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NANOPARTI CLES AND A GRAPHENE- BASED MATERI AL AND METHOD OF PREPARATI ON
THERECF GROSB12RBEHMRENCE TO RELATED APPLI CATI ONS 5[ 001] Tirc3/Sappi2ioo@s on
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"Met hod of Preparing Multi-layered Hyhrid Nano-architectures Based on
Reduced G aphene Oxide" filed on April 7, 2011, with the United States
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of the bui’l di ng,_b] ocks, ..an rgani zation of the structures at.the
nanoscépﬁllcatlf’ﬁ%lﬂw%@%ﬂi’ gg&adﬁ&‘?%%’ﬂtﬁd FrEtit Yur%t%r,en?‘? U1t £GP fpr all
pa@g_r-k)hg%sgst'ructures, such as 25 nultilayer filnms, have attracted
extensive 1 nterest because of their unique catalytic, electrochem cal and
mechani cal properties, which render themsuitable for applications in
chemcal filters and el ectrode Leri nergy storage. O particul ar
interest is application of t he T§-4P le(ﬁ%-ftlegi‘a)estructures'i n flexible
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f1 exi bl'e sSupercapaci tor devices have many potential 30 applications in

por t ablgeapskrebased nutatialiand ¢ methekokpreparing the muHyayer filwt acki ng and van der
V\azgs forces between the planar basal planes of graphene sheets often
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[003]  Graphene and metal nahoparticles have been used as nano-building blocks for

assembly into macroscale hybrid structures with some promising performance in

" nanoelectronics. 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 with 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 structufes, 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 storage. 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 potential

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

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

agglomeration-of- the graphene-sheets. during -fabrication-of the graphene-based multilayer .



2 structures. As a result, the aggregated structures behave |ike

particul ate graphite platelets and |l ose the ultra-high surface area

char act erwet202/13830que t o gaphene sheets. Thi s del et eri oREMBEGAINHE9134t he
potential applications of graphene-based nmultilayer filnms in the fields of
supercapacitors and batteries. 5[ 005]Yarious groups have attenpted to -
incorporate transition netal oxides and conducting polyner to paper-1like
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gr aphene’ based hybrid filmelectrodes, |Iimfting em.fromysage in
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above, sé&%aﬁ)a%i?or?%%ﬂte;igg. an inproved nethod to prepare.a graphene-based
ayer filI'm

mul til at overcones at |east sonme of the above drawbacks.
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a net hod of .the preparation_ of [ til fl i Si t al
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| aygr obwef &RkRye- based material on the layer of metal nanoparticles.

In"a second aspect, the invention relates to a nultilayer film
conpri $0G6J nefialvievardpthet dhoives therrd i agregg hior eanb impigvedh mesthed toirenarddl e by
t he met hod according.to the first ' ect, the
i nvent igBEW%F?ﬁ' ?Sgg n{u%nlgy T tJﬂrtni tF'%tyOZ're rc% ?1%?11&@%%% rs?lé?%alﬂz% ﬁ%g;%/g?{agﬁb gglrr({\ieét al
nanoparticles between a first |layer of a graphene-based material and a

second | ayer of a graphene-based nateri al 11[11001%n a fourth aspect, the
invention relates to an ePEMMARY IhPHESINMYENTHON i | ayer

15  [007] In a first aspect, the invention relates to a method of the preparation of a multilayer
film comprising metal nanoparticles 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

d) 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 éomprising 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.



30fil maccording to the second aspect or the third aspect. WO

2012/ 138302PCT/ SG2012/ 000124 3 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0011] The
i nvent i oriv@i2012/13830Ret t er understood with reference to tRETHES2GM2[00eH24
description when considered in conjunction with the non-limting exanples
and the acconpanying draw ngs, in whigh: 5[0012]Figure 1 is a series of
schemati c di agrans show ng (A) a general schene depicting el ectrophoretic

deposition of (I) a él?ﬁﬁdl‘ ﬁE@ tal nanoparticl es;
and (B) el ectrophoretlgﬂgepom I on 1(’)(?&‘2?15‘ graphene ogsc]g (GO, and (I11)

gol d n@(nmp@Et Tht ésvenAoiNm)ill dedetter mgiemoomwnthusfeemoedm trendedaitef] deleription

i nvention 0013]Figure 2 is a series of schematic dia icting the
f or mat W0 d?onﬁ’GPlieFil lélyé?nl'i‘@tlﬁpa?ﬂﬁ]érf ed&ﬂ“déﬁﬁ’é‘gde’ﬁ&}%‘ﬁa?‘?‘{ a]i‘% a(’?%‘ film
and sugﬁ,ﬁgﬂgp Hﬁ? cal reduction of the nultilayer GO AuNP filmto reduced
gr aphene ox del go nanoparticle (RGO AuNP) filmaccording to enbodi nents
O}‘ 5 he [@08\2@ nt iFigure (1A} aAemawfrsclm’magmabd@mas shavdeg (4) zgateed solrenaddpic@ingoat ed
gl ass substrat e, oId nanoparticl e hs coat ed on he l.ayer
of gr aﬁlﬁé‘ﬁ‘ép}@k‘?ttfe‘gepf’@ 10%10?(&@@@6% °BF B B atg}?ld%“‘f@ )dpeiplpngRatiflesy aer of
gold n PRACEb SR RS hepdsilod BE hae bxfde! @OF did rhamdpakl
reduce Crnﬂ} 1Caye SRC(;)O’ Aul\(lguftgitallpm usi ﬁg a reduci ngmaggnt sudc?% as -
hydrazi(AeNH))mbyﬂmgtoevanpO@Qm]mdimgms@fﬁlq igventioopt i cal i mage of (A) GO in

di net hyl f¢ d d . gol A
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and (i1) GO AuNP. [0016]Figure 5 is a series of 1nmages show nR @P% opti cal
)

i mage ofultiayeri G%mNR\me/ RaEdHgAr grapiane rxade/gHe rnamnamwl@ i(RG&X |frh@)
S Sk o SRR P UL ST B FARAC IR (FEMad AR o1
mul ti - Fpgesstednyhagd euﬁstﬂafé; (BP)a Rdt bffeoRl ahndattivigaist cddEd bhlthe layer of
graphene oxide; (C) a layer of graphene oxide is coated on the layer of gold nanoparticles;
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 optical image of (A) GO in dimethylformamide (GO-DMF)
suspension, aﬁd (B) gold 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 i.e. 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 um; Figure 5C:
300 nm; Figure 5D: 500 nm; Figure 5E: 4 um. 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 i.e. RGO ﬁlfn without AuNP
interlayer, taken of the edge of the film.



25 i.e. RO filmw thout AuNP interlayer, taken of the edge of the film
(E) SEM image of the cross-section of a nultilayer RGO AuNP hybrid film
The i nsetwof2012B88308 an SEM i nage of AuNPs on t he grapheRETSGae2/08U24 ace.
The scale bar in Figure 5B denotes 4 pm Figure 5C. 300 nm Figure 5D: 500
nm Figure 5E: 4 pm The scal e bar in4the inset inmge of Figure 5E denotes
a length of 300 nm 30 [0017] Figure 6 is a SEM i nmage of conpact RGO film
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SEM i mage of ,
[0021]  Figure 10 is (A) schematic diagram, and (B) optical image of the flexible multi-

—

~ layered AuNP/RGO hybrid film supercapacitor using free-standing SWCNT film as current

collector.

[0022]  Figure 11 is a series of images showing (A) optical image, and (B) SEM image of
|5  directly grown single-walled carbon nanotube (SWCNT) film. It can be seen from Figure

11B that the SWCNT film is porous and composed of highly entangled SWCNT bundles.

The scale bar in Figure 11B denotes a length of 400 nm.

[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

supercapacitor 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 multilayer'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 Aw/RGO hybrid film electrodes in 0.5 M pdtassium chloride (KCI) solution in presence of 10

mM potassium ferrocyanide (K4[Fe(CN)s]) and potassium ferricyanide (K3[Fe(CN)6]) at



[5 directly grown single-walled carbon nanotube (SWCNT) film It can be
seen fromFigure 11B that the SWCNT filmis porous and conposed of highly
ent angl edWOENN3BIAdI es. The scal e bar in Figure 11B deRO6TSS2¢12[08¢194 h of
400 nm [0023]Figure 12 is a series of graphs show ng (A) cyclic
voltammetry (CV) curves of the representative supercapacitors using (i)
pure RGO filmw thout SWCNT filmcurrent )..0 collector, (ii) RGO SWCNT
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supercamacitor at different scan rates; and (D) the specific capacitance of
AuNP/ RGO fi | m supercapacitors as _a function of AuNP fieposi tion tinmne.
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f er ri cyhoiodsist K3efme(&N) 6]) at WO 2012/ 138302PCT/ SG2012/ 000124 5 different

) ic. hodi k a f f th
of 't he 10E) 1 Hwirey 05i] Pk biie oREeS SRERAEREhdPreciar B Sria, fEditng
RGPH AUNR I RESIyAISEMY [rfdde Ya %{&ﬁlfafré}pﬂ&GtﬂAth irb&ture. co?né_)pr?siﬂgab(ﬂf I&krs of

R

photoresist 'S coated on a suitable substrate; B: the hotoresist is

pat t er RGO wwil tyodaysas pEAnNRy sqpasquttsmeh The sqatoba int daeky ob gligureg174 and

mul til r AuNP f.ilmj.s deposited on the unpatterned portions of the
substr jt)@ qf%&ag%ngﬁ}?@p@cf%‘ti c deposition; D: the nultilayer GO AuNP film
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[0028] Figure 17 is (A). an optical m croscope inage; and (B) scanning
el ect r&ﬁg 2 8 f

M) image of multilayer RGO/AuNP stripe patterns comprising two layers of RGO and
15  two layers of AuNPs at low magnification; (C) SEM image of (B) at high magnification. The
scale bar in each of Figures 18A and 18B denotes a length of 200 um. The scale bar in

~ Figure 18C denotes a length 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 driﬂlen 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, macromolecules, molecules, or ions. Depending on the type of particles
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 fof
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.--



10 m croscopy (SEM image of a nultilayer RGO AuNPs structure conprising
two | ayers of RGO and two | ayers of AuNPs square patterns. The scale bar in
each of RVOUPE$I383DA and 17B denotes a | ength of 100 Am PLUGZ)RI0gURe 18 is
(A) an optical mcroscope inage; (B) scanning electron mcroscopy (SEM

i mge of nmultilayer RGO AuNP stripe patterns conprising two |ayers of RGO
and 15 two |ayers of AuNPs at | ow magnification; (C SEMinmage of (B) at
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present invention refers to a method of the preparation of a multilayer
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di sper Szgféry\fof mdﬁaIOﬂian%papeledeﬁldl a geaﬁhemlbakedﬁdatmalamay drei foemetl ohmvadsoRS an
oppositely charged el ectrode under applicati electric field,
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canpy %&Q%Qﬁ' afBhoBg: Hn%ﬁij of @ tfa%ﬁbﬂ%’iétblcb%naﬂﬁlve |p%EIn'ié?P&OE&BbIP such as
deposition. The particles my deposited on the cathode or the anode,

depend |gmg>heme ﬂﬂxempysg of afoble amfgd-lndade silver ph@spaltadom (D, gdd (Au), platinyien
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are used, the particles are deposited on the anode i.e. the positively

char gedobdle€€elodicke] (D2 IcornaRCa) et Hare 64n) Faappleseaf 2 |0ﬁo@rﬂﬁrvs rpolymer

ila rfllmco i s and
I S o R o ik
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mat eri al exanp trate may be a 10 netal such as a noble
nmet al - blyacéty]ansamd mmdem/iaaves aadcopayunkisve pol yrrer or carbon such as

h | f | t al | A Il a Pd
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vanadi um (V), chromum™(Cr), nmanganese (M), iron cobalt (Co), nickel
(Ni), cgiqspbaw(lgla)lam@f nietd coTY theFgemn ese gmbadlcrtma ahq subétrpt@uy psiumn tin
oxide (ITO) coated glass.
[0034]  The method of the present invention includes electrophoretically depositing a layer
25  of graphene-based material on a substrate. In various embodiments, the graphene-based
material is graphene oxide, which is a layered material derived. from the oxidation 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 substrat¢
30  using electrophoretic deposition may include dispersing the graphene-baséd material in a
liquid medium to form a suspension. In various embodiments, the graphene-based material

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



15 include polypyrrole and its derivatives and copol yners; polythi ophene
and its derivatives and copol yners, including poly(3-alkyl thiophenes) and
pol y( 3, 4-wWOlr12&382 oxyt hi ophene) (PEDOT); pol yaniline aR@TISG01A@04t 1 ves
and copol yners; poly(p-phenyl ene vinylene) and its derivatives and
copolyners; polysulfone and its derivagtives and copol yners; and
polyacetylene and its derivatives and copolymers. 20 [0033]In various
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abl it y9P§"HBY t he particles in suspension. A suitable 5 1iquid medi um may,
for exaoma Me&lﬁﬁlcﬁlhé’tﬁmhgsorauﬂﬁﬂagdhlﬁﬂtﬁhe&ﬁyldf)tl@ﬁdﬂﬁ} detusaddoi Gispdvdec tied Wet
the particles in suspension well. In various enbodinents, the liquid medium

| s an @raphanebasefl vaserialovighini the Jiguisemedivah n some gabedigients, s sispensinah as
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oxide (ITO) coated glass. A voltage may be applied to the electrodes such that the graphene-
25  based material is deposited on the substrate. The magnitude of voltage to be used may depend

on the material for deposition and the liquid medium used. In various embodiments, the

applied voltage is about 15 V to about 50 V, for example about 30 V.

[0038] The method of generating a multilayer film comprising metal nanoparticles and a

graphene-based material using electrophoretic deposition comprises forming a layer of metal
30 nanoparticles on the layer of _graphene-besed 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 valfeady, been. ... ...



20 based material is negatively charged, and is deposited on the positive
el ectrode or anode. The positive el ectrode nay conprise the substrate onto
whi ch dep¥9i2012013882 t he particles is desired. For exanpP€T/SaRer/o0ia4

gr aphene- based material conprises negatively charged graphene oxide
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oxide (1 TO coat ed glass. A voltage may be applied to the el ectrodes such
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di sper SPHAM qitiate {pRSdli Sefrent ﬂ‘é%ﬁ&?toi?éh"eg"lgr%mﬂg cles in a
citratg ed by ther mal reduction
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immobilized on the surface of the nanoparticles. In various embodiments, the citrate ions

————-form-a layer-on-the-surface of the-gold-nanopartieles: -- -



9 [0041] The suspension conprising the netal nanoparticles may be contacted
wth two electrodes to which an electrical voltage is applied. The positive
el ect r odewp.2e12/1383de nay conpri se the substrate havi ng PRE/SGAYIRO0QR4

gr aphene- based material deposited thereon, such that when a voltage is
applied to the electrodes, the nmetal ®anoparticlés are deposited on the

5l ayer of graphene-based material. [0042] The netal nanoparticles may be

ar o rodnrdl " A8 after o AR B ARRIHaARNL el B, SRR €1 o0

regul aglesta®s t8UeHicRSindel&iitieil &oltages Lbgpplied aThe positiad eleotroddccaraiodgnyay t he
metal nanoparticles may otherwi se be referred to as netal n osphere%
10nmet acomanes thsesybsteate hatiag thelayemeligraphqngdusydrmatesinl deppsite g‘eFﬁS’PaF“C
nanopar;t i - char. | ' :

G ametish SUER <R CUBLAT PSR W b RE R GRS BFe 40BIPbTg | e
segfreniayeassgmaphdnerhasghmatedalcent er of a figure and terminating at the
peri pher The term "nean di ameter” refers to an ave{aage dj aneter of the

nanopai@@l@ﬂ es Thanaetaly niropagiclas) #iad Y8y IeBUTy O g 12he!ls SHFRFF the*ticanet er
of eacgm%ealmfst, ! &leem*ag?l tﬁﬁggﬁieﬂes nﬁebﬁerég#]faﬁ RMARRAR! thdt! etamplb! QU Ghehine

term"dianeter” i s used nor y to ref to the maximal length of a line
segnenhapgmsticie niayotgve tahesgniant stapanshch oamec sphege, t avocubei ot 9 tatrahéxdgon.
peri phery”’ nosphere, it. s al so,used g)%rei n to refer to the. maxi mal

f
| engt hAd’For%“}g?}‘rgt?’Eéﬁ parjopalticles Py SHEAVERPSERTY Bt TSI SEPPREeIo

poijgt s 1tRoRBES BRRIcYal ®liraRad@par ti cl es having other 20 shapes, such as a
nanocube or a nanotetrahedra. In various enbodinments, the netal

nanopaf®443] es Timasideanfehea metsd mandranticles may b eberactgrred oy them meychiagstarn a

range bout...10 nmto ahout .90 nm, of in_a ran of. .ahoy Q.r 50 nm
I'n an.oﬁ'ltli‘gge%‘}(a%ﬁn {,'ért ALY er%fl'r?f%g Wéﬁ%b%wrp%ll gggt o anﬁfazé,pgtéhn&[% f%l[é] Neen

about %st_ﬂ{g R0 the) cefer MTOUFigd@ B tedmBAtiAgNat Tie pefiiRty. TR0 RAmt fiiéas may
be essentially nonodi sperse to forma substantially honbgeneous 25| ayer of

met al diamessert tiefaredo @oraverpes| damelspabribe ingneRapdes jawd. may be calculated by
15 dividing the sum of the diameter of each nanoparticle by the total number of nanoparticles.

Although the term “diameter” is used normally to refer to the maximal length of a line
segment passing through the centre and connecting two points on the periphery of a
nanosphere, itv is also used herein to refer to the maximal length of a line segment passing
* through the centre and connecting two points on the periphery of nanoparticles having other
20  shapes, such as a nanocube or 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 hbmogeneous

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 by the inventors of
the present invention to form an optimal density of gold nanoparticles layer on a graphene

- —oxide-layer:— -



[ 0044] I n enbodi ments where the netal nanoparticles are gold nanoparticles,

the el ectrophoretic deposition of the gold nanoparticles is carried out for
a tinme pevpadiyiasieng from about 100 seconds to about 1BOTSEeoR®80126uch as
about 100 seconds, about 120 seconds, or about 140 seconds. In one

enbodi nment, the el ectrophoretic deposi¢ion of the gold 30 nanoparticles is
carried out for about 120 seconds, which has been found by the inventors of

t he pr t o i i it i
ayer SO0, AhEIhLRG bEbREE ARLISRY HRTRIoKisRe ABLERRRERRIY' h %
[ 0045] Brgherd-badd ahatgealaisaig slgctiophokdticl dapesitibn lineloduspopt®nally neteating the
nanoparticles and a %%glhene-based mat erial using el ectrophoretic

deposi tsteph of sleruerRtoraseily daposiineetse daven gf ermpherespasedmaterial apd Srolaxes @ 1y
deposi %&zﬂ &aﬁ&ﬁrﬁ“éﬁgg fo?fond 5@%?@%1 cf@és? rf(?raéxaﬁ?fk fobe, »ayar sof 7':{%'5 g,l

nanoparticles for one or nore additional cycles, for exanple for 1, 2, 3,
4, 5, Q0 of,m8e RiditnaDcyilesmByerepekdingi therabowymertsoneByproepsat fondoritheg the

above- nenti oned processes for formng the_layer of graphene-based terial

and. t hdayehydr erapticngbarecmatsgat AR (B 1aYT (961 B AL JEROPRTIHE e BriphI LRy Him
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nanoparti cle ] The nethod of the present invention
furt hebeobramadses formng a | ayer of 10 graphene-based material on the

| ayer netal_nanoparticles. For exanple,.the nethad of. form ng the layer
of gr a_g{%% - bé@’éd“ﬁ‘?ﬁ’t"&r Pgltﬁ%ﬁrfsr‘?gt I’%Vg’ﬁoﬁf Fralcoﬁlg%?)saf?mf’%sa ﬁ%‘ﬁ?rc% rise
Pr gpar ighghhanSUARE 1RAteHalCHTRId Riv&dof hRt0MARGRIECIEATRA dXBipld, @he niftbd of
contacting two el ectrodes with the suspension, wherein the anode conprises

t he sulfetmiagghtdeyangoft geapheneshased materaal ermilgpdayer cifemetsd psppastclen@aon,

such that when a voltage is applied to th ectr . .

gr aphefeMPHS- B Rt ¢ %ﬁp%sm e‘%g‘&risén& tﬁ% gﬁiﬂé&#éyaes‘rg’@gﬁ%r?gg’gph Egrrl]tg%tén ™9 es.

I n var ieRigo@shoidth teruispentibe, whapinQhe alefie Tohipfigesatht syBtrarfhagingnhe gebes e
material on the | ayer of netal nanoparticles may be carried out sinlar to
the fi megtalsrasppasticlge pensisitechiiceconagush that Wheph ¥ ds applipdttethe plectsades,

desgri hbed . : i rj [ t he
aar oft gPIBKE-pepd SRS A0’ on PRZLREEPEIRRE bIRRAIEELE: Ty SR 0°
subsequaitodihesesithid step of dégwsitingyelayaf ofn@bplienadbaspmateriel es thenaydreoflmagtelr  of
gr aphene- based material, the |ayer of tal nangparticles may.alternatively
be. ol oCERUTRIRIER Pax De waHisd A SR 510 {hfon St 5P L CEPOYE: LAYBE Bf Biaheme-
eIectrQﬁ&g&ﬁ&kﬁﬂgggﬁg&mkgqmg;&the | ayer of graphene-based material on the
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| ayer metal nanoparticles. [0048] The nultilayer film conprising the
met al réevar thveh élsoughdt hdsdbegn dedeahed hearsimdh@3hertayer dfagraphepebesasionatgoaled

w th a.reducing agent. The term. "reduci,n ent. . as used herein. refers to
antzggerﬁ g?ﬂ?&’cte‘g%g?ee?bétir%ﬁ’t‘?”g%éu 'Sﬁq‘éer'il? 89‘?‘5@ Po?if-tP%z‘tYSf Pgﬂlefaégg??p icles
Exanpl @3 (RE 129ef Sb5HHM e BASAtM ARG UGS 1ayRY bf Alefil ABophititldsafayt AlterdativElItazi ne
conpound, hydrogen,” formal dehyde, and hydroxyl anm ne. For exanple, the

reduci retpctrgpimretieaily sispesited dnathe Febstiotep sucsubsrauantrgledirophergtie AePosHiag Hfup.
Exanpl tRe f%];/eraofh g¥zgprh%rzlei:-{;§se ARG (cj)n Elpeal%yw n?e(:f\al nanoparticles.
[0048] The muitilayer film comprising the metal nanoparticles and the graphene-based
25  material may be contacted with a reducing agent. 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 b_e
30 used include hydrazine, hydrazine hydrdchloride, hydrazine sulfate, hydrazine hydrate,
hydrazine monohydrate, phényl hydrazine, benzyl hydrazine, and ethyl hydrazine. In one

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



30used i ncl ude hydrazi ne, hydrazine hydrochl oride, hydrazine sulfate,

hydr azi ne hydrate, hydrazi ne nonohydrate, phenyl hydrazine, benzyl

hydr azi neyoantt/i88i¢l hydrazine. In one enbodi nent, thePCESGRINGORZENt | S
hydr azi ne nonohydrate. In enbodi nents in which the WO _
2012/138302PCT/ SG2012/ 000124 . 11 gj aphene-based materi al is graphene oxide,
for exanple, the reducing agent nay be used to reduce graphene oxide (GO

to form/ §9H§ gﬁammgeg@ﬂ&b@%@ foP b AENALE dul:féllgsa%agtﬁx'ggﬂbetu Gt i ch
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metal nanoparticles and a graphene-based material using electrophoretlc
deposi tpe, Hegyinsulatingegrapkingaxide mayBecAyYaisd pusduced Feaphenq oxide. oriclh e
substr%gﬁ uchi9b. exanple, arigid material such as ITO coated gl ass may be
used as %e Substrate to facilitate processing during el ectrophoretic
depesi [0@9] Fdhesndibed v péneugmgal muhtdayenfilinl @yerisiig meiahnédopaiticles aldw ces

for exanple, it may be neces to 10 transfer the multilayer filmto a
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i mrer si ng th strate conprising th l'ayer filmin an aqueols
medi ummaguh:ehuml asathe rsubdtratal i fegildae ptrdwssaqgudousg nbdtrqphqm;c ddpysidios. Fmt o t he

i nterface’bet ween e suhstrate and the Itilayer fj arate
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subsequent processing or for use in appllcatlons 050] Besi des form ng the

mul ti | dyearidus| emmdlmerm; ah%lmUhda)feaé'lélnas sepatated fiem th@w@tratterbef imendigiag dfe

generatin r C ri.sin r I apd

o1 aphonbogaludra B mubfRyeOrR of spdalEbr o ARREERED of Wil I g oo
Car ri eghdsjuetsd MedianSHBS hiiglak inbRtheiistedBcodtivesed sﬁbitﬁt@arpmh& affdialer As a
result, a patterned nultilayer film conprisi nq nmet al_ nanoparticles and a

gr apherémbiasssraretet B itwp. Ay tsaulb it ﬁ?en@andl% multileyen hlgn Bax ks eyaiped.
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S AL 5 SR SR Pty
pol ynetphydesgiihacioy bsd i appliédeipns. phot o sensitive polyi'mde and epoxy. In

various enbodiments of the inventio t he photoresjst ig SU-8 The 25
phot or é@@%)t mﬁﬁslﬁ‘és dyming thyy WHH%FB r}gﬁ’ R UL e s h esﬁﬁ?“hé'b‘b‘?r f?l? “n

net hod, Ogﬁhﬂé a gﬂultlﬁgbpﬁﬁxp@éﬂq iR¢ it nGRHattRBes anliat GaffentBBsAr t

patternlng et as”phot ol i thography or nanoi nprint”|ithography may
be usedndterigdatsingr ele¢ttophpietit alepesison niblyealphbe earrisdstut msyngbe stbstratedthar om a

no conductl terial, such that ant atterned sub trate

s W edaltimed Sulk sohtsiier st dopasreyibns debnat kLS8 (P 6anEFes iy

' nvent in@Roparti@es hhd lal @¥FKenbivabed matl@iRPsdyese @Btaﬁrﬂ:ﬁ Nﬂ)ﬂﬂhﬁﬁﬁlﬁe&aﬁ@l{ésl ens of
t he substrate ~corresponding to areas on'the substrate which are not coated

With t pbotohesistimsdidst 1m@xﬂarqﬂa@olmptater@ﬂmhlsazaiﬁérpquﬂvmymeamate)
optiona ovglage (Moaresglt f%rmXYIdehy r ed er%l%'lm%ﬁl Efy?altlg h(féﬁMA)a PhOt_O sensitive

polyimide and epoxy. In various embodiments of the invention, the photoresist is 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 electrophoretlc deposition according to a method of the

30  invention, the multilayer film is dep051ted 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 optionally-be-contacted with a reducing agent such-as- ...



WO 2012/ 138302PCT/ SG2012/ 000124 .12 hydrazi ne nonohydrate, w th subsequent
renoval of the resist using a suitable solvent, such as acetone, to result
in the pavoepradsval tilayer film [0051]1In a second asp®CT/SG2He/0pe2ent i on

refers to a nultilayer filmconprising netal nanoparticles and a

gr aphene- based mat éri al obtainabl e byia nethod of the first aspect. Ina 5
further aspect, the invention refers to a multilayer filmconprising a

| aver olalBtR mARAIRAt ivﬁ!h%b?e%g:@ﬁg‘trexgnﬁvlni Stithe k%}’s‘r?rgl?iggiagﬁu_ﬂ&t?g ggg»]%%g 3sgd

mat er i a sec ayer o phene-base used

her ei N as h&®oreg tomesuTtint the pytesmdd thuttilayef . to a structure having two or nore
| ayers of a film The multilayer filmaccording tQ vartious enhadi nents of
the i nieMtlilonIng 3wpBd meREchsignEsbiOn S teta BUHEpYS il ROMPHSIHE MYl

enbodi -t he. gr - Rz '
or aphenaropridoadt £ BapReeARREs nBRE] btiri bl ERRIRABY (18 A LARLIRG
nangpartfiritiedr esspedt, tthe indntioh agéders ftol an haltiayet rfdadcobpeisinges claydre df abetale.

[ 0053] The thickness of the first |ayer and the second | ayer of .the
gr apheRavepastideshhetwerm e bl 1aysr oh@ %raa%ens%aéﬁdr fgfesia ,anfiﬁdsq%avs &B5ERE 2on t he

requir Le-Blseh BEtsRgci fic application 15 in which the nultilayer film
S useg%%en%raslefly, ?ﬂ‘e t hi ckness of the first |ayer and the second | ayer

or t he [@052)he e isad bereimptier iemh “maltilger domi’ refletsed aksyruttuee baving fvonomiore
el ectrophorefic. deposition. The durat.ion required tpo achi a ecifi
hi okndDEToP! & TE: 1 Bp FRHEYe Bop ASIoTT0R Wrtg P TOPIBETAF ok BHSBOoT Bt or s,
fnl;gb. Aol %aﬂgeaf%&%ﬁhaihﬁef d%ﬂlﬁitﬁhaﬁﬁeﬂﬁ‘i&ﬁs eslbs@hRAisal thé Ngrbhieenkibaskdd

lum the type of graphene-based material used, and/or the type of liquid
20 nedimaterial isgriaphenetoaidgrarphdured igeapbenaentide. iSaitabls nafiterirds hetimiay be used as

000 AL o VG b e Bl RRSBRR ' 7, ' o0
mul til ay@s3]fi IMReithicksdsl of BgirsEXyddané ¥ seedrdadydnof gy grapigeneasellmatetiain of
el ectrophoretic deposition, for exanple. In various .
may be the same or different, and may depend on the requirements of the specific application
15  in which the multilayer film is used. Generally, the thickness of the first layer and the second
layer of the graphehe-based material may be controlled by the duration of electrophoretic
deposition. The duration required to achieve a specific thickness of electrophoretic deposition
may in turn bé affected by factors, such as the concentration of the graphene-based material
" 1in the 1icjuid medium, the type of graphene-based material used, and/or the type of liquid
20  medium in which the graphene-based material is dispersed in.
[0054]  Similarly, the thickness of the layer of metal nanoparticles may also depend on the
iequiremenfs of the specific application in which the multilayer film is used, and may be
controlled by varying the duration of electrophoretic deposition, for exafnple. In various
embodiments, the metal nanoparticles are deposited as a monolayer on the grai)hene-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 pm™ to about 450
um'rz, such as about 150 ,um'2 to about 300 um'z, or about 200 um'z.
[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 layef

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



enbodi nents, the netal nanoparticles are deposited as a nonol ayer on the

gr aphene-based 25material. Therefore, the thickness of the |ayer of netal
nanopar t iWDes12ig§30eor r espond to the nmean di aneter of th®CKESGa012/000124
nanoparticles. [0055] The density of the layer of netal nanoparticles may be
about 150 i.tin-2 to about 450 Am 2, puch as about 150 ptm 2 to about 300
Am 2,h or about 200 /m 2. [0056] I n various enbodi nents in which the

gr aphene rkal | : Mo~y et al
manopal e AT mby it BHAES ARRNGRS e K i Wb BV oBLrRL, e
second chaetiviey of theunttlageraphetes. oxi de. By forming the honbgeneous. netal
-nanoparticles layer -the-bridging- effect- of-the-net aI.-nanoi:)tﬁrti es

bet weefOGE | &y @fQurtrasped, thodnvention feiers 62 prelegitodriompssings maltlaves did
gaphen i : . ' Y. S | [ d
o oot Fef e 1R, 2EoRT AR WheED, Wbteih The HiaPnibint i LuRR)
aspgct grdphend oxidet lorvariefie rembodinents | thetdledede drpan slengode womnpiibely er af i | m

according to the second qr the third aspect, wherein the graphene-based

nat er i SYPFLPAGICR NSOy @31@/#1@5@1%{%@@? ‘X‘?&WF’O%EBCg?F%%%l?TB%E%,’ YfemEREct r ode
is an gl eghLode conprised in a supercapacitor, a sensor, a hybrid

el ectrochem cal device, a rechargeable battery, or a netal-air battery.

[ 0058] BYOSBYr nByg farengruthe | maltdayef i film ussingy eldoroph@ptiordsppsitiomptsi naon, t he
nano- architecture of t mul tji.layer fil.m conprisin r aphene- hased

Tt or | AhHpRELOF th dﬁﬂﬁ_&?&?‘f i %H%SC%PW% e ReRETE e ReTen OF oRel | | m
SUGH  agatdparti¥Resn e nbithAkiiReSoPbf thb SilhayiRhss theulBeratthickheds ot i | Y.
Furthernore, lateral orientation of the nultilayer filmmy be custom zed

easi | ylayersougly teneontreBedfasilypBertharmert, daierat pragniatianopidibe mwlfitayerofilny may

mul tilayer hybri.d nang-architecture ner gt NG 1 I&ﬁa '
enbodi rygo Zefihegmfyn@lé ) otﬁ’eﬁlgg Og ﬁo‘%ﬁters%legrﬁ gslt%gerci'f& OS‘r‘%gg%‘%} rreéiﬁ% |8ﬁermay be
attri buieed hand?hrcHgdohgre eleh&ated dccomirg tolbarfbas @atholiméts ofklan@veition has

out - of - pl ane direction between the upper and | ower |ayers of

gr apheseaviyaségni fieane riprovenzeny viish| may be RHABBEA ettt brideeatHedh Py BRS® film
mays benQr'{o%gﬂ{c?e% iﬁ%hé‘%é’" oqﬁghi}ﬂngfdi}e@@od BYEEeh Ol upper and lower layers of a

graphene-based material. As a result, a transparent, ultrathin hybrid film may be prepared
using a method of the invention. |
[0059] Furfhermofe, 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 demonsfrated herein
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



[ 0059] Furthernore, the nultilayer filnms according to various enbodi nents of
t he invention do not require the use of a binder or an additive. This
means t hawotzhe/i3e3kor mance a0 of the filns woul d not bePREH&2IN2OPY124 npact ed
t hrough the use of any insulating binder or a | ow capacitance conducting
addi tive. [0060] The multilayer metal ppnoparticl es/ graphene-based materi al
filmw th enhanced active surface area may be used, for exanple, as
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is recogni zed that various modi fi cations are possi ble 10 within the scope
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r ecit egdéﬁﬁﬁﬁ,‘ Where features or aspects of the invention are described in terms of Markush groups,

“those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

25 | EXPERIMENTAL SECTION
[0064] Figure 1A is a schematic diagram showing electrophoretic deposition of (I) 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(), a negativ¢
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-. .- .. -



20[ 0063] Ot her enbodi ments are within the following clains and non- limting
exanples. In addition, where features or aspects of the invention are
descri bedwpreot2e38320f Mar kush groups, those skilled in PO#/S&R012(00124

recogni ze that the invention is also thereby described in terns of any

i ndi vi dual menber or subgroup of menbggs of the Markush group.-

25EXPERI MENTAL SECTI ON [ 0064] Figure 1A is a schematic di agram show ng
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toward a field-emanating surface. Therefore, when the electric field (2
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anode iumtin oxl ass que ormed a layer of
film oprdcessed besefupively al ternately nmultil ayer GO’AuNP films 15 could be
constructed on the conductive el ectrode by repeating GO and AuNP deposition
pr oces$&¥6 &on?éé@?layépﬂf’cf@%ﬁfEﬁ@ﬁ%?gfrﬁ/thﬁlf?}i%’g@%?%fg@eﬂescr| bed in the

ot do- ST aile AERAEA GO GphbRC IR bR ALBHABAIE GO DME
i de- Di et hy colrordal
suspensuspensian prepar ed. usi ng the procedure outlined bel ow

20 [0068] The GO colloidal suspension was prepared using the procedure outlined below:
Briefly, 1.5 g. graphite was added to 35 ml concentrated sulfuric acid at room temperature
“under stim'ﬁg. Under vigoroﬁs agitation, 0.75 g sodium nitrate and 4.5 g potassium

permanganate were added respectively to the mixture at 0 °C in a slow mannéf.
[0069]  Subsequently, the mixture was heated to 35 °C to 40 °C in a water bafh 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 ml of water was added, followed by a slow addition of
10 ml of hydrogen peroxide (H,0,) (30%), whereupon addition of the hydrogen peroxide, the

color of the solution changed from brown to yellow. ,

[0070]  The mixture was filtered and washed with 125 ml of an hydrochloric acid (HCI)
30 aqueous solution (1:10) to remove metal idns, followed by repeated washiﬁg with water and
centrifugation to remove the acid. The resulting solid was dispersed in water by

— - ultrasonication for-5-hours-to-make-a-GO-aqueous suspension,-which was then subjected-to 30 .- .



Briefly, 1.5 g graphite was added to 35 nl concentrated sulfuric acid at
roomtenperature under stirring. Under vigorous agitation, 0.75 g sodium
nitrate aMNO 2412513830p0t assi um per nanganat e were added r espEFSIGReI2000124 t he

m xture at 0 Cin a slow manner. [0069] Subsequently, the m xture was heated
to 35 Cto 40 Cin a water bath for apput 25 0.5 hours to forma thick:
paste. 70 mMl water was then added, and the solution was stirred for another
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suspension was dried at 40 C. The resulting GO powder was di spersed into
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0074] rrg reparatron of multilayer hybrid fi1lmby electrophoretic
rret hod [0975 75](1@) a@ddAANNPIalyagsewrewe@rétx@@tﬁétbm@teéaowr@r%&qttﬁﬂhm ét POet hod
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Tve and ega ve e espectl ve
negative electrodes, respectively.

[0076] Example 3.1: Deposition of GO film
[0077] Before depositing GO film, the indium tin oxide (ITO) was treated by argon

" 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 GO 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 hybrid 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



[0076] Exanpl e 3.1: Deposition of GO film [0077]Before depositing GO film
the indiumtin oxide (I1TO was treated by argon plasma for 10 mn. For the
deposi ti oNoa@b1233830ayer s, GO DMF suspension (0.5 ng/ ) REF/SBROVYeA24as t he
el ectrolyte, as shown in Figure IB (1). The distance between the two

el ectrodes was 1.5 cm and the appliegyvoltage was 30 V. Under the applied
vol tage, the negatively charged GO sheets mgrated towards the positive
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| maccordi ng to enbodi nents of the invention. (A A first |ayer
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mul til gy e u@@ﬁﬁyNP filmis chemcally reduced to RGO AuNP film 10 usi ng a
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[0085 Raman spectrum can reflect the significant structural changes during the chemical

15  process from GO to RGO. Referring to Figure 4, the intensity ratio I(D)/I(G) of RGO/AuNP

films is slightly increased in comparison with that of GO/AuNP film. This change is
attributed to the increased defect cdncentration 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 hybrid film

[0087] Example 4.1: Analytical equipment used

'[0088] The morphology and the microstructures of multllayer hybrld 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. A

[0089]  Example 4.2: Optical and scanning eléctron mMicroscopy 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 electron
30 microscopy (SEM) image of multilayer AuUNP/GO hybrid film. Figure 5B reveals that Au
NPs are sandwiched between RGO layers. The layer-by-layer structure can also be observed

—from-the- SEM -image-of -the-fracture-edge-of -the-multi-layered hybrid film,-as-shown-in - -



[0084] The nultilayer GO based hybrid filmfornmed was chemi cally reduced
usi ng hydrazi ne nonohydrate (98 %9 at 90C to obtain a multilayer AuNP/ RGO
hybri d fiwm20r2f38302t o Fi gure 2D). [0085] Ranan spectrum CEm/SIGa012400124 he
significant structural changes during the chem cal 15 process from GO to
RGO Referring to Figure 4, the intengty ratio I(D)/I1(G of RGY AUNP fil ns
is slightly increased in conparison with that of GJAUNP film This change
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Cross-sectl
RGO/AuNP hybrid structures may provide effective diffusion channels for ion transportation,

and form conductive bridge between RGO layers, which is of great significance for its
potential applications, such as electrochemical electrodes.
1 [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
nanoparticlé 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 acﬁve surface area
of RGO compared with that of the compact RGO film, which refers to a multilayér RGO film
25  having no AuNP inter]ayer, prepared under the same conditions (Figure SD), 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 réduction are also

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



a multilayer RGO AuNP hybrid filmwhere AuNPs are sandw ched between RGO

| ayers. AuNPs are honpbgeneously dispersed onto RGO surface, as shown in the
i nset of WOQOR&38W2 In nultilayer RGO AuNP hybrid fil nsPCTISG2¢aptiahe
nanosheets interact with AuNPs through [0 the |arge basal plane area, and
at the same tine the | arge graphene npnosheets are al so connected w th each
other and formthe RGO | ayers on the top of AuNP |ayers. Significantly, the

B R e et SN T SR et

conpactibat ructures (see Figure 6). Figure 6 is a SEMimage of conpact RGO
filmi. e. RGOfl | m 15 without AuNP interlayer, taken of the edge of the

film mﬂﬁ MQM&@E%WRGO’AUNP hybrid structures may provide
effecty {ﬂe sé}aﬂe@w% ﬁyﬂrﬂf"ﬁ?ﬁ%%ﬁf@&d A t&20ndeRtin GG ve
bri dge a ers rch”1s of great signifticance for its potential
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rmltl-layered ybr | ano-architectu el tro horetic 03|t|on
coul d elhyipgef ?feOfstg? BEE‘{ﬂtémotfmﬁ)?grA’i“éﬁJf ?‘i/ eﬁg’ﬁtlr)‘? Sﬁaﬂiqslf&pnﬁuq\t'ﬁg PNy s and
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nano-architecture, Au nanoparticle |ayers provide a support” for the RGO
| ayer s degrehsad oiith thhéncsedse oﬁ@@b&b@pw@ooﬂlmﬂ awithr an inkcteapeior thaslessityhdf space

bet wee ayers L nproyves th act Y urface are C ar ed

ot s Pt SgP e e TR g Bigh ot Fag SR SRS apRy e B F5 | m
? 50hagb&gt\pge,gghlﬁtfd}tt@é&ﬁgy&rctRgroaﬁgﬁed under the sane conditions (Figure
5D) which is of great significance for the applications of RG) such as

el ectr bQQ?éﬂn c Rlefesting ta Ecalsre dnavide theonereage0DoANINE rdenesiHon dmegmong Aedset
Cont o AR P P ive YleRouf bhE O AREARALLE of HEIaE: BRIRLNE M prghar oo
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pot ent ifahs &outdtbe nﬂ&'eaSMIAﬁ conNCEve b s?iihdi)é’ A‘iﬂ)l‘l:lsbmﬁwimad (betrv&(étjd((i}on are
al so negatively charged (zeta potentia -25 nV). Therefore, processes

such alpysfst ‘@mﬁdtbémngwzys&ase@e@ps:rhes@fcqulmqlsﬁ?tleg bstyessnghe yRpesrand

| | AuNP:
T 103 AR ARSI A R Ror B BB RN el RO TR e S b d
fil mwdecreasbs eviet aduimctease om &P odepofitidn NEge. SItV\mdh:_atﬂsgfhat: enodistivity tof
of f oot MFEHE HOoUAHRP R et sl ps e Hiaets igal PR ERaRE CaRa PAINP
densi t bﬁﬁ%ﬂg gﬁ?&ttdf | et Dlt- S }BIH& dﬁéctl%ﬁ'gl'?@vé%ﬂ@ﬁe igher aERlvef RSLRE ance

of the | mwas decreased with the increase of NP deposition tine,
and vv| bf\ thmRGlQ:imse Tharefdre, thethsimyltitdyet RENANPE. hitral oamdarchitacturg, odt

2@ hd f §R ytfﬂ)]gs ‘iﬁ? lwseco?eig?%otge %\I agg § grsa 1E)r|1 F thdmhee% Et%ls%bc%lrjl}lec}tm ge of
RGO layers well. .
'[0097] Example 5: Transfer of multilayer AuNP/GO hybrid film to flexible substrate

[0098]  To meet the requirement of flexible devices, the multilayer AuNP/RGO hybrid
film on the substrates that is not flexible, such as ITO substrate, has to be transfefred to other
25  flexible substrates. Figufe 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; (B) free-standing
RGO/AuNP multilayer film after removal of ITO substraté; (C) transfer of the multilayer
-- RGO/AuNP-film-on-a- PET-substrate—



[ 0096] Referring to Figure 7, with the increase in AuNP deposition tine,

nore AuNPs would mgrate to positive electrode and the AuNP density on

mul ti | ayewo@u2Aassid2hybrid fil ns woul d be i ncreased. As ®Om$GROI20801R4 | dges,
nore AuNPs sandw ched between RGO | ayers woul d bring | ower resistance al ong
t he out-of -plane direction between th20upper and [5 | ower | ayers of the RGO
| ayers. Therefore, the sheet resistance of the RGO AuNP hybrid film

decr ea? 9‘;]“ t h‘fh@%lilﬁ_pcl &3%8uded ngﬁﬁﬁﬁi fiin®Wab pBintd falch 8 £4RLESO b E6r
conductivity of nultilayer ybrid nano-architecture shows great
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ot her substrates. (A) A nmultilayer RGO AUNP filmon a | TO substrate; (B)
free- sts'alPﬁmaFﬁg( reown iigwe§Cayer filmafter removal of |TO substrate; (C)
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substrates tor applications. 5 [0 Si nce the O surface treat'ed by
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and the surf.ace R AuNP hybrid fil.ns was h ophabi ter

o1 owl y TP GRS SR SR Y PP el e B et VR iep SR B 1 s
to sepaattas bb@fransipRaiteBikeAlltMbleisibsitagar | y showed that the RGO AuNP
hybrid filmwas free- floatrng_on the surface of wat er (as shown |n Fr gure
8B), wiPQI92br Exgmple c6: : fetgrizad pcable | myltilpyern fily

i:ilg rteo otrrégracsl%tl),sstrat es, such as erxr bl e PET substrate (as shown in

[00103] Since the hybrid films with multl-layered nano-architecture have higher active
electrochemical surface area and conductivity, the hybrid films can be used for fabricating
supercapacitor devices, and neither an insulating binder nor a low capacitance conducting
additive is required. In traditional supercapacitors, metallic current collectors (rrietallic foils
25 or foams) were normally used as electrode materials for both anode and cathode in the
supercapacitor devices due to their poor conductivity. However, use of metallic current
collectors will make the supercapacitors too heavy or bulky, which will limit use of the
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
density, large specific surface area and high mechanical strength. Although specific

- —capacitance of the SWCNT._film supercapacitors was generally small, because.the SWCNTs .. -



[ 00101] Before peeling fromITO the hybrid filmcan be tailored into
desired shapes easily according to the demands of the designed devices.
After peeWDrg121383021 TO, the hybrid filmw th desi gned slkapsceen/obe2é6bt ai ned
and transferred to other substrates. It is also noted that 15 the addition
of AuNPs has little effect on the fleXlbility of the nultilayer RGJ AuNP
hybrid films. The flexibility of hybrid filmalso provide the possibility

of di r%ﬁhm&aﬁ' A%t B bluhdled, WRCK FRIEE s %ﬁwexew&h%&pmea%a the
t echni ques, "such as using a cutter, even when the hybrid fil mhas been
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Fabri cati on and characterization of flexible multilayer film 20
super c&PHERLQHENO800103] Since the hybrid films with nulti-Iayered

nano- af G@rds?cteynﬁrpaW% J%&hﬁ;r c@fdni \é@n@dt&@t swmemfgai h&UnhAE Bd PPl ed M6k

conduct|V|ty, t he hybrid |.ms can be used for fabricating suggrcapamtor
devbcesise asdumenit tchbectens: l)nEm amlvrcgntﬁi\ﬁﬂblfr filons ke hesd asaqyarent el tOCSOﬁhﬁ)CtI ng
addi tive i U|red In i O ercapaci t tallic 1GUEL

ool ] botcan alsp e Fipapiiek Belalic "Bk a2 Oy BRI ABF il o Sulf BREE R,
mat eri ghfehto E:olh)&td}s adHad Ba v GhoC 3bMEBEtiGM th hiieS BRRALEARAC 12 OThélaHickass doe t o
their poor conductivity. However, use of nmetallic current collectors wll

make t Heeestenbing apWENr film ot5eth easy FuBENth gPISEIoThEath bei pbout j severalsundred: he
¢it t ht .
063 04 e G sifh LR A Beri6a, HE Rak Rl SIS ks WRRGE- ANer M0

colibectikdt df 3fetdlN6 terpeht @bllevedral These hrai dfpreut sf@&?ﬁﬁnc&ﬁﬁ&l&&@p&mﬁtoﬁa&m hi gh
conductivity, |ow nass _densi t%/)s | arge specific surface_ area and h'rﬁth.
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cur r entl 0@ }{e dgpre 19408 s pe I‘% SSIPrEtﬂ%ﬁ Iﬂleélbf‘ij\/%s‘tlayfﬁq%l ég‘f"g’?%aasmml
f' h® h?@FH@n%ln@@\dﬁé}EﬁﬂgﬁoF Qﬁmg ﬁ'é@stﬁi%lﬁg”g\ﬁ@\llcqhﬁle% Qugrentl koMtorOMpe can

e used as curren | ectors, they can al so provide
capam tSAVMCANT Kbhsilvwdre d‘impill$ f@lvrldatmirrby ﬂmtmgeca(tﬁlh@rcmmn@l waaubdepmitionus ed

as curr IIect e no, contr.ib on 2), The
Tt chnCYmy b ignnt C6Ree T R irtistoL itk tholiRe ERT SRIHR RS, A,
about %B?’SEM iREE6 Ldir R OsTEIvarSWOBVERIR 0N dambeBreh G FigirenEIBS tidentsd ty of
SVCNT mis nmuch snmaller than 10 that of netallic current coll ectors.

These " a‘SIrV%Cb}fT fgmeigmoriugand cerapesed b highheenianededodWAN T Bundleshat are limited in
?ﬁ% gviaﬁhe penet?lg ol n&gfé%&?@re@ﬁgﬁ%gl‘gﬁlhs rnto %%lenﬁﬁlﬂg%eggeviggrﬁggtdf ﬁg
to a higlfospgiptdad (ﬁﬁ@ﬁﬁi pelpetylene 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 oﬁ the PET. Celgard 2325 served as separator
25  and the electrolyte is 1 M non-aqueous lithium perchlorate (LiCl0,) 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 supercapaéitor using free;
standing SWCNT film as cuneﬁt collector.

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




[ 00106] Figure 10A is a schematic diagramof the flexible multi-I|ayered
AuNP/ RGO 15 hybrid fil m supercapacitor using free-standing SWCNT film as
current AuDI2e138302The SWCNT filns were directly fabric&CE$Ghy12fob@asi ng
catal yst chem cal vapour deposition (CVD) (shown in Figure 11). Figure 11
is a series of imges showi ng (A) opt2zal imge, and (B) SEM i nmage of
directly grown SWCNT film It can be seen fromFigure 11B that the SWONT

fil f I 1[119&107
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terepht hal ate (PET) substrates, as shown in Figure 10A The fabri cat ed
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usi ng PR U Pg SWONT film as current collector. --[00108]
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with SWONT filmcurrent col]ector, and(lrt\ﬁ]AuNP/ fllm 1thS film
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cuyes EYR, %&&?&P@f&fe%dﬁg%{&uiﬁmeé b% me%&féa HBLen FHREE qmqg Exﬁélle'f}t fn

erent ‘scan rates e specific capacitance of P/ RGO f
super C apderith Gompas siolfwmf‘cvrloﬁleo(flw\mm\lll’lgmpo@& were nmmmllzﬁcb[com,laﬂqhomlelnC\/s of

th b t ul . it hi
ot eot daeranap. oPha e R Mats vk g B il FPLGR B loPa R S DR or
and t hatm RiEdIbRSRseeaCniRARNE ﬁqa@iheeS(W@N"ﬁﬂlm%ﬂéhtd@ﬂl%ctp%rccﬁh&éﬁfé&ﬁg@m cal

doubl e-l ayer capacitors. The inner integrated area (current x voltage) of
CV i s trérbicp thieESRerigha superdapaditor nleciedassBesifiesns] W ofnthe JaP/BE&Yisas

b catubonpe ik S RAOST R R R el bl it B Rl GO e Rgfilde, o

i s smalhk®s smhNerOESRI int @nesHiRa Gvit RGO FHlmVeélkectrddee TEYSrehsdnFingyirbe thaiheer e
normalized to 1, as shown in Figure 12B. Wen the SWCNT filns were used as

cur r entaddigpn QE AGNE's wilh éncs‘Faép@e(ﬂoanth\% of thedhgPdHB- el y i ncreased,
| Nl Cah g of Nigddd 2Ny e B0 R O£ GOl RELA 5@&@%@@@6@% ¥1§{;t¥<%c{$gduce

the ES uper capacl esr
AuNP/ R@EpdrSapB&tdraat Qefiferbitageat hates. dfpr@ﬂ)yf fhk myéln@fzdtarﬁmetFy gpw cﬂ@@ of the
i ndi,cati ng AuNP/ RGO fi |l m el ectrode have. s lLer ESR in ith RGO

fiPm elséﬁr?%@torﬂ%w?é’é%rp%@ﬁ REEOHEYP PWCLQB’PW e&]fre% PIPe Y ease
the copdyoetd yidw Rl&@l%ﬁ. {rdl s&a(ﬁ%%g]amlf b & olmh §&9"i’§tetorfq 06V ves of

a representative uNP/ ect rode
indicating an excellent capacitance behavior and that the AuNP/RGO with SWCNT film

current collector 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/AuNP hybrid films with SWCNT film curreﬁt
collector have very rapid currerlt response on voltage reversal. The specific capacitance Cqpe

————Was estimated from CV. curves.using Equation (1): __.



supercapacitor at different scan rates. Typically, the cyclic voltametry
(CV) curves of the 25 supercapacitor device based on the RGO AuNP hybrid
films showeaoressxagul ar shape fromO to 2.0 V over a wPE#/SGang®O@R4 vol t age
scan rates and even at a high scan rate of 1000 nV/s, indicating an

excell ent capacitance behavior and th23 the AUNP/RGO with SWCNT film
current collector have very rapid current response on voltage reversal. The
addi ti\(m Qlf AuNPs i@pr_ny/g,% t he speci ch capaci tance of the supercapacitor,
as sholCilA] Fi gure 1ZA. '30 [00113] Al )o it was suggested that the RGO AuNP
hybri d§o115% WHeke ﬂéchﬁﬁésFIbﬁdiﬁg Bitrerft OF HRCIMagh ayicdad0.8 AP § isCHE kedt
response on voltage reversal. The specific capacitance Cspe was )

est i matrad, indbm GV theitotek mass rod theuastiverelqcirpde mygterials. The calculated specific

2012/ 138302PCT/ 012/ 000124 .23 [00114 = ./ 1) [.00115] wh | i
Che- cotroRTm Tdre T eRngre SR bRkt TS T AN Ierbs g i WRSbR o

rate, @aq:(/igrhti Sschheatt of 8lmvyess of the active electrode materials. The
cal cul ated speci fic capacitance of the correspondi ng supercapacitor (120 s

of AuNBORdpdsiFigune 13 ised) tynies! adyenostitie shangg/digcheres curyeraittee edrrent donsgty

[ 00116] .Fi gur 3.1s typical. I S [ I e.ct - at the
curr en]tpf&ég/éi ?E’/tjﬁgfs ae 273 ‘é%gcrjnre%tlﬂrgeads%ﬁggdter\% g %Cfr}r%%% ?‘gllﬁlgéss Ig%g@ ga. St%\{ Eling’c har ge
curve iigdieiagl ¥ gdodtdleitGidl doubR, ldyetlipedbinighca Fhe dpedifictdapadlancohl.eof ayer
performance. The specific capacitance Cspe of supercapacitor device, was

cal cul svraIcapReitarcdaviacanes culevlated feomarqgastantseyEngG Chagerdisehares tyTveo BBING i on

(2)'_ [%%%&tﬁn@.pe: (dv I dt)m(2) [00118] where | is the discharge current,
dv, 8t represent's the slope of the discharge curve, and mis the total nass

of the SWCNT film o both el ectrodes. The cal cul ated specific capacitance
of the[P&dlti Ty @i/adh ayer hybi®d fil m supercapacitor is about 65 F/g,
whi ch 15 agrees well with the above result from CV testing.. The cal cul ated

ener gy [QHSi t ywhewelsbe/dischargenreeny 4\gdt rearesents digeslensnti theilisrarag cuiekg and
e AT PR SRR o ST, Ty S Mopd sl sl ance
el ect r eagacitaicer dfatheolesiniah nallglayerokds)d Hfm rsapercdpanijonrisl siouayérF/gy btidh fil m
su;l)g,‘ ' C%gr%(éis tv%ll i\fritﬁgthié\/\g&ogv'e result’ from CV testing. Thé calculated energy density
(W=C5peV2/2, where V is the voltage applied) is 36 Wh/kg and the maximum power density
(Pmax=V2/4Rm, where R is the internal resistance, which can be calculated using IR drop, m
. is the total mass of the active electrode material on both electrodes) of resulting multilayer
hybrid film supercapacitor is 49 kW/kg.
20 [00119] As a control experiment, wé also tested the supercapacitor devices made by the
compact RGO films (Figure 6) without AuNP “spacers”. The specific capacitance, energy
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 supercapacitdr electrodes. Furthermore, the specific capacitance of supercapacitor based on
multilayer hybrid film is also larger than the case of reported supercapacitors using compact
graphené films as electrodes, and the energy density and power densjty are also much larger
than the case of reported graphene-based supercapacitors and the Commerciélly 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.



20[ 00119] As a control experinent, we also tested the supercapacitor

devi ces nmade by the conpact RGO filns (Figure 6) w thout AuNP "spacers".
The speciwDeoRaEawRt ance, energy density and power densiPCY/S6GR012/000124
super capaci tors based-on conpact RGO filns are 23 F/ g, 13 Wi/ kg and 27
kW kg, respectively. These values revdhl that the addition of the spacer,
AuNPs, in the nultilayer filminprove effectively the performnce of the

RGO 25 @d{@@{cgu_m%ﬁigg@r ge! %F&?d%%- imphq@g,ﬁont h§ms P& ft&&ﬁaﬁ&s agice of
supercapacito 'S al so larger e case

of reps_u@_d_gﬂ&rchmdlmldhsmommbmam filnephene filns as el ectrodes and

" epor { S B by AR aRaEE dbaei ¥ SRR N deeniErt et Joa saleiafie”

SUper C@R@\ﬂ%!&tféﬂ de V&S il mﬁmyudﬁrﬁbwthelremtswtme@m@ hBQ%én g%ﬁ!slhgly 2-10
30are mainly based on porous activated car bon.

2012/ 138@@2@@11!16@2@@/ c@@@qmwzsmf [somergan]acmaﬂvps;eé @ theRGIAUNP Iaybrxid films

noDoD s omely R B BRrALER SeRe ot e FARA Ih¢ Aedestheime s felS uRE TROND

deposi t4Q@Rd4, iR spcdiR Gphdtahad 60AaNE/RGOL IR el ectfods iRkBased WHhOAH Biceddd mFr om
the results obtained, It has been surprisingly found that the specific

capaci depfsiongime, Udewevssavherothe depesitionfimehis ngeythamihsasends, thq sascifie

st rongl Iate NP ion tinme is

| ess tﬁ%prfl ﬁ g?o dﬁﬁ%(ﬁee%mggl ?ﬂgﬁégg%ééhl ngr\é\g%p nﬁﬁﬁﬁ%@*‘%l m el ectrode
I N¢o eas@r 29 t MNP lapersgasede B sdﬁﬂﬁrﬁfdrlth)é\rddluﬂai gidpheiearxideMRBOY hgetbepdsi ti on
time is nore than 120 seconds, the specific capacitance of. AuNP/ RGO

el ect r syd dag sebbaggiesation ARG faverdte IP‘HG%F%% pqtive ﬁlqcrrﬁéhenyeal[seofmezireaxu NP
| ayers s t e and
oy o HRL B THORAly PRI S E0E AIABRORE NP dtnd Bior StGO

el ect r twyesndondletslyr dralc®nar Egmnl-dffwhaé&GOvlhm triag ageregatey Wath the ihftsasesofnot

| arge enough, Au NPs can ot. su t he S and
oo e AN nsibenting Gl 129 SaE gt AEeropted f9aen Hone G TV E IR 1y
dg'iS Nggsé eﬁéﬁtédil %aﬁ? RO ﬁ%o H%rsa&ﬂ[(?gcs"'s@ﬂ)oh%g'c@ﬂlpgtelﬂ/ hren dRord, e h& weoul d

arate d’finally the RGO layers coul d be supported co letely.
Ther ef oleetroaﬁwmlmtsunfs:e@lrm\wddFmermraase@ withdoercagedn danuilyd uNRG resulimg wi t h

i ncrease_ i n den5|t of. .AuNPs result ng in th se of ecific

capaci {hHESHRS ¢ I?Be?lﬁﬁ canastange Wty ggﬁrggﬁe 9 A’}ﬁ ﬁﬁposééonsﬁ% 25 Siklo}ylngur e
12D. Aff giourba2BCR R Y8 RGBS esUpGersufsbrearngiatly, if the dbssigestsA s Wraf Au
NPs was still increased, sone Au NPs would have little effect on the

suppor was still inesearah spapgeks NP voulkbbasgdittle efiee onAhnsappagifor thetRGOHax#s.0 t he
Su r,(g ac ?—Iolv&ievF ds's{%l %1{1?1% qgguld eagtgghe Or%tlaethé‘%x' y& oq4 a1 lgggfg %& %du%g tﬂ@&&w@r ea,

ecrease Speci |c capacCi tance, as shown in Figure
12D. [ eRtZSdhemicilBuefals afchf emichofvﬂmw tetiri docraBe dfepedific appanhtgnse of
supercapam tors based on the RGO AuNP hybrid films a5[00124] In order to
f urt heshawmevEigarilihe ef f ect of AuNP densi ty on specific capacitance of
the SUPGN93Pagishilzle OElG Jghp HenBEVADRIAL Lifacinl el ipkraipitiesd t he
ef fect ot “Stam rate—om the SPECI 1T C Ccadpacttance Of tne supercapacrtors with
differ aaiedAui\Eed!e@mAnNBmvﬂxrhbﬁlxﬁsOOlZS] Figure 14A is a graph show ng the

f t f.the AuNP/ il t th diff t
donssi LR HeORE G Rrbamdcta Gogieect Thab ST RSO CMS s Tt he
AUNP/ Rg2 sfugéﬂéh@é%{s%%&b&s@sféfmbmﬁﬂﬁ ff%ewte FBRE Shuliicanhd EfTEet @?%a‘ﬁ%%s

conti nual | h the increase of scan rate due to progressively |ess
ef fi ci enthd spfecﬂﬁbrcapacﬁmcafoﬂtlmwpem’apacuths wittpdiffeatnivdaNPdddpbaitienticRGO | ayer s

(2)];) 1t2lhi é@géigg‘?‘}ég B;O?b gx?g %8w£nagt fhe 'speéai%c 'cgrl)a%\ﬂgxgcesocfatrﬁe AVI\RIP/RGO film

supercapacitors with different deposition time at different scan rate. The spe01ﬁc capa01tance

30 © of the AuNP/RGO film supercapacitors with different deposition time decreases continually
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 . .. .



25 rates, the diffusion of ions fromthe electrolyte can gain access to
avai |l abl e gaps between different RGO | ayers easily and penetration of

el ectrol yWp@0126138302nt 0 t he gaps will be greatly deeper, PCE&G20G/00@2& hi gh
speci fic capacitance. However, when the scan rate is increased, efficient
infiltration of ions into the gap bet¥een different RGO | ayers is '
progressively less, bas a result, there is a reduction in capacitance.

[ 00126} 4k 08 difusion SNRRS HoMthd BedlfRiR e heshs & aSARBld MR KRwsde
speci fic capacitance, the curves of specific capacitance as a function of
t he scdifferaitRGO 1Eyauessilysadwenerationmdldectrdlytic ians méo deagens iwill Begueasly1 4B.
AuNP | ayers pravide a .suppor.t for the reduced graphgne oxide .(RG)) | ayers
and obag?ﬂ‘?r’t ]‘ﬁ%(ﬁa%tﬁ% aﬁ@éﬁé@ﬁcl f’fCF%arCétﬁ?ceR%eré’?égggeDnB&‘Fosrcgnf eA%J I{E%rzassﬁ por t

the ROHIARNSAIGAIN 6F Y inth MEe MFFet@bed alferdi® WGO b@yér@i-‘s&ﬁ?%&ﬁisiww hesgn
| u

increase in the densi% of "AUNPs, resulting in that the sion of ions
f r ofn t heaed¢solit theleyis e rasntiomincagag@see.t o the i nner of the filmeasily and

deeply. Therefore t _higher, densi,ty of s, the s ifie-cC 1tance
ir ops TRUBLoa8 ity et frfipli s et REan T8 oBREE St BRRAEIRRE o
120 segndarvAsNP spesiasi éailp@atahicéras AFursdfionnofi theFs@ur @itel 4B.Figaredil$aussed
above, 15 after the RGO l[ayers were supported conpletely (120 seconds), if
AUNPs wasmalizedl [to deposhavarl in Figiwe IABNPINT fayersapravideta suppertsfae theoredped
upport_far the I . fe?ﬁ k the
di f f usi rons in e’ inner o I'm ich w make the specific
Supp gBaﬁ)ggl%e ox1deR(@C{(%y?J&§rs%H &tglﬁdtyggakp%eme% cﬁﬁfertenf Fg..l%ﬁ)sia ]?éfglcé

capaci AN, sippes the RGANEyeR tympletely thenrdanofFgapsreodld e increasdd0@itB Zn As
nment i oned above, the SWCNT fil ns have excel I(g?ftg el ectrochem cal_ behavi ors.

20They irGeaAsE ibthe deagitn el AudEss wadang ¢n thab ths Atysign wf ieny g ghe elgeirehys

[ 00128 I Qur [ %]ﬁ' LGL L T | ﬁ,d&- usi ng
SWCNT #?{r%gl{gsgcgégﬁgr{[tﬁ eco 3’?? %é;'ﬁﬂ'}&féa Fl@}?vaf%&;gﬁ%{%tglﬁer%éia'} h(‘f)%}ﬁ\}l\gﬁsﬁ ef i ned
peaks anANRsbeerspedfic oapaeipmedirops less dbmepthyedoh theemcteasmoiothe scan rate during

Fe(CN) 637Fe( 4" and . t [ntensities of the anodic. (. pa),.and cathodic

(1 pc) %%‘ﬁé&ﬁ?&ﬁi/%&gafle???ﬁ%‘? eV ?FgShtOWQ_tmtalﬂE“’éq ]e{‘?'r‘%)c‘?fé?ﬂsﬁeéﬁbﬁyﬁ?cess
on 25 tie BERAD 149! $&k sBplforied cORPRitely eVRT SbA®), iBASNDE Svasfill Geposied,seen
from Figure 15A, t'he peak-to-peak Separation is increased with increase in
scan r ghes ANRygbatliang littheeffred oh theesuwpsit fbrethgdiaQilayers ogldoxmiu¢d thgarea

el ectrodes. At hi can rate,  it.is.found.that .vol [ .

i ncr eaé’?ﬁ@ﬁ %apdi@flg[ﬂ?‘g(dﬁl‘f}r%&??% otvéqnls latc?ctﬁﬁémeéd) fr%%%?%gg'gfcr cﬁgﬁ%ﬁg%éhe

Fi gur e sp&lid Sapacitin@ Broph avdre gbrupey, @Yshéwn AUNBGRORMI | m el ectrode usi ng
SWCNT 30 filmas current collector. Conpared to RGO film the anodic and

cat hodil@013dhk #samentipnid pb@ice e, SWEAT Btmuhaiegrodicah elegirechenyinl ©ehaviggst hat
bt F3ieh hilh BEMLER AL & BBk L IRLCRAERIRY. curr et peaks {0
S) __ and_se IVIty_'o0

background _curren rati o_and_Sensi sensors. _Besides, the WO
2012/ 136302 PCFigine0MsN Q08 krph2fepictitigxhe GVsesft RGD filhe el REMEWIWCNTI i | m

has smal | er peak separation conpared to that of fhe film It reveals
that t AemagNopmesh sliseiog At IlpveP@Bt 1ol es P@\Bu?fgwﬁhif@ﬁf%pe@fseé{er ghseryednst er

rate i Qog%ﬁgriﬁelg % 8)(}4 }eﬁoﬁch{i&{ BE PL@)EWE@EN)L@Q&@ YUe ilRSsitiee o anldBicwer €

shown in as a function of the squdare root of the 5 scan rates.
Bef or e (I ,})eanR@atHodicd(ls) pepke asupgady tequalc dwdpdagng khat (Hk2€dectmebendsp] prooess onegi on

of RO |a S re supported, wher e.AuNPs were deppsited on t he
suPh 2o RARGEIT eriToRE ST 15 SRNF UFHFomE BB PG Ereck BBEh Afc I
surf acg)eﬁg-ﬁ)a ARAsRLERORT is TRPRalat WakNindichbe e NearReiel, anfipsstitly tHee ghdst-m
Therefore, the di ffusion of ions fromthe el ectrolyte can gain access to
t he i nmeveroblet hehafvior o &3VCNT Titwr efeoredesatAth highescatematet yt ¢ faumdPghatt he

"pa and 10 'Pc_val ues drop | es bruptly with the increase of the scan rate
dor i ng VPHETTRER e SERERTe AR, et iy el R SREREH bR RER «
15B. Houeyeekigude 19BSS u%%z%_ ABRUE thaldwey oft AENRRG Wﬁr&emﬂ@uﬁuﬁswcm
conpl etel'y (1gzo seconds), if nore AuNPs was still drfedpjomted; t hese AuNPs
f

wodPd rfdulussecurtrat aplecterf Gohwargslpty BEHE® Blracthet dnedigi dridusitbediopepksnareistillo t he
i the film. which will, make.the ! de,l pc . d bruptly,
B A R S e e

mul_ti ‘.|.. eR6x RFEAUNEK P8 bBEBFound. currents).ratio_and.-sensitivity..of .sensors. Besides,.the. ... ...




[00131] It is noted that el ectrophoretic buildup only involves the process
that GO sheets and NPs migrated to the conductive substrates. In principle,
t here ar ewa0r2¢88302cti ons with respect to size and t opolPCTIBGae12t0nE 24
substrate, so el ectrophoretic buildup can be used to fabricate lateral GO
RGO or RGO AuNP patterns. 20[00132] FR@ure 16 is a schematic di agram of
fabricating RG AuNP | ateral pattern by el ectrophoretic buildup. A a |layer
of phOTrQJdo‘?(sdu?xtenf St tﬁ@@(‘lﬂ@/ﬁ@(ﬁh)ﬁ}ﬂdt @il BasSibafef Bl se%aﬁ@ﬁ coRpRt@iSfIabbf | S
patterned using photolithography; C a multilayer AuNP fi1lmis deposited
on t he timRG( Binndtireyeals thahthedAuNRYR GEy byhridifikn elstingdes weonid bgyiedasstelestron-

deposition; D. the nul.til a Ll mi d dtof RGO AuNP
ol ¢ | SRt e insgpare i ROGEDY SlAshete® [ 00158] Resi st was first
Spi N- CQah Q] OHRN, | e BUReEe’ AbRndh FIONR 190 b Fhdtiohl FFURE sdufad rodRF iiAl

| i t hography was Brforhed to pattern and expose the surface of ITOwth
r esPst scan tates. Befons the RGO lajxess wert wipporied eampletelyr @20 seeoinds), Fioge regioe) |

After ITQ electrode with desjred stru res S obht.ai ne the | T used
s posiaR gL efroabRepetoRbeT fofé MINEY e Rae Ry it plfsr TGP

el ect r gMOTAlInG t6laBIEVihl Abré 8éthe cleciociRaniealarfaed ateh afd 4R2a Df BB Berwaeh t he
electrolyte (refer Figure 16C). The di stance between the two el ectrodes was

0.5 cmdiffgrent RERelaxprsiafdhe vidm: dhercipre, thediffesion e8sasArar/thslpetplotroaau . 27
[00134] Sim Larl for 0Sl:tJ UNR . . Qﬂ%ﬁ u
sol uti (%%mv\?acscesﬁs}% XS ?rhéeﬂg glg'gr%%lb{' e. e’%&%{éﬁ S 1%}%%(2%%%%76/;% t Sg“fev\rlgt’ bd
el ot r ggealusssrdd fseabrupthdwithehafiptdasslof thetsagerat@guingihe[ifitiaB510 Mebhdd ayer
GO AuNP patterns on | TO gl ass. were fabricated by repeating the above
AuNP deposition time, as shown in Figure 15B. However, a5 discussed above, after the RGO
layers were supported completely (120 seconds), if more AuNPs was still deposited, these
AuNPs would reduce the area of the gaps and block the diffusion of ions into the inner of the
film, which will make the I, and I drops mote abruptly, as shown in Figure 12D.

15 [00130] Example 10: Fabrication of lateral multilayer RGO/AuNP patterns

[00131] Itis noted that electrophoretic buildup only involves the process that GO 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 pattern 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 deposition; D: the
multilayer GO/AuNP film is reduced to form RGO/AuNP multilayers; E: photoresist 1s
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 depoéition using a GO aqueous solutibn (0.5 mg/ml) aé
the electrolyte (refer Figure 16C). The distance between the two electrodes was 0.5 cm, and

_the applied-voltage was 6-V....



5 two processes. GO AuNP patterns on I TO were then chem cally reduced by
hydr azi ne nonohydrate (98%, using a simlar procedure as that used for the
reduct i orwof2ormM3siokayer film (refer Figure 16D). After eR&siGeal2/op@duct i on,
the 1 TO el ectrode was di pped into acetone to renove the resist on the
surface ITO "and the nultilayer RGO ARNP patterns were obtained (refer
Figure 16E). 10[00136] Figure 17 is (A) an optical m croscope inmage; and

(B) scapmin @1ﬁﬁﬁﬂ§)rfom}ﬁr&§€r§?@é(n 6§KM\IP'1%§ a8faqedld| AWNP XSt REW0uNS
structure conprising two |ayers of RGO and two |'ayers of AuNPs square

pat t er ns.th§ GRLBT]yteri Ther distbBed bet(vapn dhe Ope ichatrodesc was dopem, madehe (applied
scannin 1eI ect ré m croscopy (SEM inmage of multilayer RGO AuNP stripe
pat t er R 8¥ng two |ayers of RGO and 15 two | ayers of AuNPs at |ow

magni fir @@qtals?n 1M{ll§)ay§ENU/RﬁNP pafteraBbn @to @1&5 weBdfiblitfad by Repelitpiihe abSke

reveals that multilayer strucCture could also be achieved in the RGO AuNP
pat b er nwof priocdssest SGOBINR gotteropror EQ chtlm thgn pﬁhem%lbf reduegdnby ahydmznnﬁ

RGO AuNP fi icates.t at el ectr oreti | d ctive
appr oadHene by‘gnéﬁr &éﬁeu“fl% 8rsélfm ffﬁflf’e gt Brie & rutlrtu’ ‘?‘*Céf)%r?t nt’ul J&d™ 20
WO 201%1&%‘@@%@9@%0@&e%b%h& IPOr@édﬁ@de Wfas Hf}ﬁ)e@ﬁrﬂ@@é@bﬁ@n of

a nultilayer filmconprising netal nanoparticles and
gr apherte-oaouel thatresistain the- ﬁ‘gf@pthQ oo thet mltdéwsRﬁpéAuHR PAtSNSs VEER e,

t he net el ectrophoretically depositing a |ayer of
gr aphe E%b%te?gae #gl’l a]r(ﬁic?n the substrate; b) electrophoretically depositing

a |1ayer[0@1f36Fr9tRi uRaNQPAr (AYaas optical hﬁldr@}ﬁﬁpe anage,ap)xl@r(B) baastingatlectial ;
10c) optiona eating steps _(a) and one or nore addliaonal

cycl es mlamcwe } Bpassr & érwlqﬂyme%@@%vwgs atrv%fy@r C‘E‘Fprgﬁ“égpﬁ%
mat eri GERnk iifo layers of AuNPs square patterns.
| [00137] Figure 18 is (A) an optical microscope image; (B) scanning electron microscopy
(SEM) image of multilayer RGO/AuNP stripe patterns comprising two layers of RGO and
15  two layers of AuNPs at low magnification; (C) SEM image of (B) at high magnification.
Figure 18C reveals that multilayer structure could also be achieved in the RGO/AuNP
patterns fabricated by electrophoretic buildup, which is similar with RGO/AuNP film. It
indicates that electrophoretic buildup is an effective approach to fabricate lateral RGO/AuNP
- patterns with different types.
20



| ayer of netal nanoparticles. 152. The nethod according to claim1l1, wherein
step a) conprises a) preparing a suspension conprising the graphene-based
mat er i al ;wanrdi2pEsaent acti ng t he suspension with two el e®CTSG2612106012khi ch an
el ectrical voltage is applied, wherein the anode conprises the substrate,

t her eby depositing the graphene-based28material on the substrate. 20 3. The
nmet hod according to claim1 or 2, wherein step (b) conprises a) preparing a
suspensi on conprising the netal naqgg§nﬂgcles b) contacting the suspension
with two electrodes to which an electrical voltage is applied, wherein the
anode conprises the substrate having the 25l ayer of graphene- based mat eri al

deposi ted t heregn, thereb ositing.the tal nanoparticles 0 Iayer
of " gr aphene b ELH AL LG raera b THRTHAT UG 6P RPHYDE G BRI e

to 3, wher e'g?adﬁl EARbALH rﬁﬁ&@él'lﬁﬁ% ewfo%aafehegie@os%&peml s‘&Bst%?érRhé $efgbd he
graphene-based material; 30 .b) contacting the suspension with

el eétrodes tcomphising an electrlcal vol tage is applied, mhereln the anode

ana. motal  nandpar | CIEEAYRER DR 56 4 s B BREe D L SFEODLOh 150~

t hereon, thereby depQ@bghﬁg t he graphene-based naterial on the | ayer of

net al nanopartlcles 5. The nethod according to any one of clains 1 to 4,
wherein t he gr Bbhene-degtwghoretically depositing a layer of metal nanoparticles on the layer

of graphene-based material;

10 ' 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.

15 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 two electrodes to which an electrical

voltage is applied, wherein the anode comprises the substrate, thereby

depositing the graphene-based material on the substrate.

20
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 two electrodes to which an electrical
voltage is applied, wherein the anode comprises the substrate having the
25 , layer of graphene-based material deposited thereon, thereby depositing
the metal nanoparticles on the layer of graphene-based material.
4. The method according to any one of claims 1 to 3, wherein step (c) comprises
a) preparing a suspension comprising the graphene-based material;
30 b) contacting the susperision with two electrodes to which an electricai

voltage is applied, wherein the anode comprises the substrate having the

. layers_of . graphene-based..material_and-metal .nanoparticles deposited.



Smaterial /metal nanoparticles is/are suspended in dinethylformamde. 6. The
nmet hod according to any one of clains 1 to 5, wherein the graphene-based
mat eri al WO 2gr2453832e oxi de. 10 7The net hod accordi ng t oPEMSGeNE/00012¢| ai ns 1
to 6, wherein the nmetal nanoparticles are negatively charged. 8. The net hod
according to any one of clains 1 to 729wherein the nmetal nanoparticles
conprise a noble netal selected fromthe group consisting of gold, silver,
pl ati num 15iridium

according to claim 8, B%@?QF% gagn%%ta tﬁ@%r%gl?%?gdsgg}naa?%n%gﬁ tH@ta@QpOf
nanoparticles. 2010. Trhetarnmnhpmlakes.or ding to claim9, wherein the netal
nanoparticles are citrate stabilized-gold nanoparticles. 11.The nethod
according to claim9 or 10, wherein the el ectrophoretic deposition of gold
nanoparst i cl g$el Hehdl race&dmgf]tof Qfy 3nk iJTEIRRLS pc{o rangh&Gin Hengapinut bhad s to
about 150 s. 25 12. od according to claim1l, wherern the

el e6t r ophor etdterialepta inahopartaflegislack mpmdadundlh@shylfprmamrdeed out for about
120 s. 13. The nethod according to any one of clains 1 to 12, further
conprising contacting the 30nmultilayer filmconprising nmetal nanoparticles
and a gf apheng-hased 4684ald faio Why Bnd JredMaisng 8 NWhereMQhe graphene-based

2012/ 138302PCT/ SG2012/ 000124
material is graphene oxide.

100 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,

15 iridium, ruthenium, rhodium and palladium.
9. The method according to claim 8, wherein the metal nanoparticles are gold
nanoparticles.
20 10. The method according to claim 9, wherein the metal nanoparticles are citrate

stabilized-gold nanoparticles.

11. The method according to claim 9 or 10, wherein the electrophoretic deposition of gold

nanoparticles is carried out for a time period ranging from about 100 s to about 150 s.

25
12.  The method according to claim 11, wherein the electrophoretic deposition of gold
nanoparticles is carried out for about 120 s. |
13.  The method according to any one of claims 1 to 12, further comprising contacting the
30 multilayer film comprising metal nainoparticles and a graphene-based material with a

reducing agent.



14. The method according to claim 13, wherein the reducing agent is
hydr azi ne nonohydrate. 15. The nethod according to any one of clains 1 to
14, furt hwo 20@me8302i ng renmoving the 5nultilayer filmfreorisibeowbehs at e by
i mrersing the substrate conprising the nultilayer filmin an aqueous
medium 16. The nethod according to agy one of clains 1 to 15, wherein the
substrate is patterned with a photoresist. 10 17. The nmethod according to

claimig, f her e [ Ngh t hot hSd: : with
o auitati e dopHeuarRERIRE CEFRKRTSS, WRRPBE Bhakne hukhe RS
fil mconpri stoighydtel nanoparticles and a graphene-based materi al

150bt ai nabl e by the nmethod according to any one of clains 1 to 17. 19. A
mul tilayer filmconprising a | ayer of metal nanoparticles between a first

| ayer a i ANl d : sed
ot or i a7 20 B0 GET REPRALTR L fle s TN LB bombyngraRARE 2

gr aphene- basedtilaptre filal frios dlap seberacx ibye iromersefuicled sybsipite mempxisthg. tiR1l. The
multilayer film acchrd.i n% to claim 19 or 20, wherein the netal .

nanoparti cl SUeHF BN AgPUs MY Ms | ected from the group consisting of
gold, silver, platinum 25iridium ruthenium rhodiumand palladium 22.
The multilayer filmaccording to any one of clains 19 to 21, wherein the
met al Aénopdiht inudtles] zocerdig © anawopaf clabhes to 1§yvherein the substrate is patterned

2012/ 1383:@2PC'[/&S(% 12/.000124 . 31 23.The nultilayer filmaccording to any
one of clai MBMBPINBIS yherein the density of

10.
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 metal nanoparticles and a graphene-based material
15 obtainable by the method according to any one of claims 1 to 17.
19. A multilayer film comprisihg a layer of metal nanoparticles between a first layer of a
graphene-based material and a second layer of a graphene-based material.
20 20. The multilayer film according to claim 19, wherein the graphene-based material is
graphene oxide or reduced graphene oxide.
21.  The multilayer film according to claim 19 or 20, wherein the metal nanoparticles
comprise a noble metal selected from the group consisting of gold, silver, platinum,
25 iridium, ruthenium, rhodium and palladium.

22.  The multilayer film according to any one of claims 19 to 21, wherein the metal

nanoparticles are gold nanoparticles.

30



the |l ayer of netal nanoparticles is about 150 itm2 to about 450 pm 2

524. The nultilayer filmaccording to any one of clains 19 to 23, wherein

t he net alwoanpdsiozcl es form a honogeneous | ayer bet wee®CliSGZ012f0a4128¢ and
the second | ayer of a graphene-based material. 25. An el ectrode conpri sing
a mul'tilayer filmaccording to any on&lof clains 18 to 24, 10wherein the

gr aphene-based material is reduced graphene oxide. 26. The el ectrode
according to claim 25, wherein the electrode is an electrode conprised in a
supercapacitor, a sensor, a hybrid electrochem cal device, a rechargeable
bat t er 3. or Thermeuléilayar filmhattcardipg td Bny one of claims 19 to 22, wherein the density of

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

5 24 The multilayer film according to any one of claims 19 to 23, wherein the metal
- nanoparticles form a homogeneous layer between first léyer and the second layer of a

graphene-based material.

25.°  An electrode comprising a multilayer film according to any one of claims 18 to 24,
10. wherein the graphene-based material is reduced graphene oxide.
26.  The electrode according to claim 25, wherein the electrode is an electrode comprised

in a supercapacitor, a sensor, a hybrid electrochemical device, a rechargeable battery,
or a metal-air battery.

15



