ J xanpl e, a
nanpcrystgll?'t}1 d#éﬂ%&@ﬁgg{'}e Srt%jgu*r‘]c IE\%n?cé/gga:?/gr{@gég}img?egﬁﬁggtﬁhvsgﬂrgyer 60 of PV
devi ce (sehldnce€photoélrredtdnssiréd t-@nktrot tarhiple of Aandcrystalionky. Awd t he active
film60 of nanocrystal/graphene of controlled thickness can be spin caste
or di p coexanpleRValevicd accordiog tothe disdosure has an active layer in the form of a
graphene/nanocrystal junction and has no organic active layer, and has a high PCE of

3.2% at a standard AM 1.5 condition.

[0065] An example PV device 70 is shown in FIG. 4d. The example PV device 70
includes a solar cell active layer 60 with an electrode (anode) 72 on one side and an
electrode (cathode) 74 on the opposite side. In an example, electrode 72 comprises
aluminum and electrode 74 comprises glass. In example, glass electrode 74

comprises three layers: a PEDOT:PSS layer (Poly(3,4-ethylenedioxythiophene)



[0071] The nanocrystal / graphene heterojunction 60 can also be used to form
a photo- detector, such as IR detector. G aphene as an ultra-high

ef fi ci enoyoestwmet2zon and detection platform][0072] Thepgrashensodns ned
using the exfoliation nmethods describdd-herein can be used as an efficient
(and in sone enbodinents, an ultra-high efficient) extraction and detection

pl at f or m P8lv(styeanesyl apnf@b.w%tag ITQ (indpytin exideldayes @B and aiglaghlayege| ect i ve

o aphene 4 £ 38 Mok fes 2R ensrhy SRk Eo it snaHS L BFER e o
| oni zat i ofevels Hs§Btidted With@hé diffebéiitJayePSthiat RIARE Up P(I%:MQE 765 ¥R)

Graphene-based SELDI ("graphene-SELDI") probes can play an active role in
sel ect i ve erartiplecquamtympiots @D camipdise chalquigehide aeminopdaetsonatdcostasd
i oni zation of the bionolecule. The rapid and effective enrichnment

bi onol ecul &ermerﬁaﬁ'wmdathaytwﬂna'fwnmquem Feaghed 60% at amnge(rjlom cs.

[0073] La It / | errerged
s an i o o HsBlor cbiAsigh efielr eapREE % ARt erobs BHghER e,

of the nofbne@PsthipgraphneBhd@6Gedseditba. swfdrlzb%agmlﬁtned | aser
desorption/ionization (MALDI ), which is capable of generating-intact

acr ool eGledf 1A VEnuctUBYBY aelld 76 & sl 2 SERARCREH, SRR 000725 - 15

- interfe enc i'nThe Tow mass Fegl ons 'poses” a seri ous pro

smal | - mol e PbSe/6 oA kotighty 1000 dickness Was spih Eoated oRtRé E1eBir6de &fh IFONEt i CS
research, it is often necessary to extract the target nolecule fromthe

conpl ex itystnate P48 Witbladtffp@énP%&mu@befm todorra RERQHPSS layecTAAasAnsal t s and

surfact ant rior to elucidati of .the str re u LDI - M5. The

ot esence BRMIRWRIecade 72 uartber dendsites gn 16 ik auE TvRESdual 1y of 'the NS
spectra. Various biochem cal or immnological nmethods are applied for this

reason, i RA6TYFIGS ¢nfontesentithpaptical peopmscgndathg parformancg afgxampleat i on.

However , r nlf .cant cost to the
anal yoes. PUGBYErS t G & et e abeapeante ety Bhta e BnF3abER " sELDl) ' has
ener ged agisgakionlsatipfesFbirréd Rbi\dichibrabifitehb ah8 Et/BRaphbnélunfiidal Githt Ne use
of the acidic organic matrix. Since its I nception, gELD affinity

t echnol ogyhéia swiutipns haeidg diffdtentaatios'efiduahtuan dbistandagragheak. The contrast to
MALDI, in which the sanpl e-bearing surface nerely presents the analyte for
MB anal yspbsorbangeiofp grarheae Sudisecdonisase m%tqr\vef%mce The eyryes are

Campl o of dpited S5 (Bua3PRine Wbt Rereh Bl QRGTE upRHedMoninal ysi <.

This di scmafgfn&BNAea ;gd%éﬂstw&n%lew%?%am fdealsﬁ&dfw th BRedrth- ef fi ci ency

extraction for performng S nal ysis. 76 Aspects of the
di scl osur twiak,gespettivelgeFiGhéb piots thie cgnmphsmeofﬂcalteé,abEbﬁahcnf amﬂe)uemag t he
exfoliation nethods described herein in the high-efficiency, selective

ext r act i oROWEr eanvaesianefficenqy;of QDARR0 Wﬂ@’@elF&t‘ﬁc\Pée%kfsr%ﬁ“&MO'&H’el ciency is

mor gani cCHRERPEPY deiel 28N it BBl or BB T A R0 o8 BRI L1 ng e

exfoliati gryoggpt hods described herein can be directly used for
pre concentrating DNA in unfractionated bl ood sanples. After extracting the

DA, Che BB 9E o KERGR! & 3008 U PRS Aot DAL (FE B8 MO

anal ysi s, evi n sensi 8Ction. The
extracti on;gaedraﬁetoercbsqc (bécddhd tinfe a&m&ﬁhﬁﬁbshvgrmrlaegoraﬁbn WHigh i al s and

met hods. This neans that the nmethods descri bed herein can generate graphene
indicates the resulting hybrid of PbSe/graphene can keep the quantum confinement
of nanocrystals for light harvesting. The external quantum efficiency reached 60% at
around 440 nm. This may indicate that high-energy light is more efficient for the

charge separation and transport.

[0065] The graphene ratio has an effect on device performance. The power

conversion efficiency is up to 3% for 50 wt% graphene of PbSe/graphene. It



WO 2011/ 162727PCT/ SG2011/ 000225 - 16 fl akes that can be used in

bi oanal yti cs, conbining high-efficiency extraction and ultrasensitive
det ect i orwprRotihs22fMal yti cal protocol. [0077] In an exaRpTSG2erapiehHe
flakes FIG (Fig. 5a) were synthesizedMsing the exfoliation nethods

serer oo ool pGerialTance oL Lie Lol reprene Tlates o oo o
met hod. Dyfohgert Hﬁen&r i?&‘??ﬁ\?erﬁ]ciatl BEnERSE fﬁ'tﬁg%\ﬁ&%{ib gm’:hﬁg% g#ﬁélg,s \?ﬁ}ch S

soluble in water an orns a honogeneous di spersio

hydr ophobintaydezhesse sheachargetranbpstaindithisthervonagesnddiudrdnt deasityFTe 5b, | eft
si de photograph). However, after interaction with single stranded DNA
(ssDNA), oRen-<iryibyeltage ofp PbSe/Gheserpiunctinn celhisi05840)1¥, whish mydhthighsrde

hot ograph). .Jhis attests to the high |oadin Ity of for DNA via
?1- 7lgi nlto ée’%{bﬁedﬁ‘g?&ﬁ‘ﬁ@b%r'}aé'ef%‘ﬁpkﬁéﬁ‘éL"‘%ﬁ? gg&rgf ) b.fhr‘?d’PﬁQg‘? nt eracti ons
results ig ' I s SSDNA. [ 0078]
The. adsor B R P e PR oF e R o R s RaFE "o G0 and G
wer e r ecobdedgaprRbSe mapacrgstaleividévivesr Eseditagp lisndteldtdriiinedlsy thed FIG 5d. In
particular, FIGS. Sc and 5d plot the adsorbed material (neg) vs.

concent r abpadgaprof Phbe sines theinapoerystaksizangf RbSe has kittle effect on heaoltagec (FI G
5d) for both graphene G and graphene oxide GO [0079] The adsorption
capaci ty [@070)dbas) irf amexaniple,sertamoatystalygpapihene béterbjanctibs B0t used assamt her m
G aphene G shows a higher adsorption capability for ssDNA conpared to
gr aphene 6%"6’5’33@36@@%\/ deyice (sefar gell)0c éﬁ@rsalar g8l Sructusgiia smpleandahet he

adsor pti 0Q & i f and. 30 ng of DNA
per gt am PO A0rRREAYAS0ERphRHE S B Bick A Be g P e

hi gher t hdip doabst on ¥siTORIé@RSdRY48an0di anond pl atform (22 neg at neutral

pH). The adsorption capability of functionalized nanodi anond particles

relies on ' | ndi ' | is pH
dependent lddlyfil] ghﬁﬁéist ,ﬁ'@a@@grﬁe@g‘é@@@@ﬁbﬁ%ﬁ"ﬁ% %J? %\éléldggsfg]_[e??fect ive 7TE-7C
cooper at i pRotoRteteetdr] sueh aviR deteoMA under physi ol ogi cal conditions. [0080]
Evi dence of ssDNA binding can be seen fromthe circul ar dichroism (CD)
spectra (EIG 6a) of free ssDNA and DNA-bound G (G ssDNA). In the CD

spect r um @raphgneas anuitea-highreffiviencyextragtion and detegtion platform

[0072] The graphene formed using the exfoliation methods described herein can be
used as an efficient (and in some embodiments, an ultra-high efficient) extraction
and detection platform for DNA. Graphene acts as a high efficiency and highly
selective extraction platform for DNA in a mixture of DNA and proteins. DNA-
adsorbed graphene can be used directly for Surface Enhanced Laser Desorption
lonization - Time of Flight - Mass Spectrometry (SELDI-TOF-MS). Graphene-based
SELDI (“graphene-SELDI”) probes can play an active role in selective extraction,
purification, amplification, desorption and ionization of the biomolecule. The rapid
and effective enrichment of biomolecules is potentially useful for analysis in genetics

and genomics.

[0073] Laser Desorption/lonization-Mass Spectrometry (LDI-MS) has emerged as an
important tool for rapid and sensitive anélysis of biomolecules. One of the most
popular LDI methods is the matrix-assisted laser desorption/ionization (MALDI),

which is capable of generating intact macromolecular ions. However, matrix



DNA- bound G the bands that are characteristic of the G quadrupl ex and

B- DNA configurations of free-DNA vani sh upon 7C 7C binding interactions
with G owe20n/m2fh0l ding of the intrinsic structures. TipeTBiGadlingo22s
interactions of GO with ssDNA is ai dedSmrainly by H bonding or electrostatic
interactions. At pH =7, the zeta potential of GOis determned to be -
20nV, whi Bederesesinithg law-masaeegions Rasewd serioasprehiemder ynallipslecylge

el ectrost g%fﬂcsirepul si on between anionic GO and negatively charged ssDNA
decr eases ¥ ¥udsor ption capacity of GO for ssDNA as conpared to G [0081]
The abili i@of graphene G to act as a SELDI probe for DNA and proteins was
i nvest i gal®@74] fughermaeiadn pepteemicsrang gepetissaessarch, itigeften necepsaryihi ne

hi gh-| oadi i i i I (YIRS C xtraction,
by ™1 ¢ ae 2Ry A6 kot sl Blh. 8 cBPISH ke of PRIERSF s MmiE B [ G021 o
exanm ne t gentamlimiid, 6ctPad salts bh@Surfictdmi) phivr €0 AnBiaaGorof the sl&upxanpl e
graphene G was applied as the extraction platformin a m xture of HCC

pr ot ei n ansin@NIALDEMS. (Thieipsesende of thesecantaminantsis likelptedeorease the| ves t he
vortexi ng graphene flakes FIGin the m xture, fol]| owed by high speed
centrif ugﬂg? B¥ 0? B SRestia- é/aHPHﬁP'es')em'sa'rOéeav\émolqs&amﬁwégm e- | oaded

gr aphene i (o]} t smsed directly for
SELDI ana%%l}@sa f?ﬁh&@ég%gn, \jﬂ\}cﬁﬁﬁ ?ﬁu{ﬁ@éﬁbgﬁﬂ{ﬁmﬁé‘ﬁ Li@ﬁ*@?‘% ion extraction
| i near ti parifidatioh] B16veV&S thesp Ardthédsaire timePesstimirg shdthddesignificant st spectra
were recorded with a nitrogen | aser having a | aser beam LB (see Fig. 6c)

wi th a watetherapalysgs.= 337 nmto ionize the bionolecules, with an exanple
energy of 20 ii.1l/pulse. [0083] FIG 6d (top) show the SELDI mass spectrum
of gr aphe[0076] SoifacevEnhanced Laséit DesdrptionAdAization (SECDK has émeiged aboné of €

wi t hout washing. It can be seen that the peak due to HCC protein is

si gni f i cathe ajtennatives ta NALDE begauss it elimioates the use pf themgidia arganic owtdent r at i on.

compl ot el Jrogitt st RELE BTl Bineleifiet brrr reet e bE A ROMERH [ 11 G oo

(bottom ] 5aPtds).an cohrasttb ALY GRSvhidh ¥he! RlpdaPig S heraydet ect ed
for the H%:%A\I%[ﬁ otein \M;.:S 1BM The det ect'i onels?')r‘:‘l(st ?or gsDN%A is&llé()ng (FIG
6b) , whi cpresentsiee aralyth fercaM6 adalysis,|aSEED! grobe sifddel playstah @dtivesiolginahgol yneri c
or a nanodi anond platform WD 2011/162727PCT/ SG011/ 000225 - 18 - [0084]

The desor pyfifisatipaaxiraction amrlifieations desorgliomandiigpizatiensof the samelecadpl ex
optical and nmechani,cal .pheponena_a || er nod m ¢. gnd
byt coc sy tire et e e ofd cofk o MO SREV DAt st udi es
show t hat jngf@eéiHecuse of graphiené fIMKDs fGOha NighdSicie RGP RS oIBRR BRA foroxi de GO
in ternms of optical absorption and suppression of fragnentation in SELDI.
First, thpedtratingSELDdandlysis.aphene G i s nmuch hi gher than graphene oxide GO
at the excitation |aser wavel ength of 337 nmused in the SELDI (FIG S5)
study. | n[do76} AsgHcBIBTIRE disciobiitéalsedlgdeSthe LBO SPERBRER: fidkat FiIGTdrRdapendent
of frequency over a w de range, neaning broad spectral excitation is
possi bl e. ujiogBite] exfadiation asnethops descritred heréiouwethechigh-efficincy, selgotivet at i on of t he
npared to graphepe oxi de GO was

| yt I I h G
ggge?/vgd ."gqt?ﬂfsltjisg ﬁggiﬁfﬁ%ﬁﬁw@pﬁﬁséﬁ?m %ram%e&wneelﬁ dot iniednet er

chem cal t I i . i X, s used to
compar o ¢ {8 hdbelfts O Bufth SROBA AW e B indiparf el ot e 08 0
nuch | owegxaniié, graphitine akes kLG Probededusingitha bxfoiiftich MbtHoas dBfribeg for the G
SELDI probe conpared to that for graphene oxide GO can be attributed to the

ef fi ci ent hereinctandre-ditestly nsesifiop preagpricentyating 3k inGinfrattiobated biaodor di nari |l y

hi gh thermal conductivity (4840 - 5300 Wnl1l K-1 ). This allows [{ to act as
a t her mal SADRIgS- ?’r@’?ﬁ%‘&@ﬁi%ﬁ' ke grapheng flakss 5%6 Faofg%ﬁrd'é%é'ytué Fectrons.

20501 | Rk, Gy AR PSR BB e, £

efficientTy cou ol Beexcrtact ons t hr ough

el ect r on- gévetrddh. | THedxBratticiand détearstsh Itrhit)it,unfrﬁ'&cwédﬂh?rid?iaﬂd'hﬂﬁriiaﬂt eractions
of graphene Gwith proteins favor a nore efficient desorption/ionization
process fand methadsnphis oreans that sihevethasisidescribed hEcain carpganiecate graphengh

gr aphene oxide GO shows a greater binding affinity and | oading capacity for
HCC conpared to graphene G only a noisy spectrumis obtained in SELDI, as
conpared to a sharp signal for graphene G (FIG 6f). [0087] Thus, graphene
G can be used as a high efficiency pre-concentration and direct SELDI

anal ysis platformin bioanalytics. In addition, the binding interactions of
graphene G with bionol ecules is governed by hydrophobic and 7E-7C

i nteractions, and



WO 2011/ 162727PCT/ SG2011/ 000225 - 19 - these binding forces favor the
desorption/soft ionization processes specific to SELDI. The electrostatic
bondi ng iwbenactseens of graphene oxi de GO with protei nspcendeoiiobo2®r e
suitabl e as a MALDI probe. The | ow noil$e-| evel/interference of a G based
SELDI proﬁgkcan rovi de new | evel of sensitivity for biomarker recovery

i n pr ot eoPke HAtICAnRfIed n bioapglyticsgeqsmiiping highrefficiengy extractierandogs] | n
experi mnhﬁras@ﬁﬁti@é‘ et?ﬁﬁpﬁgggﬁﬂﬁcﬁ] gl%lggﬁ?rl_angl ng from10-7 to 10-4 M were

prepared in ap .O_Sp a ~graphene oxide GO and graphene G

bri o to JUHEINE EAmEE pRDedake HEt HePAMEBISHBNE ol WRRRINE | he 3 hour s
i cati u ' Wolsl [ m) and

o aphone. G ettt d8:RRHHENTR, T paREHRa of NERURLR daghibng 11 ), 200,

for 2 houflakésFLEES arSELBOyubbtrteadds@dmpard ewithiGioClakiek synithesized ©ywhe
centrifuged (14000 rpm 5 mns) and the supernatant was col |l ected. The
adsor pt i ofunyperemathed. IBoe tpthe presense of theexidizedfungtiomabgrovpsFQshene G was
obt ai ned b asuring the protein solution before and after treatment using
V- & spetinPBR Wahetdmd Bt #hStaResizol: HBRer3bry o7 civtiast RYAERLPRE 4 00g0] ~For
t he extragjhd ; r i il ligr manner as HCC
pr ot ein. %ﬁ%&gﬂgjﬂn?%o pﬁ%?gllﬁh&ggéﬁfgg\ﬁ,(ﬁ(?ggﬁ'ﬁg@?S@e\ﬂ/aﬂg%(?g%de@'m ned fromthe
change i nHowever, aftedinterpitionwith sidgle strandef DNA (sSDNAjthe solubitityesfd t i on of
graphene oxide GO and graphene G using a Shimadzu UV-2450 spectroneter. A
simlar piBewyas emakably(fiG.&b, rightssidpphotagr@phhcThiswitests tadbe highd was

det erm ne neasuy i h bsorbance at 260 nm.before and after addition
of g apheiedlngaas it fo PR Ranter 3005 MASTEH PLHETENERTENTHN was used
to deter mhifiantetsctiont (UM 7 AURCHRE bPtHeBRESE et St ol dliabkRl_and

equi I i brium HCC or ssDNA concentrations respectively araneter Vis
t he vol unesDNA.sol ution (L) and Wis the weight of

[0078] The adsorption isotherms of single-stranded DNA and HCC protein on GO and
G were recorded and compared and the results plotted FIG. 5¢ and FIG. 5d. In
particular, FIGS. 5c and 5d plot the adsorbed material (mg/g) vs. concentration of
material (uM) for ssDNA (FIG. 5¢) and protein HCC (FIG. 5d) for both graphene G and
graphene oxide GO.

[0079] The adsorption capacity is judged from the saturation point of the adsorption
isotherm. Graphene G shows a higher adsorption capability for ssDNA compared to
graphene oxide GO (FIG. 5c). At a concentration of 20uM of ssDNA, the adsorption
capacity corresponds to 87 mg DNA per gram of G and 30 mg of DNA per gram of
GO. The amount of ssDNA adsorbed on G (G-ssDNA) is four times higher than a
polylysine-coated nanodiamond platform (22 mg/g at neutral pH). The adsorption
capability of functionalized nanodiamond particles relies on the electrostatic binding
capacity of polylysine and is pH dependent. In contrast, the as-prepared G platform
provides effective n-n cooperative interactions with ssDNA under physiological

conditions.

[0086] Evidence of ssDNA binding can be seen from the circular dichroism (CD)
spectra (FIG. 6a) of free ssDNA and DNA-bound G (G-ssDNA). In the CD spectrum of



WO 2011/ 162727PCT/ SG2011/ 000225 -- 20 - the added graphene oxi de GO and
graphene G (g). The data can be fitted to the Langnuir and Freundlich

i sot her mwBxbriaehi2zon of ssDNA from mi xture [00911 A pr oteeirscand 0s@RNA
m xture was prepared by m Xi ng 250 nM13f- HCC wi th 50nM ssDNA each. The
ratio of protein to ssDNA was 5:1. The protein and ssDNA m xture (500 pL)

was t r ansfi¥A-Beund,G;the bﬁi‘é&@bé’ﬁtﬁ“?fﬂ‘f@%'sﬁe Bfethes”oqpqdrupleg Pag$BDNA suspensi on

(1 nmg/nt) ube after atJ The nj.xture vvas vort exed
for "8 m P Btedtafis e t0uA dpis o R B ntastime gty

centrifug sanpl es
wore. di r ounying bf Hentrtile shultuiss. Thk Hiing BRSCEHs of 80 i, “"'f’"s

Pr epar at i @aidedAnaifly twrrbbemdingoi electesstativdinteractiohé ADd)lﬂlt:ﬂchevntaEpmﬂﬂdr ed with
concentrations ranging from10-6 Mdown to 10-1 The protein solution

(500 pL) \9&§% #ef@k@wqﬂm Ibeeczﬂmv @hieh anseafromtsswwl\pwws@@%l@)ndlw a

separ at ed BNRRE s EREaRpus-RRich belyee RS S bRt e Rirefper nat an
was di scargsga dbdredss ehe H&%r;ﬁﬂﬁﬁfﬁpﬁ&twﬁﬁb 1 3sINRbSEdmpdted 8¢ENA) . whi ch was

not bound. The process was repeated several tinmes. An aliquot-(1 gL) of the

mxturewzﬁo Ql der (MIP
target pl ﬂ‘f@ﬂé Mk{%ﬁr&?}gwg E"dl %@ésg aﬁg(r)p?n%tt% ePat ur e. b)
SELDI - TOF MVSst?g’hQéd’%é unlqueaspére of gﬁpweemhat M esh esthbidle RighkiBadikg! t oni cs
Autoflex Il ion extraction linear tinme-of-flight nmass spectroneter. A

| i near posapacity withrhighhskleatixity insthe case ofi DNA pxtoaction, ydrtae bf thear-nnegat i ve-i on
node was used fqor ssDNA, The accel eration voltage was set at 10 kV.

Posi tive éﬂﬁpﬂéﬁ‘éﬁ'f‘?ﬁéa?tlﬂ’?s peveendt 3p4 BNAecorded with a nitrogen | aser beam
LB (A =337 nn) to ionize the bionolecules with a typical energy of 20

pgpul se. T0AB2] dosxaminsitheselegtive extractiavefiNAby grapbenesGdoone exampleacqui r ed
by si gnal graphene G was applied as the extraction platform in a mixture of HCC protein and
DNA (5:1 ratio). A simple extraction procedure involves the vortexing graphene

flakes FLG in the mixture, followed by high speed centrifugation (14000 rpm, 5
minutes) to recover the biomolecule-loaded graphene G, which was drop-casted

onto a metal plate and used directly for SELDI analysis (FIG. 6c) with a Bruker
Daltonics Autoflex Il ion extraction linear time-of-flight mass spectrometer. Positive
and negative ion spectra were recorded with a nitrogen laser having a laser beam LB -
(see Fig. 6¢c) with a wavelength A = 337 nm to ionize the biomoiecules, with an

example energy of 20 ul/pulse.

[0083] FIG. 6d (top) show the SELDI mass spectrum of graphene G following
extraction of DNA and protein in the mixture without washing. It can be seen that
the peak due to HCC protein is significantly higher than that of ssDNA due to its 5x
higher concentration. After rinsing with deionized water, the HCC protein peak
disappears completely, although the signal of ssDNA remains unattenuated [FIG. 6d
(bottom)]. Using G as the SELDI probe, the lowest concentration detected for the
HCC protein was 1pM. The detection limit for ssDNA is 100fM (FIG. 6b), which is one
to three orders lower than MALDI method using a polymeric or a nanodiamond

platform.



WO 2011/ 162727PCT/ SG011/ 000225 - 21 - averaging of 100 | aser shots.

Mal di - TOF M5 anal ysis was perfornmed in simlar manner, with an additi onal
step of asidi2ogy@per20organic nmatri x (Sinapinic Acid) to thecsawpbaooesar get
pl ate. G aphene flake characterizati omg-0092] The graphene fl akes FIG
produced 3 the exfoliation nethods described herein were anal yzed by
powder X- é‘;ﬂﬂiThfeﬂaaqmbﬁnmaé@ammseéwééﬂrmmatfléqrsos\f,qim/cqnsm. A strong

(o2 h bt 4 e B3 pBlrd s 0 o B ABE I B BRRERS i *©
exfol i ati Qroceséd of pRasel tharsitith 4Vd ihiFRIIN. DuMBtLdIdsSShERIthgt #aphdrees hED2) peak

was weakened or di sappeared. The SEM i magi ng confirns the thinning of the
gr aphi t e |distiecsadvantagesicaropared to graph@meoxide 60dn sermistofoptical absayptipmene
sheets was i.n the r,angfe from several hundred nanonmeters_to several

mi cr omet eA89 SYPRIESSieN of feagmpntationin SELDI. First, theoabsprbpree gf grapkene G sakes FI G
can be re f o) . i ' ri r Ih.C ts with
the assi oy Michdighe? ndiatahe il GBS BRCecRacH a4t R eBRlG337 WL 0 0

fl akes hagsédinane SN (FIGL SKRAFE. B fakt, Zraphendlt sows UniveraPastariancki | ayer
graphene. Chem cals and materials [0094] The various chem cals and

mat er i al s thatdslindeperndent of frequency avertawidewanged meahingibeoati spettwalur e ar e
readi |y obtained .t hro,% h commerci al channels. Highly ordered pyrolytic
graphi t e EKaHoB s possi %bxlel m) was bought from SPI Supplies. Gaphite
powders (G ade 230U) were provided by Asbury G aphite MIIls, Inc. The

f ol | owi ng [QA8SKiNext, @ significantly lowes degree of Bagmeantation of theanalyte swledulenout

further purificatiagn: Lithi um Hexafl uoro hat Li PF6, 98%, lithium
ot rar ! unPBcHRtiEbe B isampugt ta 6o mnenn GAeCRD BRR PESVed W 083 povder )
propyl ene pearRaRdifurhtee) i IHEIRISy stahdtafd therihl 'é’r‘%h Qi | I(ﬂ 999 ,
t et ranet hyl amoni umtﬁgdr)dgﬁ'gwe %T‘Ié/%,s aql?eouse,r EEQ\EW 9 Emé‘%ir%%?atg 5@5 ,
pyri di ne thedesdrstion propedies of thermathix] whsiisedto dempbidthe desurption r at ed
chloride acid (36.5%. Lead gl |) oxide (Pb0, 99.99% powder), Selenium (Se,
-100 nesh pragesseff andG0rhased SELO 9oohe (FIG: Be). cihgl muchdpwenragmentation
2011/ 1627%7\('13 |g/heslggu%\lrél%9qu (2)? the BP ion for the G SELDI probe compared to that for

graphene oxide GO can be attributed to the efficient electron-phonon coupling in

graphene G and its extraordinarily high thermal conductivity (4840 — 5300 Wm™ K?).

This allows it to act as a thermal sink during the rapid thermalization of laser-excited

electrons.

[0086] In graphene G, collective phonon modes that are IR-active can be efficiently
coupled to a continuum of electron-hole excitations through electron-phonon
interactions. In addition, the weaker binding interactions of graphene G with
proteins favor a more efficient desorption/ionization process for HCC compared to
graphene oxide GO. For example, although graphene oxide GO shows a greater
binding affinity and loading capacity for HCC compared to graphene G, only a noisy
spectrum is obtained in SELDI, as compared to a sharp signal for graphene G (FIG.

6f).

[0087]) Thus, graphene G can be used as a high efficiency pre-concentration and
direct SELDI analysis platform in bioanalytics. In addition, the binding interactions of

graphene G with biomolecules is governed by hydrophobic and n-n interactions, and



- 22 - (TOP, 90%, diphenyl ether (Ph20, 99%, 1-octadecene (ODE, 90%,

| ead acetate (hydrated), etc. G aphene synthesis [0095] In one exanple

met hod, owepbit®21k0 was used as the negative el ectrode ipaT&Gitivoers sal t
solution 12-13 with a graphite rod as19ke positive el ectrode. The charging
cell was graphite (-)/ LiPF6 (or LiCl04) in propylene carbonate / graphite
(+). The 2Mﬁgalmng)f%@@§qum@ desorptipny/seft innizatier Rrogesses serdificte S§LDW- 30 V.
The expanded qar I t.e,wasg then sonicated, (step, 4 FIG la) in Jithiumion
T ove o Bt e B BRAE pehas BESHaPtats o samyeie SRYF Rt pretiihe kbt (7ose
ampl i { ude mdteBiiesbIe/52l RALDI DRBICTNETIBR, doRzubid/itketferdtes 8F  BobHlen spis vashed
i n N, N-Di net hyl f or mam de ( ) DVF (1% HCI addi ng) water and et hanol,
respect i verghe cBheravide anewy levedl ofsensitisity for bioroarkesresaery pmratenisever al
times to inprove the araphene yields. Avyield of 92% of graphene G fromthe

initial s@adeeRRMIGs YAVt e 10 was col | ected, based on wei ght measurenent.
[0097] In another exanple, graphite 10 was provided in the formof highly

order ed px&%rﬁiw"%M%E%PHEPG) (50 ng) as the negative el ectrode and was

el ectrochem C ar ge a voltage of 155V in a 30 - 50 ng/mM sol ution

of Li C104 [00B8P IrP&fefiifents} HZCaAH SsHNA-LtonceherBtibhLraRging om0 @s1om in a

porous plastic tube or paper nenbrane cell with a netal electrode inserted
as negat i werepreparesiie a phosphate hufferd Bogh grapheneioxidé 6Randgraphene® as t he

ositive elecfirode, During the el ec{rochem cal _charging, HCG /DWW solution
Poe Lsod Te/mmEipHeiaredorater Wt Balated or 63083 hours Tsapécyv rior t
el ectrochepd cale; | t. .t Lt o a
gl ass cel ﬁ%g#blslng\?\ggﬁggg? ﬁelpgﬁp? %&@fﬂ{s&e&lﬁﬂtﬂg |ug%ﬁéagk)li%§% rg% i on and
pr opyl enetivanlondgenadus disgersiomt The srotam (0/5milyshHderhpifene OxRle GO bHr € was t hen

soni cated for >10 hours (70% anplitude modul ation, Sonics VCX750, 20 kHz)
with an uBtapheomGd0.5midwere yortgxed togethegroni shakes feohheurs telenguaphene powder

was washed hy, HCl / and ,sever.al pol ar salvent f DVMF_ a ni.a, water,
DT opan ML tongater e SuRyrE S CeBesn 24000 rapl 5 PR R he was
col |l ected | | i ' ' 3\@%13 A W
2011/ 16275%&@%%%%%%‘88@95%é 3 rﬁﬂé%ﬁngéﬂth:égn%‘l‘@ Fg%éétgﬁ‘ove PE%\neasoni c,
1100W waexide 60 el grapherietdwadebaiffed by measafing the grotgmsdlation béfese 1. €. ,
provided a m crowave drivi ng force 45.

and after treatment using UV-VIS spectroscopy and by the calibration curve of the

protein.

[0089] For the extraction of ssDNA, the samples were prepared in similar manner as
HCC protein. The amount of protein adsorbed, g. (mg/g) was determined from the
change in protein adsorption at 409 nm before and after the addition of graphene
oxide GO and graphene G using a Shimadzu UV-2450 spectrometer. A similar
procedure was applied to ssDNA, and the amount adsorbed was determined by
measuring the absorbance at 260 nm before and after addition of graphene oxide

GO and graphene G.
[0090] The following equation was used to determine g.:
ge = (Co— CV/W

where ¢, and c, are the initial and equilibrium HCC or ssDNA concentrations

respectively. The parameter V'is the volume of solution (L) and W is the weight of



[0099] In another exanple, the polarity of two graphite el ectrodes can be
alternatingly reversed. In an experinent, two graphite el ectrodes were

i nrer sed wo 2bitrfse12m percol ate i n propyl ene carbonat e solpgtrisgno114A0022s

i nsul ati ng porous nenbrane (such as pa&®er or plastic) was used to avoid the
short circuit of, the two el ectrode graphite contact. The DC charge

potenti al thepddad W%Pm.o"iﬂ?eﬁ%?a‘{)ﬂﬁpbe& gdek Jhe déEPrFaB@eaﬁtf%’rtﬁéf‘é?y an anode

and a cat |’|1_9 uil':glrnd E?éﬂm'iﬁ‘?\’i#tﬂgmqr aphite electrodes in 50 mg/m of LiCl04
i n propyl ene” car bonate sol ution dare charged under 7.5V direct current for

12 hours. The potential is then reversed for another 12 hours. Afterwards,
t he pot enExtraction ofessBNAdtbromixtusgai n to the initial polarity state. The
polarity reversals can be periodic with tinme. This Erogram'red pot enti al

(pol aritylf Arrrgtein and mbtyreyasprerared by migng 220 aM of HEWith cat i ons

d | O, ani ' ' hite.
1001001 " AsDB SBNYR AR Ing PasSbftofito SBNAEas S risHiBlein ol SpVAT 3T RO 1 ©
heat ed i npiix@rd *m%LfWQwréﬁ!i?eﬁéd waheaﬁica&&ﬁtiﬂ%@t&w 50 (lLdf@Faphbne t her nal

deconposition of propyl ene carbonate and Li C104 can further expand the

gr aphi t e duspensiorxbingéinl)avagadded tasthertube afierssonicationleThegmigbimietveasby bot h
charging and the | .treatnment can be washed by acid HClL and H20 and

et hanol . Yﬂ'ée’é%’agf’g?mj"'ﬁ@ééggg’aﬂe‘f%ﬁ%@rgmeémt Y waterbyfenedtedphi t e can be
used as a j [ . r [ . i ete
expan: on oy ttyaatin (BidBcRn, b Minbide} ol el it PR SEBIESIIRE '

exanpl e, dire&hianazéd MASEEDI-TGFMS30 min in bath sonication. The sonication
medi um can be propyl ene carbonate and aqueous tetranet hyl amoni um hydr oxi de
m xture. CdTe nanocrystal/graphene [00101] In an exanple of form ng CdTe
nanocrystal / graphene, all synthesis was carried out in inert environnent.
Two st ock SEKDILTOFAMIS of Cd- ol eate and TOP-Te were separately prepared in
advance. CdO (150 ngé inoleic acid (1.5 nl) and Te (100 nmy) in TOP (1.5
n) was s@lar afample,Begpamtion. otHGE pratein salitinn and ax sSDNCsolution weref | ow. 15
m ODE was added intq t.he CdO-ol eate solutjon | ree neck. fl as G aphene
(3- WD 2011/ 1&9%&&")"&&26‘1?/‘%652%@’?&13 t’°'“nt)‘§k Mldawaﬁ n@ 'hlérrhe( 15 m)
was soni cated ( i r 1 ; N1p3=Tol I to the
CdO- ol eat e-%@?ﬁ?@lﬁ%ﬁ@? a%h“ééhg%ﬁ%)?gghgygggnbms ﬁ@ﬁe@'?g%dc, and

t hen TOP-Te sol500iphinveemicrapentrifugertube far® hotirs.@he préteinvadsotbasl, GO BEGr eact i on

m xture was allowed to cool down and 5 nml of acetone added. [00102] The
CdTe/ gr aphene Was separatedq byycentdfugatiomtatodd.0P@ hroae foontd misutssopdgol and

pyri di ne, respectiv each tw ce) &%103 L.n,an, exanpl Se
nanocyst al / gr aﬁﬁéﬁ@gk%&(%sd' %ﬁd%"g K ggew!as ﬁ,ﬁ@?a;,t?] “@gprtgf)lpg‘g'@g‘ & in the
above- descri bedspNAL Wich was not bound. The process was repeated several times. An

aliquot (1 pL) of the mixture was deposited on a spot in the polished steel

sample holder (MTP target plate, Bruker Daltonics GmbH) and air-dried at

room temperature.

b) SELDI-TOF MS Analysis. Mass spectra were obtained using Bruker Daltonics
Autoflex Il ion extraction linear time-of-flight mass spectrometer. A linear
positive-ion mode was used for the protein and a linear negative-ion mode
was used for ssDNA. The acceleration voltage was set at 10 kV. Positive and
negative ion spectra were recorded with a nitrogen laser beam LB (A = 337
nm) to ionize the biomolecules with a typical energy of 20 ul/pulse. The

focal spot was set to 0.02mm. All mass spectra were acquired by signal



Asymmetri c deposition of nanocrystals on graphene sheets in solution.
[00104] In an exanpl e, graphene dispersion in 1-octadecene/glycerol (volune
-1/ 1) wasweddegicte7a CdO-ol ei ¢ acid clear sol ution undercayschhawoo2ds M of
TOP-Te solution was then rapidly injecled into the hot dispersion at 280C.
The tenperature was kept at -260C for 10 min and then the sol uti on was

cool ed down to avREing ©f 1199)laser shotsr e MaldiofOF MS @nalysis way) performed ¥vur ce
precursor (stoc [ons) ..h ethylene glycol solutions were. added to the
above di sper si oﬁwﬁséiﬁ%mrlﬁv&' : a?hédﬁﬁ%%rgt?ﬁr 8P\ﬁglé'"§eﬂ? e ot

anot her 10 m n. (sifaBinieAGdy tvthe bdrpiaontagePpREkICt was purified by _
precipitation wmth CH2C 2, acetone, isopropanol and pyridine, respectively.
Finally the nanocrystal/graphene of CdTe/ graphene/ PbS-Ti 02 was di spersed in
pyridine for solar cell device fabrication (Stock solution 1: Pb(Ac)2-3H20
di sper sed Graphépefiskeidhaiacter2atien capt oet hanol as stabilizer. Stock sol ution

2: Ti (0045&&3}? | n ethyl ene gIF\(coI .. Stock solution 3: NH2CSCH3 in ethyl ene
gl ycol wi Jheerarhiene AakesFLaprodused by the exdaliation methods desceibed el | devi ce

proni by 1 185 Aehanal28 blpBler K78} BifacBhand sear RGN orbShe1 *of Py
cel | manufiSEM)iestrdig (00D8sehak fd vilii€ofd. 333 AmY intthe XRDIYPECtHmh Wdsdbséed SO! ar

i nk based on graphene/col | oi dal inorganic nanocrystals that replaces the
unst abl e dugamthe photasked grapheneriapersiin the graghiteo| After setdessfalrexéoliatione i s

and | ndusths B SJocking ofgrebRe wss i upish apfithe Qebaesiias wegbened or T | ©
2011/ 1627 . . | |
ovi co | aRRRToh T SeND esking ot M iniddofENE BHIRRRS ers B for 5y

devi ce 70sonitatiod. The sizb distsbiRion df graphene dheetNAVAO W the randedrain BeRalG | N
di chl orobenzene was spin coated onto PETDOT: PSScoated | TQ gl ass substrates

74 (see Fhandred Ppnometerss tasexpeal micrageters, with amaverage siz0ofC, 1 pinurmi num back
contacts (72) were then evaporated on the nanocrystal/graphene film®60 in a
gl ove box[0093] Welgraphene flakexFLGudn eaecsverad dspotriee and Hispersed if 00108] A
standard sol ar sinulator (150W Newport Stratford) with an AM 1.5G filter
was used verieusarganiesalvents with theyassistance of sanisation. AENbIaging shhwed thate
3::?;2?)% Lg{(ﬁerﬁﬁlletg}lap\‘r\\%ﬁe ﬁg&ést}\ra%ta%davgrsalggghigkrpeggvgtr 1. nEne,rWhié?‘\I éo?rreggctﬁ se'cot °

bilayer graphene.

Chemicals and materials

[0094] The various chemicals and materials used herein to carry out the methods of
the disclosure are readily obtained through commercial channels. Highly ordered
pyrolytic graphite (HOPG SPI-3, 10x10x1 mm) was bought from SPI Supplies.
Graphite powders (Grade 230U) were provided by Asbury Graphite Mills, Inc. The
following chemicals were obtained from Sigma-Aldrich and used without further
purification: Lithium Hexafluorophosphate (LiPF6, 98%), lithium tetrafluoroborate
(LiBF4,98%), lithium perchlorate (LiClO4, 98%, powder), propylene carbonate (PC,
anhydrous, 99.7%), lithium chloride (LiCl, 99%), tetramethylammonium hydroxide
(TMA, aqueous, 25 wt%), ammonia (28%), pyridine (anhydrous, 99.8%), Dimethy!
Formamide (DMF), concentrated chioride acid (36.5%). Lead (ll) oxide (PbO, 99.99%,
powder), Selenium (Se, ~100 mesh, 99.99%), Oleic acid (90%), trioctylphosphine



[00109] In an exanpl e enbodi nent, through tuning the |iquid nmedium
(electrolytes, ions), charging paraneters, tenperature, etc., the graphite
sanpl e 10woamibe2exfol i ated i nto graphene G w t hout usi rgTsoninALINRN St ep
40 (see FIG la). This nmethod is advai@2ageous to obtain | arge graphene
sheets (> 10 pr(?. G aphene | ayer nunbers (e.g., 1-100 |layers), the

t hi ckness (T@P.0%)digbenyl ather (20999 1 oxtadecene (PDE, 9006k lagideetate and patt er n
are generetM&/ra&(agterté)l | abl e. Wafer-scale multilayer graphene or graphite on
a substrat'e’ can De patterned using known patterning techni ques. The
graphite exfoliation nethod of using Li intercalation can be used to

exfol i at e Griphéiedyithitgisi N a predeternined or otherw se select position in
the pattern to control the |ayer nunber of graphene to neet the needs of a
parti cul arf085dn poerxample mathod, @nahhitedi0 waspised as thenegativd dleitratleiplaene G can

be di ed | i o lvent s, b i nt ab g rad
o 1757 ik SebteR a3 Soka bbbl S g0 aoni
Febal st e R S APORE PR broBithourbOlsie ApnRE 1F

casting, mhelkhangihgliprodess wagcycled for 6 bk sit Avsitdge dNAIIDNV.i THe dxpasdsds ont o
various substrates. Spray techniques may al so be used. Transparent and

conduct i v&raghitetwasdhen sanicased (strpAQ, &G lakin|lithivmrign iy BMfanised snheard ar e
t f. the djscl . WD 2011/ 1627, / SG2011/ 0Q0 - 26 - [00111
& hphene. (PRl i BY i apPeesindr b amalidsaremienigpal |1

sem conduct ors, polyner, glasses, ceramcs, and so on. Especially, a

gr aphene 1@A96] dhe resuiting graphene pomder was washedip AoNiQimetitylfeunamid¢éal quant um
dots, sol 4 nd ot her sol uti agn_ net hods. ..So hysi cal met hods
such as ¢ @ﬁ%ﬁﬁ’&ﬁ%}fﬁa@ '85%‘1’?}}85?“‘?35‘3‘880'95%58?&%@0??%%ﬁ@" 5’E§t ering can
be used agonieation ﬂr@@éslﬂas@%%&b@d@vﬁmﬂﬁfe%wﬁn U@&h&%’%ﬁkéﬁ%tﬁehgfua Agl G
Au/G NVG ... alloy netal/ G catalysts typically need support. In an

exanpl e hgteld of 92% of graphdne.G ffomGha jiitialstarting gaaphita tla gas icslldched, basedhas no
organic stabilizer (organic capping |ayers) on Pt nanoparticles and thus
"naked Pt onyeightimeaspremesed surface and catal ytic properties than the
comon cat al ysts. Anot her advantage is thernmal stability. In an experinent,
Pt nanopa{@097] érsanwther eliampde, [graphite i was provjdeincthe forabef highlg ordered) cryst al

mat chi ng, which avqi ds a ation at high tenperature. Thus, catalytic
perfornané’é’q'\g'cpﬁ’%éléwg@%g&&%’ﬁg)qséh&f‘P jve elaciede and@aat ures (e.g., 5

600C). LiEpP: r i, Fe i 1.Sin itive

el ect rodegggﬁéé%@@%ﬁa%gﬁ? g%ﬁgg Sa %H, "o%%b%?m%'ﬁi?%%% ng_aéét teries
for power imgropyleé Eérboﬁét@iPC)le?EﬁﬁWﬂiﬁdﬂ?qo&vd%éMirﬂ&p@i%lﬁs BRstGOiubepd by a
preci pitation process of nmaki ng honbgeneous Li FePO4 powders on graphene
sheet s. Tpepenmeémhranecel mithtametatl electredesinedrtdd dsregariveoélectendectied phase and
size may be,tuned, thraqu inhe tuning of the precipjtation conditions at
controll e&arlbgﬂ'ﬁ%éjg’(’ﬂfp@g'%r}[%ﬁh‘ﬁﬂ usgd ?3 thepRsitive electrades DUkiRgthA ng and

di sachar gi aieq@ i j i i e hybrids. In
experi man"te lsé?trEI e Eﬂ‘chgrﬁglg? 5%’72@%%%8&%%e&0%5§%&§%s]ﬁigets. Li FePO4 i s
i nsul ati ngypreduetsaphene is electrically conductive. In the hybrid
configuration, the advantages of the graphene conponent (e.g., good
conduct i Vidosl : | gRaent (e.g., poor
conduct i v!ty)]?glﬁf&nggglveteafgﬁggcg@g%%%gﬁgﬁgﬁ%g?'?aenrg§9géarpﬁgr mance. The storage
of el ectr traptfemrad irgy aglasbicel) followeddbyahd additioh af 86mpgAhkST Lid! ifDMFhi gh
capacitance is an inportant technol ogy in nodern society, and can enable,
for exanpk@utien and piopyleag icanbepateranddetspmethylasmmaniufrohydrdxide. ke sol ar

€NET9Y:  mixture was then sonicated for >10 hours (70% amplitude modulation, Sonics

VCX750, 20 kHz) with an ultrasonic intensity of ~100 W/cm?. The sonicated
grap[\ene powder was washed by HCI/DMF and several polar solvents of DMF,
ammonia, water, isopropanol and THF, respectively. The grey-black graphene

powder was collected by centrifugation or/and filtering during the washing. A



WO 2011/ 162727PCT/ SG2011/ 000225 - 27 - FePt/graphene for hard di sk usage
[ 00115] In experinents, nonodi sperse FePt nanocrystals were deposited on
gr aphene wbeetisishyp7a sol ution process. It is necessary fpor/seedtiobe2be
annealed to transfer the fcc phase to23ke fct phase to get the desired
ferromagnetic properties. One challenge is the serious aggregation of FePt
nanopar t i PEestigmigiawayeenen;(RanaspaicckPOW)wasmused toypidwithherexpansignefct i on

can overcone thi regation praobl.e and .can .remgin i n nonodi spersi on
because c?@%@rgPhﬁrﬁﬁ%s’H "tﬂr8¥'ggq ﬂé’“&%&%ﬁg{'}"aﬁf%rﬁg?ﬁg anneal i ng. Pol yner
filler [00116] In an exanpl e enbodi ment, the ﬁ;.r aphene fornmed using the
met hods of Ipreegther expraplesthenelarity obiwaq graphite elgetrodasicap be| er f or

f undament | t.h r d, nmechani cal propertie f the pol yner
TR s A T R S R P S o e
mat eri al s [ifidh pefodife APPRPFleht ch®onsYoRkitionC AR iRKiIdtRED IPOUsTREMBRIneONal

nmet hods. The graphene filler can change the glass transition tenperatures
of pol yneKlsush iabpaier o plastic)avasdisgd itoavoid thdshontedircait albthe twpo. el€ateodeum

dot s/grapheng interface [00117] The interface between quantum dots (such as

CdSe/ Zns BEAPEItE cRMTACh S RG naggespotential cpn b AMiZQY: The &pPhRielgFEdffone sheet s
can be en@&rpﬁ? }ﬁ&ngﬁréynée]l'l %@cﬁfe%td a@%%@?&?ﬁgf%ﬁ%lg}@fﬁgme abdrods i cells.

I n quant um dot/ grap rids, rescence or conplete

quenchi ngsQimg/hft of Licity, @ pRIPyRNE 2BrbdRateSoRtioRtré Bkarged GRdYr78V dikdce by fine
tuning the organic stabilizer of quantum dots. The quantum dots wi th high

f | uor escenurgentifohl2hounsgaing potentisliis theprreversedofor another ¢2lhowrshybri di ze with
gr aphene to t sol ution-di spersi bl e guant ym dot/ gr.aphene hybrids. The
P yer ReeRuttan ha peterinl i SBtoed Ance 2651a 68 BTa/nHBhOSARSHen TBE Cone 1 he
el ectricalyai | ' oLl : nmake an
CED.  The. BolaFHe0k/s cif BERERRAC Wil Hing.SfHiobropithiled bonupFBPRARA T 1o

i nterfaci adversantdngushibotly propgletie garboRatessolvatid 12 QdtidnkGAd proisyléneG2011/ 000225

carbonate solvated ClO, anions intercalate into the graphite.

[00100] Afterwards, the expanded graphite after charging can be thermally heated
in inert gas flow (N, or Ar) at 150°C-300°C for minutes. The thermal decomposition
of propylene carbonate and LiClO, can further expand the graphite due to explosive
gas pressure. This expanded graphite by both charging and thermal treatment can
be washed by acid HCl and H,0 and ethanol. The charging process is repeatable.
The expanded graphite can be used as a starting material for further charging to
obtain complete expansion of graphite. Then it can follow the sonication process.
For example, it can be sonicated for ~30 min in bath sonication. The sonication
medium can be propylene carbonate and aqueous tetramethylammonium hydroxide

mixture.

CdTe nanocrystal/graphene

[00101] In an example of forming CdTe nanocrystal/graphene, all synthesis was
carried out in inert environment. Two stock solutions of Cd-oleate and TOP-Te were
separately prepared in advance. CdO (150 mg) in oleic acid (1.5 ml) and Te (100 mg)
in TOP (1.5 ml) was separately heated to get a clear solution at 120°C under Ar flow.

15 ml ODE was added into the CdO-oleate solution in three neck flask. Graphene (3-



- 28 - Graphene conductive ink and graphene paper [00118] G aphene can be
hi ghly di spersed in several solvents, such as dichl orobenzene (DCB),
chl or of orwp 2080t6pr20panol and N, N- Di et hyl f or mam de t o crreaise2611/000225
gr aphene-based ink GINK (see FIG |a)4-This graphene-based ink G I1NK can

be easily %é}s'he'd onto a substrate, which may be thin and flexible. [00119]
FIG 7a tRregidhdipbenyliether{23 milwas sonicatadfpRiamplitude) forS minend thend it s

Conduct i SuRARREED 388 foWe CHbNedi Bor Bl tBIIRRE he pERSERABh WY o ¢ o1
of FI G pondsted td 250°C, afd then TOPSTOWIution Wi fapffly injictddd Rfeedi7C1Y RikeNzene (10

mg/ M) for brushing and witing on common paper. [00120] In an experinent,
800 ny of th @aptionimixturesvasi allowed ¢ol cool de@vnrand50B! 6fddetonechddedsoni cat i on f or
10 min to get a good dispersion of 10 ng/mMof FIGin DCB to form

gr aphene- pgoaed] | The CaTej#rapHdiR Wdsqsified B9 précipiefionlvidtitacer&iesi on G | NK was
brushed on commercial A4 printing paper as a substrate 100 to forma | ayer
102 of gr isoheapandl andpyriding, respectivelydeachitwicg)paper 100 was stacked on
absor bent paper for the quick absorption of solvent. After the paper was

dried in {00103hdnan exampRO0dSd wandeystilZgraphdriehybrids ediobé préputed a brush. The
brushi ng and dryi ng process was repeated several tinmes. Afterwards, the FIG
| ayer 102Whereimgse rephages fain theaboverdescrihed prgcess: essure (such as a rod press)
to tight the interfacial contact of the graphene flakes. The

el ectrochem cal i th can, be conbi ne 1 t.h sonication to scale up
t he produ&Y'ﬁﬁe&r@@ééﬁ@g’&ﬁlnégg‘fqg'ﬁgfé' #’Pﬁﬁ"é‘s‘ %ﬁipﬁﬁ\ougipﬁ'phi te powder.
[00121] F 0 i6f FdHel ated with
G | ayer (0RE, 3 skimplaotabn e ASpepiich M 1Bl el e AR O et vty
of the paptfl)wakedged tosaCdd-e)eicanid tlaar sahationtundier 4r figlac b of TOMEe paper
(mg/cn2) in FIG|layer 102. A sheet resistance as |low as_15 ohm per square
can be obflrtienwathengapidlyjniestedintorthe bot dispessignat 28@Cc The temperaturet han

Car bon- naviar SRt 280 & FREmiP At RTRRY Eiudor Ref a0 rone i1 m on

| ti t WO 2011/162727PCT/ SG2011/ 000225 - 29 - 00122] Ex |

Paoct o olORIRT e pracHrsan Th (- Qleelacn S P U S PR (FOCRROEh Boar st
bst t i . . Ln. ti

SUbet 1 at cethylbgd Hlye8l SolfichS ARPEAducH B3ng SOARUILELE el Y. MES] °

subst r at etdrip@ature Wad keptit 14°C foPhncthe’id i i fi@ﬁﬂ@cu@ﬂ@b’?&ph@@é ycar bonat e,
pol yet hyl ene terephthalate (PET), acrylic (pol ynethlanethacrylate),

but yr at e prasiuctwvaspurifiedthyipsedipitationtwith CHiCla acetaperisapropdnel aidipyridine,

substrat e?es%gc(%iv%fy(.a FEnlaﬁ{'( ithbeI r?a'nocrystal/graphene of CdTe/graphene/PbS-TiO, was
dispersed in pyridine for solar cell device fabrication (Stock solution 1: Pb(Ac),-3H,0
dispersed in HOC,H4OH with 2-mercaptoethanol as stabilizer. Stock solution 2:
Ti(OC4Hg)s in ethylene glycol. Stock solution 3: NH,CSCH; in ethylene glycol with a

small amount of H,0 to assist solubility.)

Solar cell device fabrication

[00106] Traditional photovoltaic (PV) technologies tend to be prohibitively
expensive. Solution-based processes can reduce the cost of PV cell manufacture. An
aspect of the disclosure is thus directed to a solar ink based on graphene/colloidal
inorganic nanocrystals that replaces the unstable organic photoactive components.
The solar cell performance is equivalent to that of organic-based system, while the

process is printable and industrially scalable for roll-to-roll processing.



[00123] In an exanple, graphene Gin the formof a dried powder was put on
a substrate 150 in the formof a clean transparent plastic film 160 and

pol i shed wotw1iaeemzf orm graphene film The polishing carchgcdenmodrys usi ng
anot her plastic substrate and a soft -@seth and paper. The polishing process
operates nuch |ike pushing around cards on a table surface until they are
overl ai d (QRI97} Inrﬁxp@rrlmﬁmsfsqyéafmbdev-qm@bpgaﬁmmn@o#emwpqwmddn arequire

chem cal s, env nent.al i,endly and scal abl e.
[00124] A 5’88 °f?%f?§ﬁpar5%?9wf€*§ "‘Y'E‘pmt atshonn 6555 nd good conductivity
(e.9., abqhodrystaligfaphéne Gﬁpdr@ﬂomﬂeﬁké}%s’s\’sp‘?ﬂ EHRROnOPETBOT s IS ng about
a 1l umsize fewlayer graphene powder. Even better performance can be

obt ai ned lyatediITQyglass sulistrates 7MdsepcFIGd). After evapphating thé sddeentfat €201C0125]
FIG 8a through FIG 8d illustrate various properties of a conductive,

t r anspar efduraingay bagk éoqtaeﬁsm)me mqwaaomt%wtwﬁwwysmp@ene I mon
| ast L sh f dried wd FIG 8
D chermr i U 60T 7 Biob? Bok e afl sEiceing e BaisemehBivers G hne par ent. pl ast i ¢

substrates 170. FIG 8b depicts an exa‘g})le FIGfilmas formed on a plastic
subst r at e [00398] oArstandardsalarsimylator (150w, Newpertatiatiordlvath amAMgh &Gt hr ough

uhi ch € he sRBRIA AT, o LB LD lorb R SRTE T ARREE AT e ER ¥

vi si bl e ransparency spec Facs ans % vs.
wavel engt mtém\ﬁgrcarm{e@gmg:u wértererl ve, transparent substrates 150,
whi ch essentially neasure the transparency of the FIGlayer. FIG 8d plots
the electrical resistance (kohns per square) vs. transparency (% for the
sane four Agenagive te uRrasonication t r ansparent substrates 150 of FIG  8c.
Characterization of asymretric nanocrystal/graphene heterojunction WD
2011/ 1627 p3a0s] Iman ekafpRaMbodiment, thraGgi tunirmsthdiligaidanedlumbove, aspect of
the invention is enploying graphene as produced herein to forma

gr aphene- (rledeplyies, dons) chatgingpasametars Iﬁefaﬂe@wﬂneﬁcnﬂﬁ graphite sampled0exanpl e,

h h |a 52A a 52
noymmet 1 | CrLORBIPITtRG e ECRPDeGE Cydthatk e SUTEAHOP e A is8% Gt AP catal ys(s.
Exanpl es irRigintiRodlis aﬁ%uﬁﬂéed&@'?@ﬂﬁtaﬁ{ ﬁr&%r?ﬁﬁe%h?&g(ﬁgélherem nanh si de of

a single sheet of graphene G (Qher exanples inc o-netal s

and seni clayeusirbens fg.c 13100 ddyers), the thibkreeissite.@f 0.5:30mnensizesandxshaps heet .
[00127] The special heterojunction 50 formed be\; graphene Gin the form of
f ew | ayer (&f-epanonibbens) gnd patter are generally eantralla Ierré{tla,felr-sqase maltilayesl 52B on

h the, b d h d
Strai neenBioRBENE ACk RS LTa Ao the AP gt B PR ke PR oy e 11 .
mat er i al Sydchnigaed. uthefﬁspmtwm.a&.bﬁmtﬁsd an&.ﬁ%g‘i‘ﬂztgfearepgh %aﬁsoagm'oon and

transfer, especially hot carrier transport 9a through FIG 9e
are el ect exfnllatecthe)glupbgne:lhaprede!ermmbd«msttm‘rwisa seleptrpusitiondn the
nanocrystal / graphene heterojunction 50 made of CdTe/ raphene/ PbST| 02. FIG

of and FI eRtterg tgcantspldhe jaygr avmbﬁra&ftaranheaatwwsthﬁn%ﬂdse apprticular

CdTe/ | ot EDX I f th

CdTZ/g;ZBEeneéﬁg%r'lgegﬁ“ﬁh Sﬁora&)lgatlg@ BI gtz ?Re conggﬁt)r/;lsoﬁ depgndent
tical t ba | ength) of th

CiTer gr ap RRABbARRENE G Fan b€ deparpad o atiis SoNenss ARG SHBF pricieble ande
graphenemggbyo"wm raée% Ulgdﬁcgﬂgaﬁegg Pgl}engrsyag\\%\é\f? tlﬂ&@% n%l’??@ The plot

i ndi cat es strong SOrp | on ared'to
graphene &pahbienomd»mbn@bswaauwgra .teruiﬂrmmcatrbwﬂﬂev&wbﬁmgt h from W

to visible band to IR band of 200-2000 nm which is suitable for |ight

har vest i ngraphene. Graphene film fabrication approaches include spin casting, membrane
filtering, self-assembly and transferring process onto various substrates. Spray
techniques may also be used. Transparent and conductive electrodes for

photpvoltaic cell using graphene sheets are aspects of the disclosure.



O her exanpl e applications [00129] There are a nunber of other applications
for which the graphene G as fornmed herein is suitable for use: WO

2011/ 162 ARGREI/1BER011/ 000225 1) Fuel cell catalyst (Pt/@cTRG20d/oth22etc.).
Cat al yst graphene supports technol ogi- -t hat can i nprove the catal ytic
activity qQf Pt-based catalysts, reduce the Pt usage in catalysts, thus

| oweri ng 8%1-1&?51”@6%? camlyybridizg with yasiops materialpineludingmetalse” advant ages are

hi gh heat ' ] S . .3) spect roscopy
"napect | ofeoRbRanR, Plitet datfes HraRich e g tesouRR. SBERMERE Lot for i1
si tu i nsp@etdrejunbioPE&mibectnade bgﬁbﬁH{é&i&ﬂof&HQ{dfaf&ﬁatntuﬁm séligenal
anplification may be provided by gold or silver nanoparticles on graphene
sheet s wi phocessesland atherisokition azetbods. | Some phiysinalimeethods subh Asghemital such as
Ti 02/ G Sn02/g nQ G etc.: A sol ;%gel r ocess ?c"sn be used to nake

gr aphene/ ¥2PSeRaBEPR, NARCEINSIRE depasftion, sputirting sanRe veedaswel-f i ci ency for a
w de range of applications. 5) Asymretric Pt/ graphene/ Ti 02 heterojunctions:
Such het el@)113L t Grapbenersunpodeting metahcatalysis (PG, AgGodul@NifM..alleysi de of a

ot her _si gy EgrAE HRical ert Suppth P amBls NAESORIUNG BT on: | ncl udes
whi e PoSr qaraniee, AEARhrime ML ngt ff ofkan® sottHel (RRSHLcpitl 77 5701 ¢ he
ot her si deayers) on Pt nanoparticles and thus “naked Pt” has higher exposed surface and

catalytic properties than the common catalysts. Another advantage is thermal

stability. In an experiment, Pt nanoparticles were directly grown on a graphene

substrate using crystal matching, which avoids aggregation at high temperature.

Thus, catalytic performance is preserved even at relatively high temperatures (e.g., €

600°C).

LiFePO./graphene hybrids

[00113] LiFePO, is a promising positive electrode candidate for high-power, safe,
low-cost and long-life batteries for powering electric cars. LiFePO,/graphene hybrids
may be obtained by a precipitation process of making homogeneous LiFePO,
powders on graphene sheets. The nucleation/growth parameters of Li,FePO, of
targeted phase and size may be tuned through fine tuning of the precipitation

conditions at controlled temperatures.

[00114] Advantages are a fast charging and disacharging rates with high
capacitance for LiFePO,/Graphene hybrids. In experiments, LiFePO, nahocrystals
were grown on graphene sheets. LiFePO, is insulating but graphene is electrically
conductive. In the hybrid configuration, the advantages of the graphene corhponent
(e.g., good conductivity) overcome the disadvantages of the other component (e.g.,
poor conductivity) to improve the electrode and battery performance. The storage
of elgctrical energy at high charge and discharge rates with a high capacitance is an
important technology in modern society, and can enable, for example, electric

vehicles and supply back-up for wind and solar energy.



WO 2011/ 162727PCT/ SG2011/ 000225 - 32 - What is clainmed is: 1. A nethod of
form ng graphene, conprising: providing a graphite sanple having atomc
| ayer s ofwoanhom2mit h spaces in between; i ntroduci pgTAGGI1NENRs and
ions into the spaces between the atord2y-l ayers; expandi ng the space between
the atomc layers using at | east one of the solvent and the ions; and
separ at i nFePtgraphgne fonhayd disk ysagey a driving force to formone or nore
sheets of graphene. 2. The nmethod of claim 1, wherein the driving force is
at | east ¢0@115] : InadxpetimentscmionadlispdrbeFeRtinanatrystalsavete depdsitet loar mal ,
sonochem cal and acousti c. .

graphene sheets by a solution process. It is necessary for FePt to be annealed to

transfer the fcc phase to the fct phase to get the desired ferromagnetic properties.

One challenge is the serious aggregation of FePt nanoparticles by the annealing

process. The FePt/graphene heterojunction can overcome this aggregation problem,

and can remain in monodispersion because crystal matching blocs the aggregation

during annealing.

Polymer filler

[00116] In an example embodiment, the graphene formed using the methods of
the present disclosure can be used as polymer filler for fundamentally changing the
thermal and mechanical properties of the polymer matrix. Nanocomposites with the
promise of strong, durable, multifunctional materials with low graphene filler
content can be made by conventional methods. The graphene filler can change the
glass transition temperatures of polymer with the associated gains in thermal

stability.

Quantum dots/graphene interface

[00117] The interface between quantum dots (such as CdSe/ZnS core-shell
nanocrystals, PbS IR quantum dots) and graphene sheets can be engineered for
different applications such as LEDs and solar cells. In quantum dot/graphene hybrids,
either the high fluorescence or complete quenching of the fluorescence can be
selected and is controllable by fine tuning the organic stabilizer of quantum dots.
The quantum dots with high fluorescence with an organic stabilizer can be tailored
to hybridize with graphene G to get solution-dispersible quantum dot/graphene
hybrids. The 1-3 layer graphene has minimized optical absorption but can overcome
the electrical insulating problem of long carbon chain stabilizers to make an LED.

The quantum dots can be replaced by various dyes by tailoring the interfacial linking

of dyes and graphene.



3. The nethod of claim1, further conprising providing the ions as netal
lons via an electrolytic solution. 4. The nethod of claim1l, further

conpri si ngoavi1lwary one of: a) providing thepcons269/088225 east
one of lithiumions, solvated ions an®8-ithiumion conpl exes; and

b) providing the solvent as an organic solvent that includes organic

nol ecul es GAphenecongduetivejnipnd BePAPeN ai m 1, including formng the
graphene as one or nore flakes of graphene or one or nore sheets of

gr aphene {00118}t Graphenécarhize highlydibpefsed lirmsevedal solentsisach be gr aphi Ite sanpl e
is selected fromthe group of graphite sanples conprising: natura

gr aphi t e, dighigspbenzene [RGB)) chlorefarm, isorrropangland B, N-Rimethyifermamidedo pyr ol yti ¢
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be easily brushed onto a substrate, which may be thin and flexible.
[00119] FIG. 7a through 7e illustrate various properties of FLG powder and its
derived graphene-based ink G-INK that can be used to make a highly conductive
substrate 100. FIG. 7a is photograph of graphene G in the form of FLG powder (15 g).
FIG. 7b shows G-INK that includes dichlorobenzene (10 mg/ml) for brushing and

writing on common paper.

[00120] In an experiment, 800 mg of FLG powder was dispersed in 80 ml DCB
followed by sonication for 10 min to get a good dispersion of 10 mg/ml of FLG in DCB
to form graphene-based ink G-INK. The freshly sonicated FLG dispersion G-INK was
brushed on commercial A4 printing paper as a substrate 100 to form a layer 102 of
graphene flakes FLG. The A4 printing paper 100 was stacked on absorbent paper for
the quick absorption of solvent. After the paper was dried in fume hood, a second
layer 102 of FLG was applied with a brush. The brushing and drying process was
repeated several times. Afterwards, the FLG layer 102 on the paper was pressed by
a high pressure (such as a rod press) to tight the interfacial contact of the graphene
flakes. The electrochemical charging method can be combined with sonication to

scale up the production of dispersible graphene flakes FLG from graphite powder.

[00121] FIG. 7c and 7d show the commercial A4 printing paper coated with FLG
layer (film) 102. FIG. 7e plots the relationship between conductivity of the paper
(Ohm per square) and the amount of graphene on the paper (mg/cm?) in FLG layer
102. A sheet resistance as low as 15 ohm per square can be obtained when 0.7
mg/cm?graphene is loaded, which is better than reduced graphene oxide paper and

comparable to high- quality carbon-nanotube-treated paper.

Conductive and transparent graphene film on plastic substrate



-33- 7. The nethod of claim1, wherein the solvent includes at |east one
of : propyl ene carbonate; N, N-Di nethyl fornmam de (DWVF); dinethyl sulfoxide
(DVB0) ; awei/w2B0l vent; and a m xture of different solPCESG0118002ThHe

met hod of claim 1, further conprising:29- conbi ni ng the graphene with

guantum d to forma heterogjunction configured to functjon as an active
conponent ?@zﬁpﬁ@m@)ﬁ% qfabe g'é‘?bs%? ingide faeming aspndyativeagd wherein said

conbi ni ng .} (<Moo : . a - ocess, a
ot -1 1) eotihpteteuBSirbel Boedine EABheREE o8 tormes hereig? EXEMAEBRRECE IS
deposi t i ORBustERESTE0 for forindda glaphemdbiNeddRMmSparent and conductive substrate

(sheet) 150 include: polydimethyisiloxane (PDMS), polycarbonate, polyethylene

terephthalate (PET), acrylic (polymethlamethacrylate), butyrate (cellulose acetate

butyrate). In an example, the plastic substrates 160 are flexible.

[00123] In an example, graphene G in the form of a dried powder was put on a
substrate 150 in the form of a clean transparent plastic film 160 and polished into a
uniform graphene film. The polishing can be done by using another plastic substrate
and a soft cloth and paper. The polishing process operates much like pushing around
cards on a table surface until they are overlaid into a uniform dispersion. The
polishing method does not require chemicals, and is simple and highly

environmental friendly and scalable.

[00124] A good transparency (e.g., up to about 70%) and good conductivity (e.g.,
about 1.5 kohm/o) can be obtained by a manual polishing using about a 1 um size
few-layer graphene powder. Even better performance can be obtained by using

relatively large (>10 um) graphene flakes FLG.

[00125] FIG. 8a through FIG. 8d illustrate various properties of a conductive,
transparent substrate 150 formed using a highly continuous FLG film on plastic
substrates 160 by manual polishing of dried FLG powder. FIG. 8a schematically
illustrates polishing FLG powder with two transparent plastic substrates 170. FIG. 8b
depicts an example FLG film as formed on a plastic substrate 160 to form conductive,
transparent substrate 170, and through which the background in the form of is
computer screen 180 is readily visible. FIG. 8c plots the transparency spectra in
transmittance (%) vs. wavelength (nm) for four example conductive, transparent
substrates 150, which essentially measure the transparency of the FLG layer. FIG. 8d
plots the electrical resistance (kohms per square) vs. transparency (%) for the same

four example conductive, transparent substrates 150 of FIG. 8c.

Characterization of asymmetric nanocrystal/graphene heterojunction



10. The method of claim@8, wherein said conbining includes asymetric
deposition of different nanocrystals on difference sides of the one or nore
gr aphene wbeeiisis2et. The net hod of claim 10, further cowpmiss2m31000225

provi ding a hydrophobi c/ hydrophi lic s@oution environnent with the graphene
as a surfactant interf provi di ng hydrophobi c and hydrophilic

pr ecur sor 400426} sAs @S‘f‘@FQﬁ QhOVP:eﬁBFCt(ﬂf gheinventiostis 951%9\@8 grapheneiass and
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constitute asymmetric supporting metals or metal/semlconductor nanocrystal

catalysts. Examples include different nanometals as layers 52A and 52B on each side

of a single sheet of graphene G. Other examples include different nano-metals and

semiconductor nanocrystals on each side of graphene single sheet.

[00127] The special heterojunction 50 formed by graphene G in the form of few-
layer graphene single sheets with different materials 52A and 52B on the two
opposite sides are useful to open the bandgap of graphene due to strain-
engineering. The small bandgap of graphene flakes with asymmetric materials is
useful for charge transfer and electron-hole separation and transfer, especially hot

carrier transport.

[00128] FIG. 9a through FIG. 9e are electron microscopy characterizations of an
asymmetric nanocrystal/graphene heterojunction 50 made of CdTe/graphene/PbS-
TiO,. FIG. 9f and FIG. 9g are electron diffraction patterns of an example
CdTe/graphene/PbS-TiO, sheet. FIG. 9h plots an EDX analysis of the
CdTe/graphene/PbS-TiO; sheet. FIG. 9i plots the concentration-dependent optical
absorption spectra (absorbance vs. wavelength) of the CdTe/graphene/PbS-TiO,
sheet as dispersed in iso-propanol, with the “graphene only” dispersion indicated by
“G” shown for comparison. The plot indicates a strong absorption at the larger
wavelengths. Compared to graphene G, the optical absorption is enhanced in wide
wavelength from UV to visible band to IR band of 200-2000 nm, which is suitable for
light harvesting.

Other example applications

[00129] There are a number of other applications for which the graphene G as

formed herein is suitable for use:



13. The method of claim1, further conprising dispersing the one or nore
graphene sheets in an organic solvent. 14. The nethod of claim1, further

conpri si ngof0rmiee27pr ovi di ng on opposite sides of the omrersG2omrernheets of
graphene di fferent nano-netals or sem3ienductor nanocrystals to forma
gr aphene- based asymmetric heterojunction. 15. The nethod of claim 14,

further conptl Suateellsatalys(Pt/® PyPdihagte ) Katalyst graphene surRpOtst er oj uncti on as
CdTe/ h / PbS-Ti 02 CdSe/ [PbS-Ti 02 Th thod of cl ai
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non- conduct i ng rgiitthe PEusdeiEdthlsts) this mring@@%sn k&g, substrate. 17. A

nmet hod of form ng graphene froma graphite sanple conprising a lattice of
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expandi ng the liggesusfaGrés using at | east one of the organic nol ecul es and
ions provided by the salts; and exfoliating one or nore carbon
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selected fro ng process ri'si ng. trochem cal

process, a therhilcafbewesdforan StLingERYiBn BF pesticide rasidds\oi 1688 /FRlit. pr ocess, a
sonochem cal process and an acoustic process. 18. The nmethod of claim 17,

i ncl udi ng f or nRaganisignglampplifications manbeprovidedby gald o sitver gangplacticlesor one or

nore sheets of graphene derivatives. .19. Th thod of claim 17, wherein
The’ i ons: pr ovi QOEERenR Shess W apalisatbingitca Shell

4) Graphene/oxide hybrids, such as TiO,/G, Sn0,/G, ZnO/G, etc.: A sol-gel
process can be used to make graphene/oxide heterojunctions with high

performance and efficiency for a wide range of applications.

5) Asymmetric Pt/graphene/TiO; heterojunctions: Such heterojunctions include
Pt nanoparticles deposited on one side of a single sheet of graphene G, while

TiO; nanoparticles are deposited on the other side.

6) Asymmetric CdTe/graphene/PbS-TiO, heterojunction: includes CdTe
nanoparticles deposited on one side of a single sheet of graphene G, while
PbS nanocrystals and immersed TiO; nanoparticles are deposited on the

other side.



| east one of: lithium (Li) cations, alumnum (A), iron (Fe) cations,
copper (Cu) cations, perclorate anions, chloride anions,

hexaf | uorwphosipisai2e, tetrafl uoroborate, and m xed ions. pC¥¥9G2011/000225

2011/ 162727PCT/ SG2011/ 000225 -35- 20.32The nmethod of claim 17, further
conpri si ng: providing via the salt at |east one of: lithium (Li)
cations, Wit i &aimedds:i ons, copper (Cu) cations, perclorate anions,

chl ori de ani ons, hexafl uorophosphate, tetrafluoroborate, and m xed ions;
and provi ding the organic nol ecul es as part of an organic sol vent
that can dissolve the salts. 21. The nethod of claim17, wherein the

or gani ¢ ndt ecul eé"?%ﬁ‘l’iﬁfefoﬁf"qgeﬁéiﬂhe@ﬂe‘%?"% bonate el ectrol ytes;

propyl ene car bonghGigidy I\srshAed BrIehIRRE SontiP4yérs of carbon with spaces in

between;
introducing a solvent and ions into the spaces between the atomic layers;
expanding the space between the atomic layers using at least one of the
solvent and the ions; and
separating the atomic layers using a driving force to form one or more

sheets of graphene.

2. The method of claim 1, wherein the driving force is at least one of:
electrochemical, thermal, microwave, solvothermal, sonochemical and

acoustic.

3. The method of claim 1, further comprising providing the ions as metal ions

via an electrolytic solution.

4, The method of claim 1, further comprising at least one of:

a) providing the ions as at least one of lithium ions, solvated ions and
lithium ion complexes; and

b) providing the solvent as an organic solvent that includes organic

molecules and the ions.

5. The method of claim 1, including forming the graphene as one or more

flakes of graphene or one or more sheets of graphene derivatives.

6. The method of claim 1, wherein the graphite sample is selected from the
group of graphite samples comprising: natural graphite, graphite minerals, synthetic
graphite, highly oriented pyrolytic graphite (HOPG), graphite fiber, graphite rods,

graphite powder, and chemically modified graphite.



di et hyl sul foxide (DWVb0); a single solvent; and a m xture of different
solvents. 22. The nethod of claim 17, further conprising: enpl oyi ng
t he graphwoeoimmearabi oanal ytical technique involving bi orolracubra®0§20s

sel ectively extract or pre- concentrat-sst—he bi onol ecul es. 23. The nethod of
claim 22, further conprising using the selectively extracted or

pr e- concedt r at edThe mewodof F'é!“ dswhereirthersglvent ineludes atjleass pnelpfiect | v

anal yzing the bi om)llecul 8 W wi,t hout mxing with an organic matrix. 24. The
met hod of cl ai mPPPYSRRFEPPILCh; onol ecul es include at | east one of: one or

nore proteins, NN-BintktiWdrmalifidedMEyL62727PCT/ SG2011/ 000225 - 36 -
dimethyl sulfoxide (DMSO);
a single solvent; and

a mixture of different solvents.

8. The method of claim 1, further comprising:
combining the graphene with quantum dots to form a heterojunction

configured to function as an active component in a photovoltaic device.

9. The method of claim 8, wherein said combining includes performing at least
one of:
a sol-gel process, a hot-injection process, a chemical vapor deposition

process, a nanocluster deposition process, and a sputtering process.

10. The method of claim 8, wherein said combining includes asymmetric
deposition of different nanocrystals on difference sides of the one or more graphene

sheets.

11. The method of claim 10, further comprising:

providing a hydrophobic/hydrophilic solution environment with the graphene
as a surfactant interface;

providing hydrophobic and hydrophilic precursors so as to form at least one
of nanocrystals, particles and polymer; and

depositing at least one of the nanocrystals, particles and polymer on the

surfactant interface.

12.  The method of claim 8, including providing the quantum dots as chalcogenide

semiconductor nanocrystals.



25. The nmethod of claim 17, further conprising conbining the graphene with
chal cogeni de sem conductor nanocrystals to forma heterojunction. 26. The
met hod ofwol2aiimei; further conprising formng a photovectraiceodevixe from
t he graphene by: usi ng the graghene, formng a solar cell active
| ayer conprising a graphene/ nanocrystal junction, the solar cell active
| ayer havildg fl’fﬁstmaﬂmdseﬁzohun s, diasthet somiprigingndisprssing dhetone or raeresi de of
the solar cell active |ayer; ,anq f(%rm' ng a cathode on the second side of
ganic solvent.

the sol ar 8[aPhene sheelsinanar

14. The method of claim 1, further comprising forming providing on opposite
sides of the one or more sheets of graphene different nano-metals or semiconductor

nanocrystals to form a graphene-based asymmetric heterojunction.

15. The method of claim 14, further comprising forming the graphene-based

asymmetric heterojunction as CdTe/graphene/PbS-TiO, or CdSe/graphene/PbS-TiO,

16.  The method of claim 1, further comprising:
applying the graphene to a flexible, non-conducting substrate to form a

flexible, conducting substrate.

17. A method of forming graphene from a graphite sample comprising a lattice
of carbon atoms that define atomic layers and a layer spacing, comprising:
intercalating organic molecules and salts into the carbon atom lattice;
expanding the layer spacing using at least one of the organic molecules
and ions provided by the salts; and
exfoliating one or more carbon atomic layers from the graphite sample
using at least one driving process selected from the group of driving processes
comprising: an electrochemical process, a thermal process, a microwave process, a

solvothermal process, a sonochemical process and an acoustic process.

18. The method of claim 17, including forming the graphene as one or more

flakes of graphene or one or more sheets of graphene derivatives.

19. The method of claim 17, wherein the ions provided by the salts include at
least one of: lithium (Li) cations, aluminum (Al), iron (Fe) cations, copper (Cu)
cations, perclorate anions, chloride anions, hexafluorophosphate, tetrafluoroborate,

and mixed ions.
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20. The method of claim 17, further comprising:
providing via the salt at least one of: lithium (Li) cations, iron (Fe) cations,
copper (Cu) cations, perclorate anions, chloride anions, hexafluorophosphate,
tetrafluoroborate, and mixed ions; and )
providing the organic molecules as part of an organic solvent that can

dissolve the salts.

21. The method of claim 17, wherein the organic molecules include at least
one of:

carbonate electrolytes;

propylene carbonate;

N,N-Dimethylformamide (DMF);

dimethyl sulfoxide (DMSO);

a single solvent; and

a mixture of different solvents.

22.  The method of claim 17, further comprising:
employing the graphene in a bioanalytical technique involving biomolecules

to selectively extract or pre-concentrate the biomolecules.

23.  The method of claim 22, further comprising:
using the selectively extracted or pre-concentrated biomolecules as a
substrate for SELDI for directly analyzing the biomolecules without mixing with an

organic matrix.

24. . The method of claim 17, where the biomolecules include at least one of: one

or more proteins, DNA and RNA.
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25. The method of claim 17, further comprising combining the graphene with

chalcogenide semiconductor nanocrystals to form a heterojunction.

26. The method of claim 17, further comprising forming a photovoltaic device
from the graphene by:

using the graphene, forming a solar cell active layer comprising a
graphene/nanocrystal junction, the solar cell active layer having first and second
sides;

forming an anode on the first side of the solar cell active layer; and

forming a cathode on the second side of the solar cell active layer.



