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The invention relates to a multilayer filmconprising netal
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pr oc essappHeatips| flledyen dwrib s 29} 1o BEorppyated dﬁe?e&ﬂ TE{pIsRGESIn i3 ptirety for all
or gani 1ans of the structures at the nanoscale. [4] Among various
macr oscale structures, free-standing paper-like structures, such as
25 nul tilayer filnms, have attracted extensive interest because of
their unique catalytic, electr i Fig chani cal properties,
whi ch render them suitable for "app |§g‘thl onsl?'rsl chemcal filters and
el ect r of@62)at efticaingention relaes ¢y ashdtibyer. filgf corapridingiingtal inmpapediclesiagd a

applicatiqn of the graphene-based_.str.uctures i i ble

super ca%ﬁ@lepﬁ' a B\Wageé?ﬁ\ﬂ"?ﬂn}e °§£f8§ﬁé?ng;*ﬁ%§‘é‘i&§%%§ﬁ ensities, as
thege flexible supercapacitor devices have nmany potential 30
applications in portable electrgnicg & Vi . However, the strong r-ir
stacki ng and van der Waal s f or cBAGE he pl anar basal planes of
gr aphen@omeet@mﬂ%@ Minf §H&ATL ndrfdp&akied GeVeO BRI Akse s Afanb B8ilding blocks for

gr aphene-sheets-- -during fabrication-of the _graphene-based .
mul ti| a3segmbly into macroscale hybrid structures with some promising performance in

- panoelectronics. A critical challenge in building these graphene-based macroscale structures

20 relates to realization of the transfer of the exceptional properties of the graphene nanosheets

to the macroscale structures, as state of the art methods to fabricate these structures lack good

“control witﬁ regards to the reaction process, as well as orientation of the building blocks, and
organization of the structures at the nanoscale.

[004] Among various macroscale structures, free-standing paper-like stmctﬁres, such as

25  multilayer films, have ‘attracted extensive interest because of their unique catalytic,

" electrochemical and mechanical properties, which render them suitable for applications in

chemical filters and electrode materials for energy stofage. Of particular interest is

application of the graphene-based structures in flexible supercapacitor devices with large

power and energy densities, as these flexible supercapacitor devices have many potentia_l'

30 applications in portable electronic devices. However, the strong 77 stacking and van der

Waals forces between the planar basal planes of graphene sheets often result in self-

agglomeration-of- the graphene-sheets- during fabrication-of the .graphene-based multilayer .
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overco at | east sone of the above drawbacks. SUMVARY
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rr;at hod ﬂﬁ@m_ﬂhﬁ@ﬁ metal oxides ard ac)ndebtmg pcdphasemreasbdl yhedepistands ofggraphieag-er
of graphe r| al .on.a
ol ect r GPBL BT EcH P SisiE PR SR b Qe ropaPeSIous i ke

| ayfay ogow?egga@apene based mat erial; c) optionally
repeating steps (a) an for one or npre additional cycles;
Dé

d) depd¥Pfli ng I View et %"P @Pé‘fzﬁéﬁé ip s BEFdnirean HpPIKed H@moayt@rprsrare a

met al nﬂ@'ﬁ'ﬁqﬁﬁé i)hs%%i Srltilayer ffh e o@erécﬁﬁ&@@le@&%@ﬁ% of fh'@%bb\ﬂ:vcﬁﬁmba‘él@s rel ates
to a ayer [ m conpri Si ng nmet al nanopartl cles and

gr aphene- based materi al - obt ai nabl e by the net hod accor di ng to the
first 25aspect. [9] In M ?H EﬁﬁE Rfion relates to a
multilayer filmconprising a layér o nanopartl cl es between a
firgt |[@ger oflna f'gstap;lmet; thehiasatiomedlaes tala maetbodoftbe preparhtagnesf aghultilayer
gr aphen{%mb%grggms%igt %{eta? nanopartlcles and a graphene-based material using electrophoretic
deposition. The method comprises
a) electrophofetically depositing a layer of graphene-based material on a substrate;
b) electrophoretically depositing a layer of metal nanoparticles on the layer of
20 graphene-based material;
c) optionally repeating steps (a) and (b) for one or more additional cycles; and
4 dépositing a layer of graphene-based material on the layer of metal nanoparticles.
[008] In a second aspect, the invention relates to a multilayer film c;ompn'sing metal
nanoparticles and a graphene-based material obtainable by the method according to the first
25  aspect. '
[009] In a third aspect, the invention relates to a multilayer film comprising a layer of
metal nanoparticles between a first layer of a graphene-based material and a second layer ofa
graphene-based material '

[0010] In a fourth aspect, the invention relates to an electrode comprising a multilayer

30 . film according to the second aspect or the third aspect.



[0010]In a fourth aspect, the invention relates to an el ectrode
conprising a nultilayer 30 1 filmaccording to the second aspect or
the third aspect. WO 2012/ 138302PCT/ S&G2012/000124 3 BRIE
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spec t | or
Rad RSB R R TR e TUE (AP, A0 JTtnhend SHlae ‘So‘%”afeﬁa?‘%ei“

shovm ng TOApoabed Lglaas Sutn;ggt@, o) m}hyqﬂ ygald nanoparticles is coated on the layer of

graphene oxide; (C) a layer of graphene oxide is coated on the layer of gold nanopatticles;
15 (D) the multilayer GO/AuNP film is chemically reduced to a multilayer RGO/AuNP film
using a reducing agent such as hydrazine monohydrate. '
[0014]  Figure 3 is an opticai image of (A) GO in dimethylformamide (GO-DMF)
suspenston, aﬁd (B) gb]d nanoparticles in dimethylformamide (AuNP-DMF) suspension.
- {0015] . Figure 4 is Raman spectrum of multilayer hybrid film after and before reduction,
20 for (i) RGO/AuNP and (ii) GO/AuNP.
[0016] Figure 5 is a series of images showing (A) optical image of multilayer
' AuNP/RGO hybrid film on the indium tin oxide (ITO) substrate; (B) cross-section scanning
electron microscopy (SEM) image of multilayer AuNP/GO hybrid film; (C) SEM image of
the fracture edge of the multi-layered hybrid film; (D) SEM image of a compaét RGO film
25  ie. RGO film without AuNP interlayer, taken of the edge of the film; (E) SEM image of the
cross-section of a multilayer RGO/AuNP hybrid film. The inset of (E) is an SEM image of
AuNPs on the graphene sheet surface. The scale bar in Figure 5B denotes 4 ym; Figure 5C:
300 nm; Figure 5D: 500 nm; Figure 5E: 4 ym. The scale bar in the inset image of Figure SE
denotes a length of 300 nm. ‘ '
30 ° [0017]  Figure 6 is a SEM image of cbmpact RGO film ie. RGO ﬁhﬁ without AuNlAJ
interlayer, taken of the edge of the film.



AuNP/ RGO hybrid filmon the indiumtin oxide (1 TO substrate; (B)
cross-section scanning electron mcroscopy (SEM image of nultilayer
AuNP/ Q0 hybrid film (C SEMimge of the fracture edge o; t he

mul ti-Iay %@IHWqud film (D) SEMimge of a conpact FHFoaR
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(E) SEM inmage of the cross-section offa nmultilayer RGJ AuNP hybrid
film The inset of (E) is an SEM i nmage of AuNPs on the graphene sheet
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RGO AUNP filns. [OQI9]Figure 8 are optical inmages of a process. of
t r ansf eimagegf the RADIINGINPOMBBT sebstratem  from | TO surface to ot her

bstr . td cal . 4.0 1 [ '
on 1 70 100RY: Al o5 s el Wikl Bopci BN D R abhe
sur f aciybfi@filadtanc IO surfage tcobthérisabstmptes. (@) A inpitibayePRGOSAWSE filkhen a ITO
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SUbgt. r atSfer bfthe Aulfilhjer REAURSHIAWNR FET sibstfaté | TO substrate; (B)
free-standing RGO AuNP nultilayer filmafter renpval of

jer . ATO - .
subst r d0821]( C)Figure Wais A schgmati diagigm, jand, (BB} onvisel ixpage of Fhﬁfwlaﬂiﬂﬁ*r
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super capdettoor using free-standing SWCNT filmas current collector.

00221, B i3 7K1 ST LR ekt B9 e o
( SWBNT)difecilyngrdvin siagiedvellsdeabbn amoftguiSeVANE) filmat It tchve bSWENTIrém | Figine
por v A3 SIRSEA' ol b ent el SV B s WgcRgls
seri es THe sg418 BiSin Figive NUB (Motesy:Clengh wbddtamet ry (CV) curves of the
[0023] Figﬁre 12 is a series of graphs showing (A) cyclic voltammetry (CV) curves of the
' representétive supercapacitors using (i) pure RGO film without SWCNT film current
20 collector, (ii) RGO/SWCNT film, and (iii) AuNP/RGO/SWCNT film, as electrodes; (B) the
CVs normalized to 1; (C) the CV curves of a representative AuNP/RGO film electrode
'supercapacifor at different scan rates; and (D) the specific capacitance of AuNP/RGO film
supercapacitors as a function of AuNP deposition time.
[0024]  Figure 13 is a graph showing typical galvanostatic charge/discharge cﬁrves of the
}5  representative rnu]tilayer'hybrid film supercapacitor at 1 A/g. '
[0025] Figure 14 is (A) a graph showing the specific capacitance of the AuNP/RGO film
supercapacitors with different deposition time at different scan rate; and (B) the graph with
values normalized to 1. _
[0026] Figure 15 is a series of graphs depicting the CVs of (A) RGO film, and (B)
30 AwWRGO hybrid film electrodes in 0.5 M pétassium chloride (KC1) solution in presence of 10
mM potassium ferrocyanide (K4[Fe(CN)s]) and potassium ferricyanide (K3[Fe(CN)6]) at



representative supercapacitors using (i) pure RGO filmw thout SWCNT
filmcurrent ?.0 collector, (ii) RGO SWCNT film and (iii)
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supercapacitor at different scan rates; and (D) .the specific

capaci tance of AuNP/ RGO fi l m supercap%lm tors as a function of AuNP
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mul til.ayer hybrid film supercapacitor at 1 A/g. [0025] Figure 14 is
(A) a gP¥ph showing the specific capaci tance of the AuNP/RGO film
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[0028] ‘fﬁagéé;%ﬁeg‘ % ; an%ﬂpt i cal mcroscope image; and (B) scanning
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~ Figure 18C denotes a Iength of 200 nm.

DETAILED DESCRIPTION OF THE INVENTION
20 [0030] In a first aspect, the present invention refers to a method of the preparation of a
multilayer film comprising metal nanoparticles and a graphene-based material using
electrophorétic deposition.
[0031]  Electrophoretic deposition, as defined herein, refers to a process in which charged
particles that are solved, dispersed within or suspended in a liquid medium are dr&en towards
25  an oppositely charged electrode under application of an electric field, thereby depositing or
coating the particles on the electrode. The term “particles” as used herein also refers to
colloidal particles, hacromolecules, molecules, or ions. Depending on the type of partiéles
used, the particles may be present in the liquid medium as a suspension, a colloidal dispersion,
or a solution. Generally, any material that can be solved, dispersed within or suspended in a
30 liquid medium, and which can carry a charge may be used to foﬁn particles for
electrophoretic deposition. The particles may be deposited on the cathode. or the anode,

--.—depending-on- the -type-of charge-that-is present-on-the -particles.-When-positively. charged.--



15 two | ayers of AuNPs at |ow magnification; (C) SEMinmage of (B) at
hi gh magni fication. The scale bar in each of Figures 18A and 18B
denotes a_lenath of 200 pm The scale bar in Figure 18 S
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first aspect, the present invention refers to a method of the - .
preparation of a nmultilayer film comﬁi sing netal nanoparticles and a
gr aphene-based materi al using el ectrophoretic deposition.
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anode to f rmamJtLIaye he. anade a,.subst r.at
ont o V\h‘?"é’ﬁf) Yi¥Fos e 1{Slﬁ"gofpo 31‘% Jﬁ‘nir %lﬂpggwf’ ga %Pfé{ggm‘?ﬁéﬁgﬁddg’f%?@eﬂéy,
in gen e%cf]?drﬂlﬂfé afnﬂQtﬁ'dérﬁ'%tl%mﬁld%bp&?m&a{Iﬁﬂy(plpherﬂﬂéneem@ﬂmie)?andlfse

substrate 10 metal such as a no Ie(getal or atra tion
g

net al , @W%@éc@@e"%@l% PRSNG0S i dEEVHIVED hife. COH TSe sl
a nobl %J[%‘Jn@%y]c‘n@%&ﬁ@deﬂvw\% ahdpolyRtrd adi um (Pd), gold (Au),

platin rrrdium (Ir), osmum (Gs), rhodium (Rh) and ruthenium
(Ru;Q Eb08R| esinofaripus r@mlmdnmmhs netnen-dondictive materal hawineria) coafmdadt @m

chr 0 e I e I
(N}, COpRt T et ARDPARTHE piclf s ok sbicPor GARNS ACRbREfY, 15 op,
i ncl ud%lmllmpmgradh&ralﬁdletdl soalat ithembn.Vieonarohbadipehiy ther substpitd yutﬂimph'mne
and its der i ves and copol yners, including poly(3-alkyl
t hi ophe‘?f%% ﬁéﬁiﬂ W@ 54- et hyl enedi oxyt hi ophene) (PEDOT): pol yaniline
and it sjoded]i VatHeegh@st thoprebentBiveitionqhalides Rlzemopherticallynyepedityg angler
its derl vatl ves and copal ynmers; polysul fone and its derjvatives and

copdt ynefr graphsag: bﬁ%ﬁdy@é@f‘@ll ehe wietratesinqwariophempadimsnts. (s sTaphedasesy
Eggf?]ngﬁa%ﬁél' RUSra S0 U &R bshicl? id) @ MaFQOE Wiekdrise Bt &N ﬁ%]n BRVHAGatRn of
graphite, and can be visualized as a graphene sheet with its basal plane decorated by oxygen-
containing groups such as carboxyls, epoxides and alcohols.
[0035] The method to form the first layer of graphene-based material on the substratg:
30~ using electrophoretic deposition may include dispersing the gaphene—baéed material in a

liquid medium to form a suspension. In various embodiments, the graphene-based material

-——may-be-home geneously-dispersed-within-the-liquid-medium.- For-example,-when..graphene- . -



conductive material may al so be used as the substrate. For exanpl e,
the substrate may be glass having a | ayer of netal coated thereon. In
one enbodinent, the substrate is indiumtin oxide (1TO coated gl ass
[ 0034] The%%q{y? %2 the present invention includes CT/5G2012/000124

el ectrophoretically depositing a |ayer ‘25 of graphene-based materi al
on a substrate. In various enbodi mentd, the graphene-based material
i s graphene oxide, which is a layered material derived fromthe

oxi dat i oxidefis gusa@hidte, to athd prasende ofi suzkd-zedaiamgagyrps hgraphesh ewtideniis h

its bas e decorate X nta .ni.n roups such as_.. .

car by MR adocan o SisBun o e e, SEHERE SuRn Ruide
layer ofui@bRPRRMAE nhARRE TR eidicd! ofon 1?&@1 fiebiaty Alag @Peridsbm @actors such as
el ectrophoretic deposition nay include dispersing the graphene-based

mat er i afondpctivityjod mﬂl%%hmafiﬂlm@nd 8F ARiltyS0 3y56 RSiPgRIcles i gispejigion. A suitable
enbodi npalis meh{ﬁ &P? P%n@?@ B oBEEl HaRla h‘f@lydlclectnc constant and is able to wet
cli’sperse

be- honbgeneous w t hi n-the--17quid-nmedi um - For - - exanpl e,
- when @nea}ahm -in suPeHaR WEBSBOPRIONS SBRodizreais the diquid medive is anupsgaic

du
R R e R L A G e
gr aphensxmlildseof drganic soliehahhe rdaryq;mudemauMm‘étifylfohmmde,mthaaou, acq:tund

medi um ma pend on factors s S cqn of,. the |{qui

Todi um ST S RFEYS b B & b Alierner ke Howlafiner By AT feass o
5 1{@IUi GledBA YHOHTRY watkRIn ©f8 LR dinRat, ARE liatmiim s mrﬂéihﬂf@ﬂn%tdel o
constant and is able to wet the particles in suspenS| on.well, In

var i ouswbwb(ﬁmhsm gxide he added tp forre @i graphese aridsrdyaethylferpamads (COIRMR) ¢

sol vent § nare generally polar, such as al cohols and ketones, may
be used. arrpl es of organic sol vents that may be used i ncl ude
di net hy[ODM]rraer@anmalharmhg oaadtrmelcatmmdmwmylbn@b’hw ukesk gndisperse e

a few Alternati thell Ui a [
2 SRRt 0 o T By AR BEHS 0 it
di nes hytdnsprising ttle ,graphaleAHSHsahngfeﬁBhﬁﬂﬁ bex:ubjeaed; taa dehedifupatiohoto mermove any

(0036 NERSFERAISE i ' (PRI el e AL 10 AR bSPoHeina e Ul

to di Sp@h&%eh%rgﬁﬁmr&pmmﬂmé%amhemstehhmédae liquid medium In
sonme enbodi ments; the suspension conpri sing, the graphene-based

mat er i al00Ady H@@ufﬂ“@é‘ﬂ%of Secipansiong Hici BRPIEIOR SR B £AYALEY MEGat s
of the. grapReng \Qﬁéﬁ’% WRlchBdolta g@ E)st'ar%tpgb(? Iﬁ‘qq}l&dsoé?ﬂodﬁ'ﬁé@s R Bephene-

carried out to achieve a nore un epOSItIOI’lO
gr apheneasbhmetdriakis eegatively cho8®, aupisrepesitadion the positive ele@mip ensnasg, Thene

suspen5|o cant

el ect ri BHt w\?o‘%i‘fcgéfge |n§ay:%%)rﬁﬁ1 4. &F r?h%%a?eoglgt%e‘%gg “tﬁ@"*‘m e g zgtﬁ %Snles-
20 basedksired. eFOrabxalmplegevgm el grapllmeg:esh;i matirinls calepisss tregatomlyt kiarged
positive el ectrpde or .an 0 ive el ectrode_may.c ethe
E bt r aBEPIHE G T 05 BeetiTe SHeainge ParticE ab PE 1aee B e
exanpl e@mwemm Beutall gmenamh ay B &plisd toC@Bletisaies BeMahat\ed yraphene-
charged graphene oxide particles, the positive el ectrode or. anode nay

be 2%r neaged méiwalnariwwdmndk? a@st(rqw@hem%ﬂeg}fé@%age/&o beried geayifepende
appl i edf g, dllﬂgteﬁllleﬁ} rd%g&ﬁlo?lu% q]EQPqnﬁdhﬁm@ﬁ 5%% €In ¢RiRRIRthoARIAls ﬂ{e

is deposited on the substrate nltu vol tage to be used
may depaptiedvoltage israbbelr isa¥ td zthoutjﬁb‘é,sﬁot cmnpém@ouh@ Vi qui d nedi um used.

I : ;’glr, | @idz%]p nbﬁ-gﬂgn%[-} %Bf é;rxllgra HE Ia muqtllayértfigh% conispr%%%%etéli anopa?tlczil soali% p0
graphene-based material using electrophoretic deposition comprises forming a layer of meta_l
30 ° nanoparticles on the layer of .graphene-bésed material that is deposited on the substrate.

Metals that may be used to form the metal nanoparticles include noble metals, transition

- - —metals-and their-alloys- Examples -of -noble-metals -and-transition -metals- have alfeady. been. ..o ...



[ 0038] The nmet hod of generating a nultilayer film conprising netal
nanoparticles and a graphene-based material using el ectrophoreti c
deposition conpri ses formng a | ayer of netal 30nanopart| cles on

| ayer of nﬁ t&%pased material " that is deposited on PEHRC @%@P’rléte
Met al s that may be.used to formthe netal nanoparticles include noble
nmetals, transition - --netals -and- their-alloys, Exanples -of-
-noble-.netals -and-transiti-on -netal s- have al ready. been 8

descri bixgcrited derein. Othee mxmﬁﬂfaaetdfthmm betused inghile prae earthometals|sueheas

rare earth.met u nd| u C um a

cor  um s PSSRy S o il iR
Zamarl Umdg, %ﬁ'ﬂ)me@lﬂﬁﬁ)l PN a(aEuH)gmn bJ eiropitim( (&), geltdehﬂumcﬁdlib)etﬂimmb(Tb)
ysprosi um( ol m um erbi um- iu er bi_um
(Yb) arf%YSPTQ’élBtnl @wshqlm)m ((Hﬂﬁ erhivn| (Epk g@lhgﬁbﬁ s %L‘f&‘ﬂ‘"l’ﬁa) ang; lpfetipm
Si , (@S\‘Ss)i N l¢  &hr

gTegS’ gﬁgﬁﬁel r agﬁj)éflsla{a%ﬁ%\kfglrl oushcéﬂngg(%l rren?ﬁsl%)(c}eﬁageﬁle (A, bl fRhony
nanopar@b} Iaaé telbwipmi @é) zand dhéie aliesaln welogs embodiments the metal gnoparticles
conS|st| | at h dj nd
Dl | adi GHhe GRee mal g Rof e ilba cbhiicBlor bl SRk Bldblig e
nanoparrihdgism, 1ﬁbt{uﬁﬁ3ﬂ]i'lﬁaﬁadmhhhdomé efnbodiment, tﬂlmemlemllaanapﬁrmhs are gold
nanoparti ¢l es on the |ayer of graphene- based material may include
pr epar i H§° "d%‘speny on conprising the netal nanoparticles. For

exafp! goo3d)e Sthe REAITIIOST ORIMAL IS 1ager tdfendtd tnahopaaitid dhtthel Bgeratygrhyshene-
formed by m xi ng nmetal nanoparticles in a non-solvent or in a |iquid

medi um hestdcmatsgelsmao iche BIEPaTINg 2 SRRERSIRN SRrisiebe Aletah ARMPATICIEH
I'n var ?}Hﬁggnﬁg %Eﬂglén c&ﬁ]ﬁus Ll nﬁéﬂﬁﬁﬁﬁoﬁx‘tﬂe? %a};‘% %r%eﬁtb?bﬁﬁmg metal

col | oi rsion. nbodlnents in- d nanoparticl es
are usetpopirticletie asmabollvmzc@d inyoliqhichmedipar which dees rlmychﬁéllq@ilﬁ petctdithhe
t her mi:_&é duct %r{,] icles. t[rth) W %ﬁ%btﬁ{ﬂ%ﬁﬂs dthg 'ﬁ'ﬁa&jaﬂlﬁ Va\%t{t]:gss ;f%ﬁ{ dy Btk chAbifal

(see, B2 &qUen persion
nann:spardlépéi-sﬁm i1n etnbodipenes ﬂedaihwm gﬂ«b mama)achcﬁmtiryldscﬂ namateletabidizéd godd

Char godnTHE SR EREFGL o3r e APUcHet 2 RARUPAT (T ConHEy) wia

functi ofdfuth @iﬁﬂﬂectséw@&@rﬁﬁklﬂnwﬁﬁ sﬁﬁk@qﬁ&ﬁf dispéraion pa e gl andplrticles in a
suspensi on nd to allow the nmovenent, of the metal nanoparticles to

t he poéi%d/@e@P@éP?lbﬁfélllaﬁmer’éﬁtPé?fﬁbﬂ"ét*‘i‘S@e’Eféﬁ’os| tion. Metal

nanoparhhadies Mlded 8 le{é‘s ﬁgﬁ%g%egﬁwel%hﬁé@g’pﬂ{éhé'gbﬁﬁe Megeebmtﬂehe
negati ve charge of the nanoparticleS is conferred by a

car ¥oxythétal asiogpanicles uma:orfunct@m 9 ovoid aagsrrighitonn Of the rmefalpngnopagiclss ihe
ator ﬁe”fgtfﬁeﬁg{ﬁg 3683189 HOh60oh A hd HIRPLAIGBRABN I B8 rPUtaERcAae

arti c e car oxyI ic acid can
be, buthgnaéctﬂopmrbm dtepnsmdnr iMetalc nahophidickes cwidic iad negaties |0bargc|m1ay be

ot Capt DO, hEen: ot o, St P YA RERD (BRDIRCl: STt Ao

of ci t rahRx§hakdiliof alfemd dmmew@a@bhd: @&1e&>r aV\ﬂﬁb@lliTe e Yhed efopshentosd mds
thermal reduction of chloroauric acid (HAuCl4) w th sodi ungﬁiit r at

t heXsurhielisire imuobilra oths ardearcfites @gtahafgﬂ%@lﬁls%%% €
charg edcai"o%x?lﬁf £58kin 68, vt f of it ‘Pirﬂl@@ %o WkS Eblﬁrlgctic%ﬁb htdiig @did0 fbrﬁx'fbeaqd

surface” of e nanoparticles. In various enbodinents, the citrate
i ons - -oxalie hddmri dcad; @yreoedadheangigracils enedaptoseccyed @mmsm@ 2¢ig) tegquame

only a few. In the case of citrate-stabilized gold nanoparticles, which may be prepared by
thermai reduction of chloroauric acid (HAuCl;) with sodium citrate, the su_rface of the gold
30~ nanoparticles may be rendered negativel)} charged as a result of citrate ions which are
immobilized on the surface of the nanoparticles. In various embodiments, the citrate ions

———form-a-layer-on-the-surface- of the-gold-nanoparticles- -- -



WO 2012/ 138302PCT/ SG2012/ 000124 9 [0041] The suspensi on conpri sing
t he metal nanoparticles may be contacted with two el ectrodes to whi ch
an electrical vol tage I's applied. The positive el ectrode i

ode
may conprl‘%(e YHL#W st rat e havi ng the | ayer of graphenEcr'fﬁg@az"“00124
mat eri al deposited.thereon, such that when a voltage is applied to

the el ectrodes, the netal nanopartlci%s are deposited on the 5 | ayer
of graphene- based material. [0042] The netal nanoparticles may be
i rregul QO4DF rﬁw#mpen'simnsdmame’singrths oretal enabomictiviest may bheontgetad with two

ticl F
A0 LA GkSR LR B SRS SO MRS BB . e g
t et r aheghn@ftise /ﬂe&wbeﬂrzﬂ@ hiving (i 1afRir & gf@h&&alﬁdsbcbhﬁ&nmi&epﬁﬁlhﬂrtmm@l, h&ch

referred to as netal nanospheres, 10 netal nanocubes al
t et r ahedipWhqroDYIagnés anpPed 51 the Rlsctides thé, g5 aropatigles ﬁ&ﬂm gsited on the

chargctﬁ gm?){er}ef‘ﬁgédﬂ%ﬂadl aneter. The term "di aneter" as used

herein o the maximal length of a straight |ine segnent
passi ng[OOhZ]ougThet hmtaienwmpalmtblea lﬁlfi}gubfe iraghlare ofri Yegelangnashappe In some

peri phe he .te n.: _ f
P Dot ek B R b ATRUE LR b 4Gk 2l L Sl
the di aﬂ@bpdmd'és emhhmwapmghﬁaﬂlshaﬂ:ey sﬂidheas at aphera) n:be:nbe)for a tetrahedron

Lo ho AEGETHREY! HisPHIO P S S N B R GG ToE IS

and| g onneal hdascibes o fiefl fet@Redrdle periphery of a nanosphere it is-
al so used herein to refer to the maxi nal |l ength of a |ine segnent

passi ng[OQﬁ?r]oug'Fhet% Hdhe metahpgnopartigies May d’etc\}%éraﬁtﬁil%ﬁdsbyo‘ﬁe‘f ﬁ@a@é%f y
of nan “ﬂﬁrrfé?c\"" A9uRb rh%fen?%fé‘@@tpﬁl%mﬂhﬁﬁ'l ﬁﬁ%tﬁ oRanpaish ?hﬁhr se@ment

nanot etra I'n"various enbodi nents, the netal nanoparticles may
have a pmang dlnrangt the ahter oo figran aad)memmatmgl@h thespéripheryr dihgderar “mpavut

10 nmta abou,t e

anot her Stﬁ‘bl e?er? E% & IJngrag? adff{ﬁé?%a%fg%lgr 8@%%8?32%(}?@&’9%’ lﬂgteefl ween
abois lﬁvidling the s@fl afnhe dinmateoof e2B namptaﬂic&()bylthe td'ﬂabnumlhalof nanopartlcles
nanopart cle .essentially, nonodi sperse form t | |
nonogenbbuEBafe Jem feRen = b ATy, Goretr P Ab¢ B1Bes JHD o rcine ¥
deposi t {epment PA4AE! thrRighOdE NRALS amedroanédﬁﬁn N apoif@nep alid psﬂlplﬁ:r)abﬁ a

gol d nanoparticles, the electrophoretic dep05|t|on f .the gold
nanopar #4nesRbsre; § i alspiused Bereinsterefsr fo the maximel densty QEH ine Seghment passing

* through the centre and connecting two points on the periphery of nanoparticles having other
20  shapes, such as a nanocube of a nanotetrahedra. In various embodiments, the metal
nanoparticles .may have a mean diameter of less than 100 nm, such as in a range of about 10
nm to about.90 nm, or in a range of about 10 nm to 50 nm. In another example, the size of the
nanoparticles is in range of between about 10 nm to 30 nm, or about 20 nm to 30 nm. The
metal nanoparticles may be essentially monodisperse to form a substantially hemogeneous

25  layer of metal nanoparticles during electrophoretic deposition.
[0044] In embodiments where the metal nanoparticles are gold nanoparticles, the
electrophoretic deposition of the gold nanoparticles is carried out for a time period ranging
from about 100 seconds to about 150 seconds, such as about 100 seconds, about 120 seconds,
or about 140 seconds, In one embodiment, the electrophoretic deposition of the gold
30 nanoparticles is carried out for about 120 séconds, which has been found b)} the inventors of
the present invention to form an optimal density of gold nanoparticles layer on argraphene

- —-oxide-layer— -~



from about 100 seconds to about 150 seconds, such as about 100
seconds, about 120 seconds, or about 140 seconds. |In one enbodi nent,

t he electrqphoretic deposition of the gold 30 nanoparticl I S
carried oMC %8+ 13#But 120 seconds, whi ch has been founltzl&ff%&toWé‘mm24

i nventors of the present invention tqg forman optirnmal density of gold
nanoparticles |ayer on a gyaphene -- 10\p 2012/ 138302PCT/ SG2012/ 000124
10 [0045] The method of generating a nultilayer film conprising netal
nanopar [G0dfles Brednethod appenemtibg s ecultiayerfilod comypirisipgahetel rappprsiicdles and a

deposition includes .optional Ly repeati the st of .. .

el ect ro%‘ﬁgl?e&e'l ase| Patgida] Jaig; ﬂ%cn-toHEor?t %/g‘?po_(%’fuoﬁ ruét(i'oﬁdseersleo-P higually tepgaling (e
and t hestbpydrel@tropiiréticalt degpditing checlaydrasf ppapheny-bayed matetidi dridothalayer of
cycles, for example for 1, 2, 3, 4,

) 4, 56, 7, 8 9 0.0 r
addi t i omatal pyePEYClenipr ogpaEmPdditanalisygies @W@H@ng}’écéséeggfﬁ@’ 9
formg ng;g BFn’Joﬂ%’ %dit@ﬁnaﬂ&ﬁd?é%?ﬁ?fr%ﬁ@ﬁg HRUABH| @neftithed PEockRYE for TbrmiBE e
nanoparticles, a multilayer fil'mconprising alternating |ayers. of_the
gr aphenkyérasfegrapienerbiasdd . matgrialhandnthe dryen afopetek nanopartigles, »aivdieyar fde
[0046] The nethod of t r Lovantl ri.S ]
A e et R T B B S
nanopar ¢ etgised. For exanpl e, the nmethod of form ng the |ayer of

gr aphene- bhased mat er.i gl the | ayer of tal nanopartjcles ’
dompr | SBURFbpaimibodueh S P B RO P SOy RERErSBgeR Toer of
mat gy i a%rap@ﬂé-bﬁﬁatrﬁ%ﬂiﬂgari e I@}e@%&'ﬁﬁﬂﬂsndﬁb%dﬂtiélébe Forlspansie,ofe dtisrdedh
t he anode conprises the substrate having the |ayer, of netal

nanopar forsingstha dpyi eledraphroedid aterak ARtthowlair of vBftea geropatiglsh Tayy
to the @%{sg Pgﬁﬁﬁng]‘assds sRh BRBAG P AR GFapkBi LB dsad mht%ﬁﬁi?ﬂﬂﬁdoh%@ti%lwtohe

| ayer ‘0 anopartifcles. In various enbodi nents, the step
deposi t élagrogded wifle thesfispgnsiph evherdimthe anedecgoimprisesrthe substraiy Bavigg thedaygr of
nanoparticl es A L LT 0, I : f

dopos; 1T SRR YeeEGRRlEeRbl sSblebds gk i lpied RPGR goctodes
[ 001 ] Bhergriphengbasid nraaidddedeptaited oheable tereeioh médialt nanbpariicsgse dn ofarious

gr aphene- based erial .20 i.s deposited aon the substrat Lt h

subseq u@ﬂl?oadz"@%g%? YP of gﬁpﬂﬁ’af%fl Zarye’bf’le%ﬁ}é e’ﬁﬁ??o%%???lcqngtge 1(/)& °n, §fgmetal
| ayer ofar@panbledfndds i@ ber dimilar fohie figy 8fep @ff defisitingrdlagn af teraphease-
may alternatively be el ectrophoretically deposited on the substrate,

wi th subrsedymeisiialepsedessdisAaPet ¢ deposition of the |ayer of

gr aphengyulfs € ey ikl uioR it 108 bbdiedcs@¥RE herleinMhtthe RYBUT phEheSSased material
[ 0048] T@gb@ul ?ﬁégyer gf iltl m conpri si ng tﬁle met a? 2anoparﬂthi cl esseaIrIllg e{lﬁe

gr abhenis-dopeséted 6 thrasubsirasd, withsubecquenitdapesiipnfithe keyererfuestilgrageanticles
The ter g meRAME b GaRRRbasel FatBEF dlALRL Br el ﬁglﬁpaﬁc@%@ggﬁrm&tm;}, be

donat es el éctron an oxl A-reduction reaction. es o

r educi ngleamphoreiicntily Widposithd bn areesubsttaté, iwitht @dsequenteeldsirdplwzitivedeposipauetd,

hydr Ogetrlll’e layer of graphene-based material on the layer of metal nanoparticles. .
[0048] The multilayer film comprising the metal nanoparticles and the graphene-based

25 material may be contacted with a reducing égent. The term “reducing agent” as used herein,
refers to an agent that donates electrons in an oxidation-reduction reaction. Examples of a
reducing agent include, but are not limited to, a hydrazine compound, hydrogen,
formaldehyde, and hydroxylamine. For example, the reducing agent may be a hydrazine
compound containing a hydrazino-group. Examples of a hydrazine compound that may be

30~ used include hydrazine, hydrazine hydrc;chlon'de, hydrazine sulfate, hydrazine hydrate,
hydrazine monohydrate, phényl hydrazine, benzyl hydrazine, and ethyl hydrazine. In one

——— -—-gmbediment; -the-reducing--agent -is- hydrazine-monohydrate. -In embodiments. in -which the .



f or mal dehyde, and hydroxyl am ne. For exanple, the reducing agent may
be a hydrazi ne conpound contai ning a hydrazi no-group. Exanples of a

hydr azi ne cogpound that nmay be 30 used include hydrazine, hydrazine
hydr ochl o Q¥ 121Razi ne sul fate, hydrazine hydrate, hYdFSG708000124
nonohydrate, phenyl hydrazine, benzyIthdrazi ne, and ethyl hydrazine.

I n one
----- enbodi nent rt he- yeduoi ng- agent -i s- hydr azi ne- nonohydrate, -1 n
enbodi npmpleneibasedhnatbridl he grajieng @k Riel 38 38amT,/ tBCRAILEY @GR ay e used to

gr aphene- based material | raphene oxide, for..ex , the reducin
agent niUFStaRREGE 10X e@l@egf %ﬁﬁﬁsﬁ © ﬁﬂ’_@elﬂe(ﬁjlg? ﬁbﬁ’n?rr gapheds fo' £
gr aphengoifXitHe insi&Rlg graphdiie aRide Meay Beconferthdi tb Geducb graplfduk akidagwhich is

graphene oxi de may be converted to reduced graphene oxide, which is
conduct fPdUct5R0049] The nethod of generating a multilayer film

conmps i siagoiTetale NARGPAF birelARg 3L ARREARRARE IndRlRhbHi &l £ a

el ect r ophoret i ceci’gposml n nay ?urtﬁer conprise renoving the
mul t i | agraphene{basel mumteridhosigg blstirepheretic depositmnphay, fughericgingriscatearov il the

ch as_| coated al b d t he. i i L
oo mecsrhlue g P B S AR PO S iR B
t he nul inby ay @ked &d ﬂibisﬁ?itﬂa&'xﬂﬁbfaﬁ'li?&w?m%siﬁfg Idluﬁ'ﬁgﬂjebte?cplhbtetigmiypdsﬁior;. For
4 10 t -t tj i t exi
Cubst r atbseaRiinct BRI ool drilcs Br cpatyie f Fiay 4F megpgsary to
embpgli NBtister tidYauitykd iy & a fibtibleistbshaRas@had pBIy@ﬂi?zIeh@ tepepihgiialadé @BIY.

I mrersing the substrate conprising the nultilayer filmin an agueous

medi um Ins\seinusembgdineents, the wbitifpyesim iserasmiedkBom thembettahy mmegrag he
Lnto ! NEukRhELARRIRLISANNLDE MHNAhA SR thddifin, Tkt b AUEE 18 Wby |56

separate t wo. a resu a free anding nultilayer film nay be
obt ai nethe afireud Hiediper wapmdgralg intolths intepfare bétivaemthy sihistrate and thermeldlayer

anot her .subst r at or._supsequent » ' . reUse i :

bl 1 cafTRE PP Betr i Bod ot hsee Ao B e fiayd oI Rat Be obtaiged, The
sur facefrasstaeliy inhétilagdofitm hhe beethaderedd gersaothtd sobsarateu ffdri bubgequent
filmconprisin tal. nanoparticles and a graphene-based materi al
usi ng ePrQE?SF‘B%nggP?eCmGB{’)&QP?I?_SOn may al so be carded out using a
subst r afgpstjhatBdsiied forRdid Mengaltinyéhiiidn BR QAL FILRS iskrfadSesalck@vell tabow, the
patterned nmultilayer -filmconprising nmetal nanopartijcles and, a

gr aphen@cihad ebizenaiaiing ammualpyes dBseRIPHERS MK npnapriticley aps & gapanedrased

ohot Syt Al eetnlELC R 058 0o DALY LBV o B

pol Jaret patlerned heic I pitadore VIR, 2 pesvito aspattsinedl vsulayg fiimel ecompeisiap onstal
N vart ous ST LIP Y faHend- Biel WA Wy ISR ORERHiHitideS exittighes i€

 photoresist fnclude 1-Methoxy-2-propanol acetate {SU-8), bisazides, poly(vinyl cinnamate),

novolak (M-Cresol-formaldehyde), polymethylmethacrylate (PMMA), .photo sensitive

polyimide and epoxy. In various embodiments of the invention, the photoresist ié SU-8. The

25 photoresist may be coated or formed on a substrate using any deposition method, such as

painting, spin coating or dip coating. State of the art patterning methods, such as

photolithography or nanoimprint lithography may be used to pattern the photoresist. The

photoresist may be formed from a non-conducting material, such that when the resultant

patterned substrate is used in electrqphoreti‘c deposition .according to a method of th_e

30 invention, the multilayer film is deposited on the unpatterned portions of the substrate,

corresponding to areas on the substrate which are not coated with the photoresist (see,

- — Example-10)-The-multilayer-film-may-optienally-be-contacted with a reducing agent-such.as-.— ... .



25 photoresist may be coated or formed on a substrate using any
deposition nmethod, such as painting, spin coating or dip coating.
State of tterni ng nmet hods, such as photolith
nanoinprih@?yﬁ%kggﬁaphy may be used to pattern the pho@§#§§%§w®5¥ﬁe
photoresi st may be.fornmed from a non-gconducting.material, such-that
when the resul tant patterned substraﬁg I's used in electrophoretic
deposition according to a nethod of the 30 invention, the nmultilayer
film ibydeguosinpeehydrate, Méthumbsequent neepvigbef the nesish tisipga suitabla sodeeat, such
cor 1 eS PO 18- AL A nE furtfoa RG] ch are ot coated with the
Exanpl efi0s0) . -Th- heedaud taspery ehe findemiomyefapttd anmiultilayee fidwondongirsoigwnetal a

reduci ng agent -such as-, .- 2012/13830 / S&2012/ QQ0124 12

hydr azi woﬁﬁnelﬁw% gr,apwﬂcewé\é&g@a% A aSgEstg %
sui tabl girmel ugRkt, 18 GhvaSoRGelefN€ al hultgiyek t il chi@rifiad 114386 of metal
multilayer film [0051]1n a second aspect, the invention refers tqg a

mul ti | aResepdrticley bemsen gifist leperaol s grappencrhassemaiegl andyp Spoosd dayrad

mat er i a&aﬁ%%@-%?&ﬁ'x&t&%l.a met hod of the first aspect. In a 5 further
aspect,”the rnvention refers to a nultilayer film'conprising a 1ayer

of met al0062inophs tsed herwiny Htevierem ‘raulfilayert filindyrefiersagb astrgetanshemag lbeig etmore
mat er i dnd_.a secqnd | ayer a graphene- bhased terial 0 As .
Teed haefn of &% dRR iRt et ARAT0 NapRCap IR SE S br oo BRROR e
t wolRr feehed dsingaylkeetfophbretic f ddpsitid elnmuhiidusay@bodimketts,a ¢z grhiphénetbased
various emhodi nentfs of the inventiqgqn is 10._ fom . ed. usin

el ect r opRisHaLs él'aalé‘??ﬁ_s"ixtqe_d‘ﬁ redu e‘ﬂ%f‘ﬁ’@ﬁ% _‘”é‘é%&d‘?tﬂtg‘ﬁfl?,te“f’ﬁéj’atgnay be us‘_”d as
gr aphengge Hﬁ;‘éﬁﬁa@hﬁiueabﬂhé il AR fifn B HBreddy bRH WERELET ARene oxi de.
Suitable materials that may be used as the netal nanoparticles of the

nul ti | alP8B3lf i | Therthipkness picthelfirsh layer and $lag epend layss wE the[gpaphgerpased material

t hi ckne ' - : : ot

ar aphorip s 25 Yime bf Sifelefl ehe AR b1y SR ARG RN i iRecifc spplcaton,
on the inevuch tarenitlayd fibinds sypdcGéncmllypibe thockriessof thefiishlaygri aph thehsgcond
mul tilayer filmis,used. ner.aj | t he 1t hi f_.the f] : r
and thglz)é%ccgnthc Igéang?"eé as?‘ﬁ%age?gﬂp é%é’? 5528 i%q(g?’?aq%mrtrlg? theellé(’?%h?éogt ed
by the dbpbéitiomTheldurties feopibioathievdegesifit itdcknedse ethtraghonsticrdepesitiond
to achieve, a specific thickness of el ectrophoretjc deposit,ion may .in
L ur i DURY TOBTEES BYeeaDOAEOrs heR 2 6 s0ae BTGRP} S el EHe et haterie
gr apheng-thas@didMtaimathe type b Braphdidivdsdabelhtenal (sb@ dnipe 18 type of liquid
graphene-based nmaterial used, and/or the type of liquid 20 nediumin
whi &h tmedigmdp whish thiaeraphenecdbased aaterigl iidispeisedit i n. [0054] Similarly,’

E EZ thi gksgss é?lfmlan}ff AAREREnQE o Bk Hyel SRS fdnbhAficlBBNaPhISO AR BA aRN

requirements of the specific application in- which the multilayer film is used, and may be
controiled by varying the duration of electrophoretic deposition, for exarﬁple. In various
embodiments, the metal nanoparticles are deposited as a monolayer on the g;raiahene—based
25  material. Therefore, the thickness of the layer of metal nanoparticles may corréspond to the

mean diameter of the metal nanoparticles. -

[0055]  The density of the layer of metal nanoparticles may be about 150 um to about 450

pm, such as about 150 pm to about 300 um™, or about 200 pm>.

[0056] In various embodiments in which the graphene-based material is reduced graphene
30 * oxide, the layer of metal nanoparticles may'form a homogeneous layer betwéen the first layer
and the second layer of reduced graphene oxide. By forming the homogeneous metal

--- - -nanoparticles layer;-the-bridging-effect-of -the-metal -nanoparticles between the layers-of the



requirenents of the specific application in which the multilayer film
I's used, and nmay be controlled by varying the duration of

el ect rOphW(ﬂo%lﬁuﬁ?ﬁOSi tion, for exanple. In various e”@é’f}éé‘ﬁﬁnﬁmuﬁ“
I'C

nmet al nanopar esS are deposited as a nonol ayer on the

graphene-based 25 material .. Therefor t he thickness of the |ayer of.
metal 'nanoparticles may correspond ﬁ% t he nean dianeter of the netal
nanoparti cl es. B00551The density of the layer of netal nanoparticles

may be afened srpbensaxpde maybrotnhainsd, el may i iy kesulh i an ippovied glestrical
abo“t'%%Bdﬁﬁbﬁ%bP&e@RﬁH%wggguéﬁkz' [ 0056] I n various eni bodinents in
ase

whi ch the graphene- material is reduced graphene 30 oxide, the
| ayer o005t alln ndowtieaspéat, tbs inventidnaeferseto ko wisgeedsoesiprisipg e ihdtlagesdilmhe
o o oA S Oe g, P, B BRAL AR bl W rdce
| ayey 5-drhysirehé iodt@iendn 6hfieed edbodifientspital cloandpas tanctlearddet svamisedién a
| ayers: of the WD 2012/ 138302PCT/ S&2012/000124 13 r P ced graphen
oXi de riHpeTBEPAEI o EAWOT, (bYRRd Rigsirqchemisplievice, g fec f”ﬁg%?ﬁ & BHPgy B metal-
electriﬁpﬁﬂﬁgnductivity of themultilayer structure. [0057]In a fourth
t

aspect, the i'nvention refers to an eIthrode conprising a nultilayer
film ac[@@iﬁ&ii ndit domtting $he ohwltitsyer Hiémt Bsingl despephoretith derdsifionhdhe nano-
gr aphene- tgri I e e - p xL.da. rj.ou

abod HEHT G0 e s Apulifs H5° SptpAEAE IR heréh! bt St
SUpKEY. Cc apacpdriidles Aorpeths aoymah divgdtion of @lectitn; sehewitlanunhey Andthickness of the

KGR RN AT O N E e R e TR
ar chi t et shs@n@iedtdagilynibkdighaieusd bit arparmdi bt Corbeme:tp as adnultilayer
meLert allybgcri] %anrrcigl%lhitecture generated according to various embodiments of the invention has
shown significant improvement which may be attributed to bridging “effect of metal
{5 nanoparticles along the out-of-plane direction between the upper and lower layers of a
graphene-based material. As a result, a transparent, ultrathin hybtid film may be prepared
using a method of the invention. '

[0059] Furfhermoi‘e, the multilayer films according to various embodiments of the
- invention do not require the use of a biﬁder or an additive. This means that the performance
20 of the films would not be negatively impacted through the use of any insulating binder or a

low capacitance conducting additive.
' [0060] The multilayer metal nanoparticles/graphene-based material film with enhanced
active surface area may be used, for example, as electrode material for. supercapacitors,
lithium batteries, biosensors and gas sensors. For example, it has been demonstfated hereln
25  that a multilayer film corhprising reduced graphene oxide and gold nanoparticles according to
various embodiments of the invention can be used as electrodes in flexible supercapacitors,
and excellent performance, such as high energy and power densities, have been achieved.
These results clearly illustrate the potential of electrophoretic buildup in the fabrication of
graphene-based alternating multilayer films and lateral patterns. Besides its use as an

30 * electrode material in supercapacitors, battéries, and sensors, the ultrathin hybrid film may

also be used in the manufacture of transparent or semi-transparent film electrodes in solar



nanoparticles along the normal direction of the film such as the
nunber and thickness of the layers, may be controlled easily.

Fur t her no | orientation of the ndtilayer fil

cust om ze(rﬁ)e%{}s}?*%&?hrough the use of a patterned Subsﬁ@%@fﬁﬁmomn
Conductivity of a nultilayer hybrid qﬁno-architecture gener at ed
according to various enbodi nents of the invention has shown
significant inprovenment which ma' be attributed to bridging effect of
net al SeNEERYOIPAYErPigR deviresnegs Welbaowbstiate fir sHdacg cRBICED FRSPRANGRENSCH PREOPY
upper-aggﬁkgmer | ayers of a graphene-based material. As a result, a
transparéent; ultrathin hybrid fil mmay be. prepared using a method of
t he i nvgd6ljon. THeODS&jtienr filostratively, ddséribedi harein | maye suifablymbe graticel my the
vari ous ,enbodi rent s, of the invention do not, require th e of, a

bi nder SO i FeBentrel glepentie pyiatory i MRUAHERaRE spefiealy diFcloptd g
woul 5l nigdreiRETRRY 8ri ex@yle, Mot "doipoisial”, t e Iude" Of coatayhihgs elcathatlgbe
bi nder or a | ow capacit.ance conducting additive. [0060] The nul til ayer -
met al nEsAd BEAPEelE ang A RRELENHaR0B Addtiepsly the termiind cxprTsinteemBleYsd) e
surfac ehééiﬁ%a&@yeefi%sé@%%nﬁsoaf RIMbE an PRtV ERi2A6E 2HBUREE Blnofiftention
supercapacitors, lithiumbatteries, biosensors and 'gas sensors. For
exanpl ein.the useend sbefeternde ashepressions ¢fcaxeludingsny lsavivalemis pf thedgatures showin
conpri sj

Car T oucRstabNA g o BRNBREL YLEF 30068 (EDRRAL bl R RERAE hilole”
f 1 eXd.bl witliphe sdopajpéche mrentioanthimed Huenit shedd be madarspod thehaldsuph e

energy and power . depsities, have been achi eved. These .results clearly
i |l ust r%ff:%?n{) H’é’e'bt&“eﬂ S éﬁe‘?ogﬂ’e@ﬁ%ai]tyr%B%??Fg%ypprﬁfiﬂrf%lfﬂ"sbloﬂqeﬂgs and Optmn?]
fabri cafehiares Ohodificdidnaad Rasaidn alf tRrifvintiogs dhbddidiap&tinibetei disgldsed may

| ateral patterns. Besides_ its use as an'30e|ectroge Materjal in

super capfatssertadsto Bathoss iskilled dm dhesghsiidsthat sheh Jnediteations AYh VtgRtions are
may al S@nBfeds fifhd ¥ itﬁih%ergas';séfcﬁ%ymemﬁnt ranspar ent or

sem -transparent filmel ectrodes in solar | ] ]

20105 13886APCTIbedroanivo s heen essnbedypragdhyy ands gengrigplyi bewein. Eachyef fhegs
Substrate [ fac 0 ; 0 t Y. 4 .

0061 THEr Rt eles ARE RRRET B FORG RIS RRAS AOREARE GSRARC siro o
pract i ceslt offth¢ ineermioseiiie irnfudan theadenerentesaiptieh efithetisyentiomivith tai poowigr or

the 1 orHBma e REeoViSE ot BB gmte o e ara oo ah APt

expansi e kicisdthatériah Rupedifidilly aéditeMherdddi t i onal |y, the terms and
expr essi.ons e:g)tlboyed her ei n a\_/tg been _used as terns of, descri

§ . y } tio
and2hot[0863]] i rRtherremhediments are wuthin tae flopingsigms and ﬂmwémﬂ%e’@rﬁmlﬁigw
terms apQiRiPhESS FQRResr a8peelséiRnRitY ot e idkakieRd & t%stdf?\{lzir%hﬁ&?s,

a

shown and descri bed or portions thereof, but it is recognized

var i oustheasscikiiled an therst willrepespizershat thoinggntienns elpethseshp desstibedyia terms of
i nventi .cl.ad i t al though the
presentggﬁgéﬁgﬁgﬂkﬁggyE%%ﬁkgﬁggf#@%gﬁFypggg%%%ggé& "preferred
enbodi ments and optional features, nodification and variation of the

i nventions enbodi ed therei L el i be resorted to by
those skilled in the art, ;‘?PEF’PWEW %@&Fﬁgti ons and vari ations
are con®ieqr edrigwrebEA ik thicRethit: gia@ad SHowlify SlebkopBotetiotleposition of (1) a

graphene-based material, and (II} metal nanoparticles in an electrophoretic cell. These two

steps form the basic buildup sequence for the architecture of the multilayer graphene-based
material/metal nanoparticles composite films. As shown in Figure 1A(I), a negativg
30 electrode and a positive electrode comprising a suitable substrate are inserted into a

suspension comprising a graphene-based material. A voltage is applied to the electrodes to

-— coat—the-negatively—charged —graphene-based—material-on- the--substrate.. Subsequently,-as-. ... .



15[ 0062] The invention has been described broadly and generically
herein. Each of the narrower species and subgeneric groupings falling
W thin th%ﬁgﬁﬂ%ﬂs? d| sclosure also formpart of the i ni{@ﬂgéﬁrfz/ooa_ﬁhs

i ncl udes the generic description of the invention with & proviso
negative limtation renoving any subjlgct matter .fromthe genus
regardl ess of whether or not the exci'sed material is specifically
recited herein. 20 [0063] O her enbodi nents are within the follow n?y

cl ai ns shewvndpFigure A Dgthe pagasive slectrodeandi the substraip spmpridng thedisegive
aspect: Sﬁlﬂ%gehzﬁaﬂh@}f >Dide® Tndd rﬁ] AGHich laDE s tﬂﬁ??& e Obote! &H%Hseﬁ%ﬁ"i’xpc&a .

t hose s |nt g art w recogni ze t e invention 1s also
t her ebysudpssionlgenhpiising ereta nafopantigles.nilivoitapeas apphiod &r therclestrbxdps doipoag the

mb f.th I | A -
R T e T T e

gr aphengobsy SECFlgﬁteelBais, a %Bldan{ahb)dlﬁ@hﬂ sHoRRED @lekiréphefetic NdepBsition of (1)
el ect rophoret| c. cell two steps formthe basic buil dup sgquence

for thesraphene pride (GQ). éfld ﬂiﬂegollﬁmnpp ielps rudfiise preorsingda vareussmh
nanopar ¢ gk %eﬁﬁ&p Q"ﬂtfn@mf WhiBsed A3 tRRWAGA elebfbde Cantnlihim fin RRERI(ITMS)

30 el ectrode and a positive el ectrode conprising a suitable substrate
are i nsmateécklasmubsmats wopusedias theqositive sleeftpds. igrthis kathedimgste therplactpstatic
A vol ta p

coat - th ne Ja |Bvée V?&etﬁéa)lrf ée eef&%heo(r%%? f& geproﬁlélp %rGO Sh(%%tiq -otrhAuNPS onto
-sulbstr aibarat@uh sxeh;ule rfiid ypphed aﬂectﬂ@ﬁamlﬁﬁ‘ﬂes 8RaRCTs GGa0dPea Ahd AT s

Compr i SPHGMHES SRRy Rtal DRLOG, APREAE SHCs SR CLFT 4% o Gl ha

as the pesi fol NENEY) @Gk hpsled, ﬂié@iegdﬁs@llytoﬁdrgb@m shidefS S DOAIS it chOSTRXUNT SN g
met al "nanoparticles. A voltage 1s ap 8|Ied to the el ectrodes to coat

the negétP §oletm gﬁeaum%)amlsfa%ﬁart ¢ @nede gpdippetiyy oxplsdl bk glpss) and
mat eri aéubgéa,g fé] oMt 4 Y& of QRG] TEéeréPee anl&natayanﬁﬁta?érr@%m\tﬁ fisHsam

showi n horetic”deposition of (1) graphene oxid ,

(1195 go¢(ni1d1h¢|@pﬂ§tm¢tefﬂ o8 thagRBictive eleettidedyt epoatingdaQ @db@@m?rﬂqp@ltwm

the i nven was used as the negative electrode, and

i ndi um rf’%lésgeglcgﬁeﬁftir coat ed. gl ass substrate was used as the

posi ti v[@O&ﬁ]ecthmdmlaN protdsses aeendb@dnbvdnm thetfbih)vehgcxanm:desat ic foree. is
f .

the dri GO sh e

AuRPa P : ) i6, ShdeDimedirermapiae (S oRbuvp
char geds ﬁﬁosheets and AuNPs tovvard a field-emanating surface.
Ther ef or.e en the electrlcfleld(2 kV/mtq sheet s V/iifi to
AuNs) (RAS8lappiteddO qoHeidnletiapsnsion WasHReFRASE mé?@e&rechﬁfem’sf( ned| RABN
or AUNFSHiAY, Do SRl Qs GEIAUHS53h Brtb@tR §iulibcRNe d6orh itidheiifutel N
oxide (1TO "glass) and subsequently fornmed a |ayer of filmon it.

Ther ef ounger atxtr@gnéir@ay vigoreus| agitatioCP AGNP soriums nitsite gofl dt-hes potassium
constru 8, n@n d AuNP
deposi t e%%gp%%g%tgegg%esa(ag%g e\éﬁv% F’Cth 8%@%‘?&6 E%L lggy pr%gesses are
descri b@déedn tSmbsdqoéﬂtb’y\ﬁthmekwwhseheated to 35°Cto 40 °C in a water bath for about

25 0.5 hours to form a thick paste. 70 ml water was then added, and the solution was stirred for

another 15 minutes. An additional 250 m! of water was added, followed by a slow addition of

10 ml of hydrogen peroxide (H202) (30%), whereupon addition of the hydrogen peroxide, the

color of the solution changed from brown to yellow.

[0070]  The mixture was filtered and washéd with 125 ml of an hydrochlonc acid (HCl)
30~ aqueous solution (1:10) to remove metal i 1ons, followed by repeated washing with water and

centrifugation to remove the acid. The resulting solid was dispersed in water by

.- - ultrasenication for-5-hours-te-make-a GO-aqueous suspensien,-which was-then subjected to 30....



[0067] Exanple 1: Fabrication of G aphene Oxi de-Di net hvl f or mam de
(GO DVF) suspension 10[0068] The GO col | oi dal suspension was

pr epar ed procedure outlined below. Briefly, I.te
was added oﬂggur%? concentrated sul furic acid at room %%fr’p(gzroa @DBB
under .stirring. Under vigorous agitation, 0.75 g sodium nltrate and _
4.5 g potassium pernanganate were ad gd respectively to the mxture
at 0 Cin a slow manner. %0069] Subsequently, the m xture was heated
to 35 Cninxtes®f eeritpfugatigatas FOMULPM Gr00Q Lo PEHOYE the AgETEAtesoSHhspqHently, it

For -anot R B Bl R (Rl A T el v mdded,

fol | owegdoBy] a meomomnbidhlosusmnsibﬁ wis dyfed hy 0 GGe ihp evsoiing €3Q HROBYr was

(309, ere n of t dr oge I OXi t he |l or ~af

Sol ut | oS0 dEP O P B SEF I P RO BT fre i B OB DM
filter eﬁasﬁé’i@noﬁﬂ?ﬁ@d}@ﬂUMF kdfpention fwad théry demefuged ifsr 3 inéin (dﬁ@b})oaﬁm to
aqueous solution (1:10)_to renove netal ions, fol] owed by repeated

washi ngremiovh teeregresalel Tiratlyy fhede@iR sERpepupRVEs pHaingd pg shopAiin Figure
resul ti solid was dispersed in water by .

ul trasoni cati onf or - 5- hours to make a. Ganueous uspensr onrwhi ch -
was- the[rﬁO%Zile -::-, p 2 atry dulfs A\ i AT jgpension
m nut es r

nor eoat BT S qnhéﬁg‘ aﬂ?ﬁea [A9909 s é%a?%”%a S%PW ST
r enpd.ni gidorsalric ach(WTAII(IIQSto f¢ra07 §¢1d ThBoitBD sohnhbml Tl gokh&:pbrthl solutivmswas
dried at-40 C. Th resul ti

0 et o fenttgE oL s Pl 100 25B0 RS EesBRe FURTEAS Gttt g MFypnd 2

GO- DMF ﬁuﬁplmp&hs@ensmﬂwas@@tm 25 YRRANRINEureadB. t hen centrifuged for
30 mn at 5000 rpmlto rermve t he aqgregates F| ngtll / t he GODM;d

' suspen¥0éH ‘ 2
Fabri c 0 Pt éé%&@r@oﬂﬁm@éw? Mk oHBENSERBA in T two-
[ 0073] @bgﬂnan%%arnt i C P %\JNPS were pr epar ed ?/p%godl um ci truét e e
r edlfct i dectofle aysim,handrlif@glasﬁ atbsfdate i @ytinuo Platenivere giedi ax positbiedend
sol ution, The solution was centrifuged for 15 m nutes
at 1000Tf’gatwee] roglarsefs%'s et%| n%ﬂlsol id was dispersed into DMF, and a
AuNP- DI\{IEOWSQG—]T)&@TB WBDepbtidomefiGa@ditshown i n Figure 3B.

[0077] Befere depositing GO film, the indium tin oxide (ITO)} was treated by argon

X AR $, naepa -’.:n.‘.....?

" plasma for 10 min. For the deposition of GO layers, GO DMF suspension (0.5 mg/ml) was
20  used as the electrolyte, as shown in Figure 1B (I). The distance between the two electrodes
was 1.5 cm, and the applied voltage was 30 V. Under the applied voltage, the negatively
“charged Gd sheets migrated towards the positive electrode, and were subsequently orderly
deposited onto the conducting substrate. The GO deposition time was 240 s -
[0078]  Example 3.2: Deposition of gold nanoparticles layer
25 [0079] The platinum-plate was used as negative electrode, and the conducting ITO
substrate with GO film coating was used as positive electrode, as shown in Figure 1B (I).
The AuNP-DMF suspension was used as the electrolyte. The distance between the two
electrodes was 1 cm and the applied voltage was 30 V. .
[0080]  Example 3.3: Formation of multilayer AuNP/GO hvbnd film structure
30 [0081]  Multilayer AuNP/GO hybrid films with a specific number of layers and thlckness

on a conducting substrate may be fabricated by repeated iterations of the electrophoretic



[0074] Exanple 3: Preparation of nultilaver hybrid film by

el ectrophoretic method [0075] GO and AuNP | ayers were constructed by

el ectrophgye EflﬁF&hpd in a tw- 15 el ectrode system ﬁgﬂs&ﬁ%ﬁ)bﬁﬁs
've

substrate an%ha plati num pl ate were used as positive and nega

el ectrodes, respectively. [0076] Exarrque 3.1: Deposition of GO film
[0077] Before depositing GO film the'indiumtin oxide (ITO was
treated by argon plasma for 10 min. For the deposition of GO layers
GO DVF depopiias prosesses showy/iniFiguradB. Zbe arce of the mewE-layeesd; vdngidm may be
shown i i . T ' 3 two el ectrodes was
1.5 cm &3{;138% E\)g "g"g%aﬂ“ééh ev%%éa?g%h@dn}gﬁ%gg{'}m%ﬁeﬁg%he applied vol tage,
t he negp0Bjel VExahmicr4: R¥dustiveaifsnuiiilgvartiaiN/G@dvisd filre positi ve
electro and_wer e, subsequent l.y or.derly deposi.ted opto the .
conduct (B3I TUETE A TR0 AUBRHE CIAR T D IRBE IorRCHFt 2 T igPre
3. 2:5 DeposyAHIOP fibh, 86 dutRadiRHthdntte SediRi6 of the MANyEh &:QrhaNP U to
pl ate was used as negative el ectrode, and the conducti g‘gﬁl TO

subst r aREOHRENP Blmractaiflisg e embodisnsnis b dheainveriont (AdeAdireideys dé graphene
shown i g kd ﬁt&’?ﬁtgégn GiliTOo® c&‘%g?s' DME AL SBF 2950 0 1d9ﬁ§&paiimésh@coated

el ectrolyte. I stance between the two" el ectrodes was cmand t
app! i edom thetgnaphenaexi@) (U) a[s0880]Ecn np 2epBen®: oxkisriggpitenh on thenlayariof gpks

AuNP/ Q0_hvbrj.d fi t . NR/ |
AN e T RS GRS G e R AGE m,
SUbR(. 1 alistngwiedingng afent smath edhydyazirepeaiobgdrateer at i ons of the :

el ectrophoreti WO 2012/ 302PCT/ 12/000124 17 d It :
proces s@gg‘g]ho i ﬁ‘“&ﬁ%@'ﬁf é} @%gséhwﬁgﬁfé’f’ﬂ R ¢ 9@‘%@?%8&%6 e
film P&ir&%rﬂﬂ\g(mtet(% %3)@{ 9@ SC Aobthia adhWflaPér LONRIRGO Rbrid GHint (rofe:

el ectrode. [0082] anple 3.4: Reduction of nultilayer AuNP/ & hybri
film [Od881E2Plre 2 i a series.of schematic diagrams depicting the

formati@pgdf Minidn! P¥&Ffum can reflect the significant structural changes during the chemical
15  process from GO to RGO. Referring to Figure 4, the intensity ratio I(D)/1{(G) of RGO/AuNP
films is slightly increased in comparison with that of GO/AuNP film. This change is

attributed to the increased defect concentration existed in RGO relative to that in GO and the
numerous new. graphéne domains that were created during the chemical process from GO to
"RGO.
20 [0086] Example 4: Characterization of multilayer AuNP/RGO hvbrid film

[0087] Example 4.1: Analytical equipment used

'[0088] The morphology and the microstructures of multilayer hybrid film and the
SWCNT films were characterized by FE-SEM (Hitach S-5200 and JSM-7600F). The sheet
resistance of the multilayer hybrid film was measured by Fluke 179 True RMS Multimeter.

25 The Raman spectra were obtained with spectrophotometer (WITec alpha 300 R). The
_operating wavelength was 633 nm. -
[0089]  Example 4.2: Optical and scanning electron microscopy images

[0090] Figure SA shows the optical image of multilayer AuNP/RGO hybrid film on the

indium tin oxide (ITO) substrate. Figure 5B is the cross-section scanning electror_l
30 * microscopy (SEM) image of multilayer AuNP/GO hybrid film, Figure 5B reveals that Au
NPs are sandwiched between RGO layers. The layer-by-layer structure can also be observed

he

d

—-from-the- SEM -image-of -the - fracture-edge-of -the-multi-layered hybrid film;-as-shewn-in..—. -.



5 RGO AuNP film and subsequent chem cal reduction of the. multilayer
GO AuNP filmto RGY AuNP film according to enbodi nents of the

I nvention Jr st layer of gtaphene oxide is coat
coated ¢l asésﬁgslu/ﬁs %rate (B) a layer of gol d nanoparti cf(g-g ?%O?Q%Dh%sz

on the graphene oxide; (C) a second %er of graphene oxide is coated
on the layer of gold nanOparticles; ) the nultilayer GO AuNP film
I s chem cal I¥ reduced to RGO AuNP f| | m 10 using a_reduci ng agent such

as hydrEigrreeShohoisyedand that ghg RGGHrnosheets |caslér ‘@Uﬂlé’sﬁ‘a’eﬁﬂﬁ Aigrsrsedm

f or med ol%A
90.C to t%?ﬁgk@ﬁ +&ﬁ° l%gfé?‘?‘%ﬁﬁé’}’%%%% bri éﬂfg l|1 gyl%gfﬁo :%%amﬁaeﬁ{d

2D). | 020815:] fRarretime preclarse R @A manashéetrare alse cgmrgnheﬁ mﬁﬂrﬂacls oﬂlamndrfann the

Fi qur o BOOTRE o B BT 4 Dol IRy AR b GO T B R Rk |
I ncreasEaiNPsIgyEp areiseiiiated bnthe MaNPaflayef Al ddkl]df riot mnn&tmtmamgmen S

attributed. to the increased defect concentr n existed in
rel ati V8091 t Higure PECS asqanningCleiion migosenay gﬁf}ﬂgﬂ@w Fhrsras- Sceﬁtéﬁ“ of

vere creah A AHRATALRS B8Rl SRl WRERCANPS MeMtafdititd RERen2RGDORSEL.
Exanpl e 4: Characterization of nultilaver AuNP/ RGO hybrid film

[ 0087] EAcelNRy ase hormogeAneusix qhewrseé@mod?q@ﬂtsutfe@das S[hwast} enwbﬁbﬁapﬁg@

serc' eraRAEAR IS Bt b Y Eeal A R b

r esi(st athe éargé bhshae phank taréaayped ahylor sand tihom thaéargegsmhedz b@nomqqtsearﬁwo

True RVE Mul tineter. . 25 The Rapan e were ob alned

spect r PRl (’W‘ngleralaﬁﬂa Oﬁ}%) %HFﬂe!ayer%r%‘r S & v(\)/\gﬁv‘géh%%g]taﬁe
633 nm Sl%ﬂﬁ%hﬁxﬂlﬁﬁﬂpperdana ‘106t RGA lafdisl akCaparated b@lmn myelm ant @solde

i mages [0090] Figure 5A shows the optical P&(bt L

AUNP/ RaIOt Bgacked Mithrsagh-ofttes WA dindi ‘?ﬁefﬁx‘i"@g% B sfil%?’& ®rmpacte
'5B i s $hemfk s gﬁ.te' en F@@ﬁ@m ﬁ@h SERCIn28 03 Qofbsdt FEO MIm(iIEWGD Tae
of multilayer AuNPfQ) hybrid Im Figure 5B reveals that Au NPs are

sanidwi c‘h@mubeﬂwbnnmeﬁa%?fe OfTﬂPé sdgperl e filipe AUNR lasiersr & aapitiayeo
be obs (Féﬂ’r ayer@? hl;/}E tﬁlg%n Fr aedrrel i &1ff§s%ﬂj51‘faanﬁéwﬁ)r@cfn transportation,

-the-nu as Shown-
and form conductive bridge between RGO layers, whlch is of great significance for its

potential applieations; such as electrochemical ¢lectrodes.
" [0092] ' The fabrication of multi-layered hybrid nano-architecture by electrophoretic
20 deposition could control the structure of hybrid film easily, including the layers and thickness
of single RGO and AuNP layer. In this multi-layered hybrid nano-architecture, Au
'nanoparticle. layers provide a support for the RGO layers and avoid the self-aggregation of
RGO layers. It increases the space between RGO layers and'improves the aetive surface area
of RGO compared with that of the compact RGO film, which refers to a rnultilayer RGO film
25  having no AuNP inter]ayer, prepared under the same conditions (Figure 5D), which is of
great significance for the applications of RGO, such as electrochemical electrodes and
SEnsors. |
[0093] Furthermore, GO nanosheets resulting from chemical exfoliation of graphite
comprise negatively charged colloidal particles by a variety of oxygen containing groups
30 (zeta potential of -45 mV), while AuNPs prepared by sodium citrate reduction are also

negatively charged (zeta potential of -25 mV). Therefore, processes such as alternate



WD 2012/ 138302PCT/ S&2012/ 000124 18 Figure 5C. It is evident that the
RGO nanosheets could uniformy cover the dispersed AuNPs. The RGO
nanosheet with the AuNPs through the large b

ar ea, and%vé%%éﬁg%ne time, the | arge RGO nanosheets arﬁéﬁgﬁ;ﬁh%ﬁlu
connected with each other and formtrfg RGO |l'ayers 'on the to of AuNP .
| ayers. However, the upper RGO | ayer “and | ower RGO | ayer 5 of AuNPs

| ayer are separat ed by the AuNPs | ayer and could not connect with
each ot afiserptipmobnqlyanifins @nd polygatigns eanapt begused Ecobtan thy BplbikepGO(aEfs

i mage -ofyt he cross-section of a multilayer RGO AuNP hybrid film where
AuNPs are sandw ched bet ween RGO | ayers. AuNPs are honpbgeneously

di sper si@i%4nt ExREpleA ductyfyshown in the inset of Figure 5E. In

mul til NP h |f| ne nosheet s .int

R My T AR W N e

ti mes t hith aigechdadivan Getfitdra TGOt Iayars, ea'saslhswﬁ an rﬁgmed7 VFigliree 264 a Girkphr

and formthe RGO | ayers on the top of AuNP | ayers. i%ic&gg{w t he
upper ashawInggffec F’EﬁﬁF derasiiog tancshAriR op t Sh&EltNPSIFté?F@ Htigse

not resgmcke,bi REPRENP -MEBE] shobl o ks .dreétf legleﬂaﬁce%ﬁ fhetHyBrid yn:Q VRO

filmwth conpact structures (see Figure . ure 6 is a SEMinage
of corrpimteamuh thmicrease R@@lNi’rdmsem tune @ndAu i inerersedy die dengikeef
of the e

2t o FESE TRECL MO TbRY iR i 136 Lochuctr R AU i
tramspcn‘bbattum ofaltmlfdrolnarnompachmﬁ@fembrl dge between RGO | ayers, which

i s of Si i f.ic efo otenti al ications; such

oF cot r SOME SftRarng R BRwe® T, iRt AR SRR AL Hicks Fatps

hybri d wanenipate togwkitive etwr@daeaidrtﬁabnmm a@suy 06 pasiilai@rGOQUNP hybrid

control _the structure of hybrid filmeasily %’udlv(vzlthela er 6
qwig Wﬁ@

t hi cknd@@sgrould b inereaags. aﬁmcwﬂmwmﬁs’ F‘FPT? r.’ruy PR WIFRRACR LY

nano- arghird §ohidr tRingAbwBaReRahde z%r?g thebet-8t- ;Elﬁ&vdlﬂﬁtlé‘n sethReH thehper 4Rl
RGOIayers and avord the self-a ation of RGO | ayers. |t increases

t hel5s pdewebleyereeftheROQ layas.sThg I’P ¢ Sheelresisfancgof ihﬁ&@@ﬁlﬁﬁ’eh)éhﬂééﬂ@f
REO COMPAEE MR hNdkeedle 1A AL BERuL! I inbRbel dT Eh8ubiRitd of

mul til ayer avi ng. I nt er ayer, prepare
sane canuliiiayen 8 GA#AgNP ehybirid, namr-arthmestum‘ s}ngeagresﬁ gnprbmmmgaﬁwd bhe

applicati el ect rodes

[B003] R RaTisEg Ao e P PR T PRSP R R I IR TR o
of grapdf t]gle RGO Pdylefe Thag ke, it e man%gd KGIDﬂAmmahybpﬂrrltanG#aﬁﬁntbgtma, not
var | ety of ~oxygen ont ai ni ng groups zet a ntial .of -45

whi 10 nUpdossARRE laygr BrEUM ec're Fﬁ%‘@"\‘gﬁ&ﬂ'&f’?g%{‘%’aﬁﬁ’&eﬁ’l L gsey W%/ N
chargeqlééqv%rméentl al of -25 ny). Therefore, processes such as
alternate 2012/ 138302PCT/ 8620112/ 000124;( 19 adsor t| OH of

pol yani[@8%7]and
€o] AuNP[%O%J

! MTo meet the requirement of flexible -devices, the multilayer AuNP/RGO hybnd
film on the substrates that is not flexible, such as ITO substrate, has to be transferred to other
}5  flexible substrates. Figui’e 8 are optical images of a process of transferring a RGO/AuNP
hybrid film from ITO surface to other substrates. (A) Optical image of ‘a multilayer
RGO/AuNP hybrid film on ITO substrate; (B) Optical image of the hybrid film on water
surface; (C) Optical image of the hybrid film on PET substrate. Figure 9 is a schematic
diagram depicting a process of transferring a RGO/AuNP hybrid film from ITO surface to
30 ° other substrates. (A) A multilayer RGO/AuNP film on a ITO substrate; tB) free-standing
RGO/AuNP multilayer film after removal of ITO substrate; (C) transfer of the multilayer
-~ RGO/AuNP-film-on-a-PET-substrate—



[ 0094] Exanpl e 4. 3: Conductivity [0095] The high conductivity of
hybrid fil mwas achi eved due to connection of AuNPs 5 with high
conduct i vi n RAO | ayers, as shown in Figure 7.,k g a
gr aph shovl‘\f(yn:g’joqgﬁ ect of the deposition time of AuNP onP(lf‘:"hr‘['?:,ééﬂsoI‘flzeﬂﬁ)'?i2§
resi stances and AuNP densities of nulhilayer RGO AuNP filnms. It shows
that the sheet resistance of the hybrid filmwas decreased with the

i ncreas AulNP d sition tinme, and, w an increase inth it
of 1 e TuoRb " Rhe B RS e ipet sghery PTG Ty ks Rt a0 e bt 0L Tor ¥
AUNP degQeial h&ls,tdfteBvHih it thaydeQieklell HogE] TR ﬁtal‘ésait adbeiit S0FE, emBRARE hiXAa
film [0096] Referring to Fl%_re 7, with the increase in AuNP

deposi t filsh can eigher hppeclol s e milgxiblegiuhsteats or may floaten Be Senacs ¢ Wit

t he Au i 1 AR r ) i il .
e canORL okl S PR MRS LTl shcatons.
| ayef s WOU0G] blincegthe der surfasé seatnd by adrgamgplasies ias hyfirophidin dediuse of itton

bet ween t.he up nd.l5 | ower l.ayer's_of . Therefore

Dhe. sheettin B hyBhES R s AR RRE of (e e B, iR ks

[ nclr eafﬂydréphg%ingd@A Ngmﬁy Eio@gy inligrete ihib gh&ﬂﬁ@ﬁtesetﬁ’eat T Bt RGO uDIP

rnultilayer u yAelml nanop- ar ltecture shaows re | rovemegnt

caused bsﬁvgé fpp agﬁqeara@ryth@ef Eépemﬁélyaxta}?@rlﬁz H@“ﬁétm%gbepﬁ?éﬁé‘%ﬁ Biﬁthdgn

bet weeng{ g,y rmerﬂoa&}d%' LOVIR! sukBYEbH water (REHBWR ih enf@m-slgb %&h%ﬁlgs TS
AUNP hybri d 2.0 onl

the nmultilayer R ri.d nano-architecture, not y does
t helQAuNrRnvenience forefiaether tranafegingfthagirshilmato aker sabstaios siwele e flejible REJo

connect §: I I [ 0097] Exanple 5: Transfer of .
mul til as;ug%@a %W@tﬁ%ﬁ%fsﬁm to flexible substrate [0098] To neet
t he reqoi@iierefat petlog fhine T2 vhebghridi filer cmlbeitdibyeat induddFitddG0apesteasily

filmon the.subsirates ;th is not.flexib such as_| subst r.at
has 't o SEOEIRIGRS ey op mrcfesiits st meinfie 1B, JirEhhe
?pt i Cla-!r\aoritﬁﬁﬂ;@eﬂfsh@eﬂfaﬁ@eﬁﬁtagfedfah@.&ﬁﬁsfé(r;e\i)dﬂgqo oﬁ;eRGEHl séats Ihigtuldochokéd thrat
rom surface_to other subsgtrates. ) I.cal I, a )
mul 1 1 e AR R ARNRY B3 £ O AU oF heamoll By SchePLENT hadid
of the RyQriTde HkkiBAi@NoMRbEH fﬁleilﬁpﬁrbvi(i@)the%Hs:biﬁﬁ%y bi@e&19 fshdpghey théH1ind
filmon PET substrate. Figure.9 is a schenmatic di agram depicting a
pr oces sintsf desirethgfusiurds iy canrREEANGNIMigHeBrsueh 45 Usigia atel. Tonsuhandeehytyid3o

ot her s , 1 ulgg% UNP filmon a I TO substrate;
(B) fre%ﬁgg{wg’g) ﬁguﬁpﬁh%héﬁuqeﬁﬁﬁa@er ?%l m after renoval of |ITO :
subst raft08102] C)Exangie féer Faliridaltien mamhd | dhaymterization of flexible multilayer film
uNP-fil map-a-PET-substrater WO 2012/ 138302PCT/ S&012/000124 20
[ 0099] §ﬁ’?«?r—cﬁﬁ-ﬁlﬂﬁﬁyer reduced graphene hybrid filmwas put into water

a][ abOU[fOOQ(%)B]C Sisde ﬁeﬂ%ﬁﬁ fiimw rvgith gflﬂtgla:cg'hsied hlahb-afmyer:]dmﬁegﬁeé &ﬁi%hfel;l @:c?ﬁvieTO
gl ass at about 80 C, ere the ri [ G ei the e pee rom
the i nfoestiophenied] sutfcs aé%fﬂ%%tw&% 5 heS dUPt 5L o PSeHIPE Fbresling
free- Sts%BEt'cﬂﬁcﬁcgl‘edeQ}@éi,'dﬁdfdeitmr%gigﬁﬂaﬁﬁgaﬁlﬁcﬁ@rlfo?q 1Bt @padififide conducting

substratées foor applications. 5 | 00] Since the ITO surface treated
by ar goaldiivadsreeawied. Ay dedippndl isepaseapagives, sretallie caygn cdlpstorpfmetallic foils

NY AP e fofimdf QRSB WEed e bRECOQR! mbBEAIRTHY oD el chihbalp i
hydrophobic, water may Slowy mgrate into the intertrace between O
and t hesuRGChpaniNR fovioes diuf i tb ntbeit pose pandatievityh dinwelFsp exse mE moetdlliy  cuirent

Gear L BUBYES, bl B OANR B, Sy 0, 5 S AP BEoR"

supercapacitors in the applications that are limited in space and weight.

[00104] Single-walled carbon nanotube (SWCNT) films were used as charge collectors
30 * instead of metallic foils or foams, because SWCNTs have high conductivity, low mass

densiﬁy, large specific surface area and high mechanical strength. Although specific

- ——capacitance of the. SW.CNT film supercapacitors. was.generally small, because.the SWCNTs ... . .



10. convenience for further transferring the hybrid filmto other
substrates, such as flexible PET substrate (as shown in Figure 8C).
[00101] B ,ing fromITO the hybrid filmcan b into
desired sﬁgpeg g%%#ly according to the demands of the dCﬁgéﬁﬁﬂﬁﬂn
devices. After peeling fromITO the,hybrid fllnlmnth desrgned shape.

can be obt ai ned and transferred to other substrates. is al so noted
that 15 the addjtio AuNPs has little effect, on he flexibility o
the mul P?W%Fxﬁt%’/ rrgr%!ﬁrser shrrgducets aciivs fipstigehgmisel IR ’i‘fe?’rﬂi“rn

al so pr gyhifiSarthi gpéo%umtivrty ¥ OWENT afh InakehRpbambid e SIWENTS Bt used as

desired structares conveni ent techniques, such as using a cutter,
even mh@nﬂmh@ﬂhwﬁﬁrd filmhas been transferred to other flexrble

SUDSLT ates]  ComPRRDR] mENAND el odIRBbLC 3T %{rlgol%gg?&g Rivhet

of flex ayer supercapatrtors nce t

hybr$ d tdel asgumidtheoftedtors: l)alyﬁrceﬂiy omﬂS)Wa]i\Hhﬁhmhmused ha‘wmtntgpheq:ctcae,tth%e
el ectrochem cal urfac ctrvrt e . hybrid. fi

b g SR YRS ETen Ahs G S3FS ot o e St HaHE! el bp onff usER R

i nsul at i:xﬂﬂanbldﬁﬂ&ftor@oéndahh\QWn@a@ﬁlﬁiﬁuﬁﬁﬁetoCQi&de;iablﬂﬁcadd] tih¢ethickness of

required. In traditional supercapacitors, netallic current coIIectors

(et al | freestending SWQNT rigamatrediads ecumsphgrlceters ecpnake oAbeut seysal hundred

mat er i ah@omeiepsr Pat ThPRRIGespRd, B 1S Gerlsity bP SR Fﬁ%R@ﬁquH Smaf RS
due to their pdor conductivity. However, use metallic current

col 1&ct thaeoﬁ/m¢talllmmeem kellestope Theggaace oﬁsrgattsrmlﬂvempfowebumqrgapaW%ﬂhat
Il f th
1 10 ¢ et 8 b S VAR P ABE S3fbe fonk AT ARICR ATl s

( SVICNT) miprb\rasthweaettmed ofiglectralytie ian| ihecthe refec80dasnkadiag tmfa high apdcifc

foils or faans, because SWCNTs have hi gh conductivity, |ow mass
densi t y*aPRABREE speci fic- surface area and hi gh mechanical strength.

Al t hougfvoseRCifikere 162086 §chB@atic Hialhieh SWﬂEmbm_ﬁrumerayaaaommmgo
was general ly small, because-the SWCNTs

20117 13BA0EPEN SUPUIPAGET 150D freﬁéraﬁérpsys‘é(% film 2ormret wliRepesThe
whi ch 1 egieer s aedé \ieilye Bluienbe rﬂgcﬁeatﬁrgrcfa?a‘l\ffst 2h&Ricaf WEpour deposition

significantly high conductivity of | mmakes it poSsible for
SWCNTs GV De(shayerdindigunerld b dtigurg |1l de a2 sarigs of G@Beﬁahowefé\r)@atmélmweamdr C

curtent TSR or BT TSV, FURBAL0GE A BB e
col | ect ®WENT filayis porous and composed of highly entangled SWCNT bundles.

20 [00107] The directly prepared SWCNT films with about 150 nm thickness were first

uniformly spread out onto polyethylene terephthalate (PET) in ethanol as current collector.

" After the ethanol was evaporated, the SWCNT film can adhere firmly to the PET substrate

due to the self-adhesion of the SWCNT film. The multi-layered AuNP/GO hybrid film was

then transferred to the surface of SWCNT film on the PET. Celgard 2325 served as separator

25  and the electrolyte is 1 M non-aqueous lithium perchlorate (LiClO,) in a mixture of ethylene

carbonate (EC), diethyl carbonate (DEC) and dimethylene carbonate (DMC) in a volume

ratio of EC/DEC/DMC=1:1:1. The separator and electrolyte were sandwiched by the

AuNP/RGO films on the polyethylene terephthalate (PET) substrates, as shown in Figure

10A. The fabricated supercapacitor was flexible, as shown in Figure 10B, which is an optical

30 © image of the flexible multi-layered AuNP/RGO hybrid film supercapaeitor using ﬁ'ee;

standing SWCNT film as current collector.

—- ---[00108] - .Example 7: Cyclic.voltammetry of multilayer hvbrid film supercapacitors... . .




can al so provi de capacitance. Metallic foils or foans, on the other
hand, can be only used as current collectors and have no contribution
to the Ca@ﬂf&??ﬂgﬁu 2) The thickness of freestanding S¥gﬁ%§%@bah5§ed
as current collTectors can be about several hundred .t nan ers,
even 100 nm Besides, the nass densi of SWCNT.fi'lmis nuch smaller
than 10. that of netallic current collTectors. These are of great

significan for the supercapacitors that are limted in space and
ver ght . (00 02n <Y GOUEBIIE PE el RERITOYar 1 fim SpetsePagiifss o Rgriommed
| mpr oveyy By BENS tsA#lnant (Ofi1 BlseehEmbytic ions into the el ectrodes,

| eading.” to a high specific capaC|tance.M%0.0106 Figure 10Ais a

schemat (91 §9lagFignreot?2 is geerids@f igmpbs shoming (A guelicoy olampreRm(C Y b cwyesraf ghe

col | oot APt st Htlol, B8 (TP AIRIn P SIS Bl et

cat & ystolizhieryi(ipR Glafiinuwith GYOENTifdm (E%)collettonvand (il FAGNPRGA film with

Fi gure ' serie | mages show optigal .inmn and., (B
SEM | oSBT B Erehy odleeloh RESizap O oar ot R itied W TAEY R ftkes
11B t hagf 4 hpresMfENE AUNFIRGS FIed 6l8strods Gusatipasee aodiffeieghicin eatsagd @)
SWCNT bundl es.. 20 [00107] The directly prepared SWCNT filns with

about 159 snspifichrapreieace wérUNPRGO (fHm SipArsAPagiioands cutfurgiiop of AuNP

polyethﬁgggﬁ L gLephthal ate (PET) in ethanol as current collector.
After t g e ﬂanol was evaporated, the SWCNT film can adhere firmy to
t hel PET[08UbKt rHteeCHuof the supercepdcitoradias ifomdotb hehdoBVIONEctEngar iNfshape

mul ti -1 ayered [ b L.ms. t he t rface
of Syt s P bohdel, bR ACDIAR Tl A e b i S AR
el ect r oRgDebdsad dledttaderis an)eeeiient] dahdidatenforesiedtioohaieal (doutltOder icapagitors.

m xture_of ., et hyl ene carbonate (E i | carbonat e (DEC), .and

0 et b SRl et + vatiiesf bRV i PP R P A opasgs,
The sepanat SWONTOfRAs8sdre Qteatae cieéR colldtehis. amachdmer HasitAuWNPHRE:dr] if e
on the Eolyethylene terephthal ate (PET) substrates, as shown in

Fi glir e B9\ indigdted bipthe slope ot ¥(I{imdicatsd by s dafigd bex nKignee 121), 1§ soalier In
Fi gure 388, toWolkiphre! s%%%rbhfap/q,! %@F\%Qn Figmel 0f w'éféenc;ﬂnﬁﬁie}altfﬁ 1, as shown in

mul ti-layered AuNP/ ybrid fil m supercapacitor using freestanding
SVCNT { Fignreat2B Whemiie SSTCNE fibns weG0sed s currdak setisrtersy the slope of V/I were

Lyl S RhATHRE IR bl AYE wlRE St B YRRGR WA GO e offeclly

- reduce the ESR of the supercapacitor electrodes. Besides, slope of V/I of the AuNP/RGO is
20 larger than that of RGO film (refer to Figure 12B), indicating AuNP/RGO film electrode

have smaller ESR in comparison with RGO film electrode. The reason may be that the
" addition of AuNPs will increase the conductivity of the RGO film.
[00112] Figure 12C shows the CV curves of a representative AuNP/RGO film electrode
supercapacitor at different scan rates. Typically, fhe cyclic voltammetry (CV) curves of the
25  supercapacitor device based on the RGO/AuNP hybrid films showed rectangular shape from
0 to 2.0 V over a wide range of voltage scan rates and even at a high scan rate of 1000 mV/s,
indicating an excellent capacitance behavior and that the AUNP/RGO with SWCNT film
current éollector have very rapid current response on voltage reversal. The addition of AuNPs
improves the specific capacitance of the supercapacitor, as shown in Figure 12A.
30 © [00113] Also, it was suggested that the RGO/AuUNP hybrid films with SWCNT film curren.t
collector have very rapid curreht response on voltage reversal. The specific capacitance Cgpe

-—-was estimated from CM curves using Equation.(1): ...



22 [00109] Cyclic voltamietry of the nultilayer hybrid film
supercapacitors was performed by CH 660D instrunent (CHI

Inst_rurrenlgfa ?&}0120] Figure 12 is a series of graphs §hp ﬂ@z/&fa‘%u

cyclic vo ry (CV) curves of the representative supercapa
using. (i) pure RGO filmw thout SWCNE,filmcurrent 5 collector, (||)_
RGO filmwith SWNT filmcurrent coll"éctor, and (iii) AuNP/RGOfiIm
with SWCNT filmcurrent collector as electrodes; (B) the Cvs

nor mal i K8d14lo 1; (cf :pet‘héf'ev curves ofl)a represent ative AuUNP/ RGO film

el ectr Oﬂf(‘) per Q??S t}'u? ,&?‘ﬁﬁ} digd ec;ruﬁleﬁt ORI vcglf% 1‘%9 at(OQ? V3,28 the scan

speci fi aC| Ance msuperca as a’finictiron
of AuNPrate pm8i thi @nthe itom] nikes bB@Hal&{ctw’e‘hﬂeﬁvSﬂe oﬁatbrﬁtaes snmecaianﬁed tspectfic

were found to be_close to yectangul ar ithin. a sel ected
range of2PAYaBfit PLe COTRRESP %ﬁlpa%aré%‘e%q ﬁ%ﬁ ggﬁﬁ% %aﬂ%'é%@ﬁ Ve abhl
t hats R@p@saegsgalue%gpslﬁlv@ an excel |l ent candi date for

el ectrochem cal -layer capacitors. The inner integrated area

( cur r enf00X16&fo| Fi lag'é!) 13)1‘3 agypical gahenpsiatior chaegeidischarsopvyp at Merewrsrtsdensifien
SWCNT f . N
L .

the dotinditatigx ai gooli ejeutmalZiB)lbleHayamﬁrtfoanancb nThe dpecifio cqmmt@ce &Leopfe
of V/1, the CV ure r.e nor zed

i gur o' SPECRAIN P SHeRRar RS et orieabedtent SrenRReBnRbRrk it
sl ope OF a&lbnmre remar kabl ely i ncr eased i ndi cating that the SWCNT
filmcurrent coll ectors could effectively reduce the ESR of the

superc o] c,el:eci_podes Besi sl ope of V/I of the AUNP/ RO is
20 | arg@ﬁ?ﬁlan t h&V /6" RGO fi n@?ref er to Figure 12B), indicating

AUNP/ Rcﬁoiié_}m Wherst fs%@dx?&‘éﬁ‘ge%‘ﬁ%ﬁte& E?ﬁg}égexﬁé’fﬂe%ldxé%@ ¥ di hB@PcBljvE,m

el ectr he reason may the additron of i'ncrease
t he conahdcmi Nlthq/tabﬂ mise oRED PWONT [fhd1ap botlri elpetredes2 CT mmmn& siyific

curves of a re s btQh:at
i1 or e pEREN A I eFnibitd o RuBELeRER Sy REL SRl Bl
of the @eesuwen c‘ap)b.cuhb oxbodevncsmﬂt lfamecb@ntesﬂng R['Ka! Aul‘dﬁlafe;ibexiedgj idensity
showed C a e from ‘de range of voltage
soan r AVESC ot e Sherent R, b ifhed sl b MhaBe s Sk AT eerin
excel | e('PhlaﬁaVQMRhﬁ RdBrelFeRand tenl desishate, tvh@chAstaNIBé Raichindet hsﬁy\ﬁl\mrofpi tnm
current_ coll ector have very rapid curr ent response on vol

r ever saif thertogal sepss of B astivenglrpteode mntesipb en bR derdiorss) @fé%ﬁﬁg@gt%WE@y?ﬁ

the supgiaardsish e adtos AN W kgFi gure 12A. 30 [00113] Also, it was
suggested that t IEGO’ AuNP hybrld films with SWCNT film current

col 3%ct[6P1 v e’\&/@ pgntroépmﬁrmannt et alse dgstndsthe swpeyespacilge dedoesr made byTHe
cr ves. CoTRERLRRS (Fidire O WBE OO0 e ce cesyts rumsinge. sogrey
(1) density and power density of supercapacitors based-on compact RGO films are 23 F/g, 13
Wh'kg and 27 kW/kg, respectively. These values reveal that the addition of the spacer,

AuNPs, in the multilayer film improve effectively the performance of the RGO

25 supercapaciter electrodes. Furthermore, the specific capacitance of supercapacitor based on
multilayer hybrid film is also larger than the case of reported supercapacitors using compact

graphene films as electrodes, and the energy density and power denslity are also much larger

than the case of reported graphene-based supercapacitors and the c'ommerciélly available

. supercapacitor devices (energy density: 1-10 Wh/kg and power density: 2-10 kW/kg), which

30  are mainly based on porous activated carbon.



[00115] where | is the corresponding current of the voltage applied
(at 0.4 V), s is the scan rate, and mis the total nass of the active
el ectrode bAshfke The calcul ated specific capacitang

correspongﬂ%g supercapacitor (120 s of AuNP deposition §T§%§ﬁ§§21“
about 5 64 F/g at a scan rate of 5 nmdjs. [00116] Figure 13 is a :
typi cal gal vanostatic charge/di scharge curve at the current den5|ty
of 1 A the same de .bov The dlschar

nearly gmiﬁﬁa' R et ' deposition ;

per f or N@feeea I&@orme@dfdncwsmmmmmﬁm@f supercapamtor deVI ce
was cal cul'ated from constant current charge/di scharge curves u5|ng

10Equat 082 112) The mﬁvapﬁwwésye) flb@ifmpt ABRP deposition tyaesjvag
t : '
Che ¢ ot Hofiba ERAASEH Ridhff, 12DORErR tnd REE! FRAREAS S Vetn, SiifhelRely®

sped f i usdhatihe ape#iotapediendee b Bupengpmtbtsuuasaﬁan thg BGQUALNP tybrid films

supercapagitqr _i,s / es_well th t

Cobul © B el e AR Ghosltioh H AP D€ RehBirop Uiglie IR B0

\(Ij\her e \éekb%adsmsl‘g?dﬂfgg@pme@QMeeﬁ)Au}@/ﬁaOthgeaPﬂeﬁﬁweMWnumzpxwmsh e in
ensi ty. (Pmax m ere Ris the internal resistance iC
be cal c¢fPalien HEengovRY B Bien the depaspion tipeys more dhagr 10 seconds Wt!}‘é Specific

el ectrogg aaﬁh%df@iumm@té}e&be@aé&&@&ﬁwm arl ﬁ%x‘ébée‘:ﬂﬂeﬁﬂditioh'tlﬁiéer hybri d
filmsu ercapaC|tor is 49 . 20[ 00119 a control experinment,

we Hl sd0pEA] ed‘\ﬂ%laé@li@éﬁ%%% r»mwrt ey thea UﬁﬁHéraWﬂPWélQ‘?c{ tlayRegnd
Films (Boaihg 39}. %\gr%gaﬁg{l OARHE’) i53&§goefn§rease1iﬁgaai%%iefcfr CHERRAE b BRE Grea.

energy density super capaci tors based-on conpact

RGO fi | Hewaree, \ﬂﬁ:nﬁl’l@den?&@y ka @Wandn@lar’g&/\bﬂktg:ghms pEs tcanmk uppdtidleeR GO

val ues reveal e addi tlon f acer.. AuNP:

e T oSS BombiefRhy Rtk b B RORRRES oy spiives M PnalEingesse of
super c apap Heﬂisugldaﬁhg e IZFwd)hdﬂ; mr@gregk@d sdptmi dfithe R@pnlcayéramelddj‘e
supercapaC|t r|d filmis er than

C Ho PR o Gy S RO BT Cor1d PaehiRe e HEBleialy SEGac i daue,
el ect r ad@srociddtlcdl REFRRAFAYWEHADBE In¥reatd WAMNRErARNS UENLitR LE AANDS, rBdttith

| arger than the case of reported graphene-based supercapaC|tors an§

t he corméhfcmareasp %f\ﬁ@PCPlﬁ%F@a@EP@é? waBd tnsfeasfeﬂfu@é‘él’ @@Wé’t“@? tignen a3 ghpwn
1-10 Wi k§oaR ‘iil?egﬁGbyla mré(%ﬁ%%&@dw 48{' Xuhaged |

on porous %ctlvat 2012 8302P 012 0001
- was still increased, some Au NPs would have little effect on the support for the RGO layers.

20  However, these AuNPs would attach onto the surface of RGO layers and reduce the active
electrochemical surface area, which will lead to the decrease of specific capacitance, as

“shown in Figure 12D.

[00123] Example 9: Effect of AuNP density on specific capacitance of .sunerca_mcitors
based on the RGQ/AuNP hybrid films '
25 [00124] Inorderto further understand the effect of AuNP density on specific capacitance of

the supercapacitors on the basis of RGO/AuNP film, we further studied the effect of scan rate
on the specific capacitance of the supercapacitors with different AuNP deposition time.
[00125]' Figure 14A is a graph showing the specific capacitance of the AuNP/RGO film
supercapacitors with different deposition time at different scan rate. The specific capacitance
30 © of the AuNP/RGO film supercapacitors with different deposition time decreases continuall;lz

with the increase of scan rate due to progressively less efficient infiltration of ions into the

-.gaps-between.different. RGO_layers. of .the hybrid film.at higher scan rates.. At slower scan._ . _....



24 [00120] Exanple 8: Effect of AuNP deposition tinme on capacitances
of supercapacitors based on the RGJ AuNP hybrid films [00121] The

specific g@(p?og p@gﬁae(Cspe) at different AuNP deposi t'P@T/EbﬁF?ﬂOW

cal cul ate as shown in Figure 120 Fromthe resu
obtained, it has been surprisingly 5,55found that the specific
capaci tances of supercapacitors basegf on the RGO AuNP hybrid filns is

i e | stHsS U Flint Got ARG 1o POE T B ARHES AU SAE PR

film el geff@RGOGHES SRy WhE Detiratife bEASArolNicHBROBtd The Bapd WL be greatly
However, when the deposition_ tinme is nore than 120 seconds,  the

speci fi deeperp Mearingrie e Bigh Apgi REDagitaee e vas cYlsasibe sat rtais AcASdse
d
aucoontieAtiabliion HEsondRAc e Mol A s B WO i Bre BRAE O 140,

RGO 3 aysraresult, iheorie asaluction iactpacdarekect r ocherni cal surface area.

Ho ) t he,d f, Al t .l h, . NPs .
comnot . LONAET s e Bhdefyiinndehling B b1 ir3h e SRR el Phebience
| ayer SI ﬂﬁ?}zlcgmr(ﬁg?e&ﬁcWabkbﬂbﬂ@ hnar Rackonotf MeNRat et iny Fidutre rlgA were
initia secon

t'he aggre re n of the RA | a Id be
15 sepahamatizeddnd, @5 Fary iy Al @Tgﬂ%{ﬂ RIOWGe SRRt &y the reduced
conpl et glahen IRl @) fahés a6d 'oﬁﬁnﬁlﬂf’ecédlng%%eﬁaﬁff&@ﬁtf RGO Ry&S. Mot
be incréeased wth increaSe in densit AuNPs, resulting in the

i ncteasAuldPs synpertfthe mmfsmlwlwhmerﬁéeq pic gaps 0wk baingpeasedh it anon
timne, f&glfr;{;s%iv}g tfg{;%ggggéﬁa&ﬁ 5 %fuiﬁg Mﬁm & p]ﬂgésls S Wk & ﬁ{’ﬁ@%ietciglyﬁ

conpl e Pner easeq,  some
woul d heanegain tdcess tefmea:ineo of t Heeﬁlsupqsdy tanﬂ deeplneTR@IIeaytehigher kignsity of

However ese AuNPs woul d attach onto the. ace Q and
Foduce AHSPSIH PEEF sHRRE fopsresS fiPalle i e Aifrdori Tl il Al

the. decme@ﬁﬁaflgfzosa@?ﬂi AﬁNBngmltio&mmea aashosdmf WFigureAdBUAE dis2ssed £d123]
Exa 9: Effect of AuNP dens n sp I C cap nce

supkt cafiE fliedtQO 1aygesetiers AURPRE® el (ﬁ%wwdﬁ} i uﬁ%wo%ﬂep?wed

order t@edeUtiNuey it AL RNk b k@ortObr MG d el Woild r&RES thel a6ea

capaci tance of the superc flQu(i;mtors on the basis of RGO AUNP film we

f ur t herofsthe garscandridocs the diffusionsefapns it therimies of sheelilon, whiehy ik makia dhe
of the @gﬁﬁ&%&%&%ﬁ:@gﬁg bt ddhie! &ho i raRopT | on time. [ 00125]

Figure I's ‘a grap vm ng t Speci apaci tance of the
AuNP/ RG00127] m Aupentoaphahaverthe W(BN T |ﬁﬂrhehe~f¢texclébuts¢leqtmnhmmnd bghaviors.

di f t sc rate |f| Cl.t f the AuNP/ RGO film
sup%(fceg%eglc‘f)g ge\}éls?%astf?ef’ “?egg(f e’a’eoﬁom oh ?ppﬁca%%e%r eases continually
wi th t h@oiZ8]r Glgereof5As Bangipl degleting the mT\QgcﬁdeGOVfﬁhyelbﬁﬁﬁle efing SWANT

ey O, e S AL L B eSS SEET R bl
2012/ 13&3&?&9&%@%9@&&%&&1&%@(@% AFE@:be‘f htsine inteksit@ny the avaiche

el ectrolyte can gain access to avail gaps between different RGO

| ayer s @akindycatndicfénicnesks e peaty @luébﬂrrd(mayfls that thsslqchpehentical grasess\om |
be g5 eafl Y S MG clech 5 haliGe rélbghBéﬂ&%' hd & lf’eoée%htlﬁ;%% P18 XE the

when the scan rate I's Incrfease frcient tration of°ions Into
t he gappcaktavpenk shphfadomns 1R®Zasbchyveﬁls iricseapy (mgrsm rafes, \supgesting Baes quasi-

ST R Lo SN Bt BN WIS, P Kl

capaci t @hagimdghiensC liipeRs irefeasinglg| difterienpagl tRNGell abedméar iiaonekttrddee
scan rate in Figure 14A were normalized t as shown in Figure 14B.

AuNP | ashapes Eiguse 1§B ina giaph shawing they (s ?%@I&%@C& fim elsetroslei g SEGNT
laygys anflaObiddnp cBﬁ&t&?@%B&EW R iR #RlanBHe fanYc%ﬂl%dlcqf'efaE‘sr fre still

clear, even at a high scan rate, indicating that AuNP/RGO film achieve higher signal-to-noise

—.- —(redox—current-peaks-to-background-currents)-ratio-and-sensitivity..of .sensors. .Besides, the. .. ._...



10 AuNPs support the RGO | ayers conpletely, the area of gaps woul d be
I ncreased with an increase in the density of AuNPs, resulting in that

the diffu ns fromthe electrolyte can gain ac

~inner of ﬁ{%bfl%{w%b@am |y and deeply. Therefore, at hi g 8ﬁ§%£0?2§,§0tlaﬁ4
AuNPs, the specific capacitance dr opi2 | ess abruptly with the increase
of the scan rate during the initial 50 seconds AuNP deposition tine,

as shown jn Fi 14B. IS abov 15 . after..the RGO | aye
mer o SuroF W BE e A aYE R e R YT 4SS S e RGP RO opmiared (6 Yi: Of
deposit g RGO EIA. ﬁ\%\lﬁ’as tHagthe PAINP/R GOHyBrig fif 18 electdticl ROURIURPOFst dl&trohhe

RGO | ayers woul d reduce the area of the gaps and bl ock the diffusion
of i onsﬁﬁﬁﬁfﬁfﬂtﬁ@l ¢amrapisgf Wi BGQ film clogiiodes-wi | | nake the specific

capaci t a 8 éar@x[ écawgv%%#n?m lnf“?lg%p@\fgb 1,0 & Pl QbR 0?%@ square ro&t%ﬂgg]

As nent ne ave excell'ent el ectr'ochem cal
beha¥i osn r&6sT Before thel RIGOdayesedlera supHoated codplstetyo(]12%k pdoconds),analeytgicabf

applica 00128] Figure 15A i raph depi.ctin 0
PP of BEL Bve qesth gtnait o mpis A BNFY SR S5PrfR A Wit 835
rate, afip@ilead@ig ﬂd’%l:l'ueg:g& imoed ad&ea Kl%c@)’oﬁexﬁi%&ﬂdfuméb sod iespanst dags bawedie
redox reaction of Fe (CN) 64" and the intensities of t he

anodi ¢ fifeent AP !?é(f-‘lﬁ tbe @%)Tlﬁfé%fR”se: HecdiHusien o1 mg dTom fhegslectiofye can
that thg,;glacts @ehemneals RE BRSS9 nr}?eﬁef&,ﬁaeaﬁ%ﬂei Béd%e lomm@g'%e $, and

quasi -reversi bl e. Besides, as can be seen fromFigure 15
peakl.t olppealiessispmlest abmptbswnh theea@e@e\mf the scerc rabadwsingrthe watnﬁl rlat) geconds

suggest Aﬁﬂ Ptdgfos?}‘('ﬁ%fnge gkf%ll?? ti' (;weqjer §¥\{1}’§Q{J Isédl a'%\% GRLY tﬁgﬁéq 9y

At hi gh" 'scan arrm)g rans pear T'ncreasin
di st or t aglerk meene sﬂmommi bordpiemlye(ﬂﬂ@deomads)prflrem’erﬁoﬂﬁ’ssxhap@ﬂl deapgsited, fh!é&

{11 m SsABUPS BAMAGE R R CAHPE  BoHCERTRRO e BB e B o e

cat hodi ginj)&alich wiliemaiel thd | p&rﬂa;c,dr@seﬁbraﬁbrapﬂy ghstHoalin mguee 12pdi cati ng
that AUNP/ RGO film achl eve, h| gher Si gnal -to n0| se/ -

1edb§< cl901 ¥t -Exampple 19:Kabication gf lafers AEBE tinity.
_Sengpisy) IBeShHEs thaLEl'é&rophMX@n@ %ﬁﬁéu}f’&ﬁ? %P@We@ @?@ﬂr%é&@%ﬂ%‘bo sheets

and NPs migrated to the conductive substrates. In principle, there are no restrictions with

respect to size and topology of the substrate, so electrophoretic buildup can be used to
- fabricate lateral GO, RGO or RGO/AuNP patterns,
20 [00132] Figure 16 is a schematic diagram of fabricating RGO/AuNP lateral pattemn by
electrophoretic buildup. A: a layer of photoresist is coated on a suitable substrate; B: the
" photoresist is patterned using photolithography; C: a multilayer GO/AuNP film is deposited
on the unpatterned portions of the substrate using electrophoretic deinosition D: the
~ multilayer GO/AuNP film is reduced to form RGO/AuNP multilayers; E: photore51st is
25 removed. :
[00133] Resist was first spin-coated on an ITO substrate at 3000 rpm (refer Figure 16A).
Optical lithography was performed to pattern and expose the surface of ITO with resist in the
form of. the desired device structures (refer Figure 16B). After ITO electrode with desired
structures was obtained, the ITO was used as positive electrode to construct multilayer
30 © GO/AuNP patterns by electrophoretic depdsition using a GO aqueous solution (0.5 mg/ml) ag
the electrolyte (refer Figure 16C). The distance between the two electrodes was 0.5 ¢cm, and
-the applied-voltage was 6.-V....



26 redox current of the AuNP/ RGO hybrid filmhas smaller peak
separation conpared to that of the RGO film It reveals that the
AUNP/ RGO Rydsd814skdom el ectrodes woul d have fast el ectrpgy, éﬁ%&)@{“
rate in conparlg{son with RGO filmelectrodes. [00129] Tﬁ@rspa and
were shown in Figure 15C as-a functigh of the square root of the 5
scan rates. Before the RGO | ayers were supported corrpl etely (120

2o g PR A e R BRI M R 09 B R

nore acid R @taeiyt@chRniis@hceShitvemetharea amkoaeseaas)b Sgaﬁ,saxbjetheeqxphed
different. RGO | ayers of the film Therefore, the diffusion of ions
from t heolzees 81Nt e can gain access to the inner of the filmeasily.
Ther ef Of® % t Dinffiefer BON&NTY menﬁlﬂ}mo 4108 vehefaBAthtdDyy fepeavinl HRSbEVOP

o1
| ess ab up t the i ncr. ase of the scan rate during the initial
120 %ectmdpmmﬁs dePasiNR patterharen IO sfsrenthen reheinipatly redged Hoywbydsazineg s

seconasror B O NP i PRl 8 o R RE LSRR Sl ey

t he. ar eflno{refeh Eiguap $61N A fiat dmkmtam Eeddctidnuﬁled'ﬁOceﬁectrOdlEswnS’mppddh&tOIaneteﬂ[e

Shown 118 RtF s 3o 1 oy ERnaRe o BurbRr OO IGY P e

mul til aylﬁgmmfeypﬁuﬁ@jmr ns [00131] It is noted that

el ectrophoretic buildup only involves the process that GO sheets and
NPslGi g %ﬂ tguree 12 ol d{fe) Ay eondigHls Migewepe |imags:i #ndi (B scampimge elgpteom o
restric t SRS th 81 SversS §F
el ect ro‘tf)] orer CE%E fgﬂ%@(gﬁf ﬁltﬂ ggp\'?iglfggg??gbaf%%ﬁeacgg?aﬁ %O R@’)ro_r
RGO Aul\PGﬁbmﬂewniaye@@fP@UfszquaFﬂmmSlG is a schematic di agram of

fabric r.al ern | ect retl i a
I ayelr gﬁoogﬁéf{?@%fe 8 lsz(hioatogdg?)hngosécuig? g“ﬁ? > Q%Esrsl%rm g%%?leﬁﬁntrﬁié{%scé%y
phot or eSEM) insagp aif neltiiegkr RGOL uPOstope phmgtsaq:mlrr}p,ns{ﬁg tarorm_}'drsi bBAREO and
GO AuNP filmis depqsited on t un d rt f

Subla ats LT iR e e RAtR ) SEV ehes el et e Byingne
filmisripgAsdlagd feQediPfim RiaWiIAENR bt baNESso 1@ afHiOle@ rif Sthé RGG/AUNP
renmoved. [00133] Resist was first spin-coated on an | TO substrate at

3000 r pratiermst igpricafedghiy glegismhoretip tuddyp, | Whitlhdf ST XA RERY it dilpo It
patt o lin glagteé‘ﬁﬁpa@c&o?ﬁoéﬁé bid 9sfarJ et d ghﬁéh &Ifabﬂcatt@ﬁtefré?rﬂﬁ(@/fAuN?e
desire evice structures r Figure 1 After 1 TO el ectrode

W th depiittlemﬂveithrdjff@rﬁntéspemas obt ai ned, the ITO was used as positive
el egirode to construct nultilayer 30 GO AuNP patterns by

el eCtrophoretic deposition using a GO aqueous solution (0.5 ng/nl) as
the electrolyte (refer Figure 16C). The di stance between the two

el ectrodes was ‘0.5 cm and . _the applied v.oltage was .6_17. .. WO
2012/ 138302PCT/ SG2012/ 000124 .27 [00134] Similarly, for the
deposition of AuNP | ayers, an aqueous AuNP solution was used as the
el ectrolyte. The distance between the two el ectrodes was 0.5 cm and
the applied voltage was 6 V. [00135] Multilayer GO AuNP patterns on
| TO gtass were fabricated by repeating the above 5 two processes.

GO AuNP patterns on | TO were then chem cally reduced by hydrazi ne
nonohydrate (98%, using a simlar procedure as that used for the
reduction of nultilayer film(refer Figure 16D). After chemi cal
reduction, the 1 TO el ectrode was di pped into acetone to renove the
resist on the surface ITO and the nultilayer RGO AuNP patterns were
obtained (refer Figure 16E). 10[00136] Figure 17 is (A) an optical

m croscope i mage; and (B) scanning el ectron



m croscopy (SEM image of a nmultilayer RGO AuNPs structure conprising
two | ayers of RGO and two | ayers of AuNPs square patterns. [00137]
Figure 18 is (A) an optical mcroscope i mge; (B) scanning el ectron
m croscopy (SEM inmage of nultilayer RGO AuNP stripe patterns
conprising two | ayers of RGO and 15 tito | ayers of AuNPs at |ow

magni fication; (C) SEMimage of (B)_at high magnification. Figure 18C
reveals that nmultilayer structure EMYI¥ so be achieved in the

RGO AuNP patterns fabricated by el ectrophoretic buil dup, which is
simlar with RGO AUNP film It indicates that el ectrophoretic buil dup

is an effiectiy a icate -aﬁg)/ Poﬂﬂﬁfs it h
di fferentl'typég. &%gfoazgp&gl k/%lﬁ%aﬁ m?tt]g%%%@h% e p@gglacr at’i oﬁ{gg?négm
nul tilayer filfh&omideshdia FRipAnIBRLD Hidrérfdl @SindNectrofh@RhE BepRarRd
mat eri al using el'ectrophoretic deposition on a substrate, the nethod
conprising a) oalastibstegdlaiemethal lcym@egiagi ting a | ayer of

gr aphene-based material on the substrate; b) electrophoretically
depositing a | ayer of netctilophenebeadlytdepbatnga layaeof grgphenefbased material
gr aphene-based material; c) optionally repeating steps (a) and (b)
for one or nore additi oHethegyksiias; and d) el ectrophoretically

deposi ting a laygy of ofaphene agEd TRLEL) 31a el P SopBliclE

the layer of graphene-based material;

c) optionally repeating steps (a) and (b) for one or more additional
cycles; and

d) electrophoretically depositing a layer of graphene-based material

on the layer of metal nanoparticles.

2. The method according to claim 1, wherein step a) comprises
a) preparing a suspension comprising the graphene-based material;
and
b) contacting the suspension with an anode and a cathode to which

an electrical voltage is applied, wherein the anode comprises the

substrate, thereby depositing the graphene-based material on the

substrate.
3. The method according to claim 1 or 2, wherein step (b) comprises
a) preparing a suspension comprising the metal nanoparticles;
b) contacting the suspension with an anode and a cathode to which

an electrical voltage is applied, wherein the anode comprises the
substrate having the layer of graphene-based material deposited
thereon, thereby depositing the metal nanoparticles on the layer

of graphene-based material.



2. The nmethod according to claim1l1, wherein step a) conprises a)
prepari ng a suspension conprising the graphene-based material; and b)
contacting the suspension with an anode and a cathode to which an

el ectrical voltage is applied, wherein the anode conprises the
substrate, thereby depositing the graphene-based naterial on the
substrate. 3. The nethod according to claim1l or 2, wherein step (b)
conprises a) preparing a suspension conprising the netal

nanopartigl es;y m&ﬁ&{l Gt foheﬁl ‘ﬁ%%‘?@l%&rﬁé‘ﬂq%,gndl?é?ﬁﬂgfr%gf@a:{&gnﬁises

cat hode to which an el ectric vol tage 1's app anode

conpr i ses the subpt I at epaiith diferksonfisHE I BATARIALI LR L

deposi ted thereon, thereby dépositing the netal nanoparticles on the

| ayer of graphengy basedconbdceini @e suspéhstbn Migh Mg hidiid andGodatiodd td vhadhy
one of clains 1 to 3, wherein step (c) conprises a) preparing a
suspensi on conpri si ng tdeclgrtapd endagris adplat, sthiemlin the)anodnt@uprisey thehe
suspension with an anode and a cathode to which an electrical voltage
i s applied, wherein thesukferieheunpihelarers pbsraphpnerhased matgriplgpndieetal

| ayers of graphene-based materjal and.nmetal nanopartjcles deposited

thereon, thereby deposiB4MABPHIRES gspeise - Jhser nalfeiebyl dsRosiRS | Hfer
of nmetal nanoparticles. 5.1;I'he_bmetdhodt aclc%rtﬁg%[‘]ag rt(ﬁf any; one of. 1cél ainms 1
to 4, wherein the graph%'ﬁ}%-eﬁl SeFoTREEr Ay § aﬁ%%%al}atul Y& s/ are
suspended in di nethyl formam de. 6. The nmethod according to any one of
clainms 1 to 5, wherein the graphene-based material is graphene oxi de.

5. The method according to any one of claims 1 to 4, wherein the graphene-based

material/metal nanoparticles is/are suspended in dimethylformamide.

6. The method according to any one of claims 1 to 5, wherein the graphene-based

material is graphene oxide.

7. The method according to any one of claims 1 to 6, wherein the metal

nanoparticles are negatively charged.

8. The method according to any one of claims 1 to 7, wherein the metal
nanoparticles comprise a noble metal selected from the group consisting of

gold, silver, platinum, iridium, ruthenium, rhodium and palladium.

9. The method according to claim 8, wherein the metal nanoparticles are gold
nanoparticles.
10. The method according to claim 9, wherein the metal nanoparticles are citrate

stabilized-gold nanoparticles.



7. The nmethod according to any one of clains 1 to 6, wherein the netal
nanoparticles are negatively charged. 8. The nethod according to any
one of clains 1 to 7, wherein the netal nanoparticles conprise a
nobl e nmetal selected fromthe group c%nsi sting of gold, silver,
platinum iridium ruthenium rhodi um’and pal | adium 9. The net hod

i A A DT PR o,
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deposi tion of (gghsitnapeparticles is carried out for a tinme period
rangi ng from about 100 s to about 150s. 12. The nethod according to
claim1l, wherein the el ectrophoretic deposition of gold
nanoparticles is carried out for about 120 s. 13. The net hod

accordi nd2t o dig methodhcairdingso tlaim 112 whierein ther eledimphostio gepmrticceli ng
the multilayer filmconprising netal nanoparticles and a

gr aphene- basedohhianopaiticlgs iscagiedetiti $omrppougkd®s. 14. The net hod
according to claim 13, wherein the reducing agent is hydrazi ne nono
hydrate 15. The nethod according to any one of clains 1 to 14,

further npri-si_n enqoving.the nultilayer. fil r he substrate by
| mmer o1 ndot e DioeeTRescegttita T A ine e el A7) et i,
medium 16. T : c i a e. Qf i ,
wherein the SE: Islﬂtgrggrég;dtlhg ggfthﬁéf%egﬂ% tq%ls P‘gﬁ tg(rljéé%i ;ﬁtﬁl.lapf%t?d%{eangetahod
according to GraihthdBascll Wididiei weHcHSdiN@age@OVi Nng t he photoresist on
the substrate with a suitable solvent after the nultilayer filmis
formed. 18. A multilayer filmconprising a | ayer of netal
nanoparticles between a first |layer of a graphene-based material and

a second ltayeThefmethod aptvediog o shdmnkd, eylicadin dhe sddueidgagenthis hydtdzin

according to any one of clainms Ito 17.
monohydrate.

15.  The method according to any one of claims 1 to 14, further comprising
removing the multilayer film from the substrate by immersing the substrate

comprising the multilayer film in an aqueous medium.

16. The method according to any one of claims 1 to 15, wherein the substrate is

patterned with a photoresist.

17. The method according to claim 16, further comprising removing the
photoresist on the substrate with a suitable solvent after the multilayer film is

formed.

18. A multilayer film comprising a layer of metal nanoparticles between a first
layer of a graphene-based material and a second layer of a graphene-based

material obtained by the method according to any one of claims 1 to 17.



31 19. The nultilayer filmaccording to claim 18, wherein the

gr aphene-based material is graphene oxide or reduced graphene oxi de.
20. The multilayer filmaccording to claim18 or 19, wherein the
nmet al nanoparticles conprise a noble netal selected fromthe group
consi sting of gold, silver, platinunﬁliridiunl rut heni um rhodi um and

| | adi 21...Th | til fil di t ' f .cl ai 18
to 20, widr ei THERBHRRYT AR GISSPERE 3 ki g1 RN JHF #iepienc bt
Th I til LLm. i.NQg: | ai 18 to 21, wherei
the densi ty’ ot R EEERAEL Widdr MMheOEBha T Pout 150 pim 2 to
about 450 Am 2 23. The nultilayer filmaccording to any one of clains

18 to 22, wherein the netal nanoparticles forma honbgeneous | ayer
bet ween fjor st Thay efuldlagert figms ecoriing apelclah asgemalvenehdrainethe metal
material. 24. An electrode conprising a multilayer filmaccording to
any one of cl aianspat@cléesoc@Bprisshenebla métel splegdik frenbtsegtonmicensisging of
reduced gaphene oxide. 25. The el ectrode according to claim 24,

wher ei n the elgebl, sibers, platinm,.dridien, setbenivmprhiodawn pnd palledivar capaci t or,
a sensor, a hybrid el ectrochem cal device, a rechargeable battery, or
a netal-air battery.

21. The multilayer film according to any one of claims 18 to 20, wherein the

metal nanoparticles are gold nanoparticles.

22.  The multilayer film according to any one of claims 18 to 21, wherein the

density of the layer of metal nanoparticles is about 150 um? to about 450 pm™

23.  The multilayer film according to any one of claims 18 to 22, wherein the metal
nanoparticles form a homogeneous layer between first layer and the second

layer of a graphene-based material.

24, An electrode comprising a multilayer film according to any one of claims 18

to 23, wherein the graphene-based material is reduced graphene oxide.

25. The electrode according to claim 24, wherein the electrode is an electrode
comprised in a supercapacitor, a sensor, a hybrid electrochemical device, a

rechargeable battery, or a metal-air battery.



