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Iepiinyn

Ot eEapeTikég PLUOIKOYNUIKEG 1010TNTEC Ko 1) LYNAN €01KN empaveln tov 2D
VMK®OV, To KaO16TOOV 1010iTtEPU EAKVOTIKE G€ o TANODPA PapLOYDV. AVALESH GE
GAAo.  umopobv  va.  ypNOUOTOMOoVV G TAATEOPUES YL TNV EVOOUATOON
SLLPOPETIKMY GLGTASMV, LOPI®MV 1 VAVOUAIKOV EMTPETOVTOS TN Onpiovpyia vEpidimv
Kol oOVOET®OV VAIKOV pe véeg N PeAtiopéveg 1010ttec. Amd v GAAN mAgvpd, M
omovddTNTO. TNG TapackeLNg oTpodpa pe otpopa (layer-by-layer) vppidwmv
VUEVI®V, £YKELTOL GTO YEYOVOG TOV EAEYXOV TNG OPYLTEKTOVIKNG, TOV TAYOVG, KOl TNG
AELTOVPYIKOTNTOG TOV GYNUATILOUEV®V VAVOOOUDV.

Ta xeedioo TG TAPOLGAS OWOOKTOPIKNG OTPPNG EMIKEVIPMOVOVTIOL OTNV
avamTuln kol pEALTN YOUNAOSACTATOV LPPOIKOV VUEVIOV ATOTEAOVUEVODV 0o
avOPYOVEC PUALOLOPPES VOVOOOUES OTTWG TO YPAPEVIO KOl TO YEPHUOVAVIO, KAVOVTOG
ypnon ™ nebdoov Langmuir-Blodgett (LB).

H teyvikn Langmuir-Blodgett sivoar pio omd 11¢ mo eAmidopopeg oTPOUO-LLE-
OTPMOUO TEYVIKEG YO TNV TPOETOUOGIO AETTOV VLUEVIOV HE TOIKIAEG GLOTAGELS
oTPOUATOV (OpYOVIKEG /KO avOpYaVES VOVOOoUES). Avti 1 bottom-up mpocéyyion
otver ™ duvatdtnTa Yoo TOV aKpipn €EAEYY0 TOL TAYOVG TOL HOVOGTPAOUOTOS EVM
EMTPEMEL TNV OLOL0YEVN EVOTTODEST] TOL GE PEYAAEC TTEPLOYES KO EMLPAVELEG LE DYNAO
Babuod dopkne taéng. IoivapBueg peréteg Exovv avapepbel ta tedevtaia ypovia,
oTNV TPOmOTOoinon TV QEOLAA®V ypapeviov pe v LB teyvikn pe okomd v
ToPoy®YN VEPOKOV AETTMOV VUEVI®V Yo TNV BEATIOTONTOINGN TWV OTTONAEKTPOVIKAOV
KOU  UNYOVIKOV  1W0O0THTOV  TOv  ypaeeviov. Avtd To  HOVOSTPOUOTIKE 1)
TOAVCTPOUATIKE GUOTAUATO PE TIG eEPETIKEG 1OOTNTEG, YPNOULOTOIOVVTIOL GE £Val
pHeydAo €0pog €QUPUOYDV, OmO MAEKTPOVIKG CLOTHUOTE, (OTOPOATOIKG ¢ Kot
aeOntipeg OTOg TEPLYpapeTal 6to 2° KePALoio.

‘Eva peydAo p€POC NG EMOTNUOVIKNG EPELVAG OYETIKA HE TO YPOPEVIO
EMKEVIPMVETOL GTN YPNOT TOL OC dOUIKO GTOLKEID Yo TV OVATTVEN VE®V VPPIOK®V
VOVOOOU®V HE cop®OS KAOOPIGHEVES Ol0OTACES Kol 1010TNTEC, KATOAANAES Yo
EQUPUOYEG OTG M amodnkevon aepimv, M ETEPOYEVI] KATAALGY, O JUYMPIGUOG
aepiov/vypmv, ot vavoorsOntipeg kot 1 Protatpiky|. [Ipog v xatebBvvon avtr, oto
3% keedAaro meprypdetal pio bottom-up mpocéyyion, n onoia cLVSLALEL THY GVTO-
opyavmon pe v teYVIKN evamdbeong Langmuir-Schaefer (LS) pe okomd tnv
onuovpyio VPPOIKOY vuevioy pe PAon TO YPAPEVIO 6TO omoio mePLEYOVTAL LOpLL

@oviepeviov (Cep) €VTOG TOL EVOOSTPOUOTIKOD YMPOV TOL (PLAAOUOPPOV VAIKOV.



Soumepacpatikd, mopatnpnOnke oOtt 1 mopovsio TV  popimwv  Ce oTOV
EVOMOTPOUATIKO YMOPO TOL ypapeviov odnyel o€ avénom G MAEKTPIKNG
AYOYOTNTOS TOV LPPOKOD VLUEVIOL GLYKPITIKE HE TO OPYOVO-TPOTOTOUUEVO
ypapévio. TEtowa VPPOKA VAMKA GOV TO 0VTO TOV YPAPEVIOL/POVAEPEVIOL UTOPOVV
Vo (PNOUOTOMO0VV ¢ VAIKG GE €QUPUOYEG OM®G TO SOPOVY] MAEKTPOSLN, TO
TpaviioTop 1 O VTEPTLKVOTEC,.

Mo mepontépm £pegvva Yo TV avantuén vPPKOV VUEVIOV pe Bdon TO YpapEVio
oto onoio mepiéyovron mapdywyo popia tov Ce mapovstdletor oto 4° kepdroto. 1o
ovykekpipéva, eovAepoia (Ceo(OH)4a) ko Bpodpo-@oviepévia (CeoBras) evtédnkav
avipeca ota UAA0 ofewiov 10 Ypageviov (GO) ocvvovaloviog TNV TEXVIKN
Langmuir-Schaefer pe éva 1 d00 oTAd0L TNG TEYVIKNG OLTO-0PYAVOONGS, OVTIGTOUYO.
Ta vBPOKAE Aemtd vUEVIA YopaKTNPIoTNKAY HE HoL TANODPO TEYVIKOV LLE GTOYO TNV
emPePaivwon e Hmapéng TOV TOPAYDY®V TOV POVAEPEVIOV AVAIEGH GTO GUAAN TOV
GO. Onwg mapatnpndnke and tig peTpnoels dwPpoyng to vPpdtkd cvotua ODA-
GO-Cg0(OH)z4, mopovordler €vav mo vOPOPOPO YOPAKTNPO GLYKPITIKG HE TO
ocvomnua ODA-GO-HEX-CgoBrys  vmooniovoviag Ott 11 vopo@ofikdtnTe 0V
e€aptdTon amd TIG AEITOVPYIKEG OUAOES TMV OPYIKAOV VOVOOAMKOV OAAE amd Tnv
oynuotilopevn popeoioyia tov vPpdkod cvotnuatos. Ta mapayduevo vRpdkd
Aemtd vévia e Pdomn to Ypapévio 6to omoio mepiEyovtol Tapdywyan TV Ceo popimv
GLUVICTOVV VEQ VPPOKA cvotiuate mov Bo pmopodcoav va ¥pnoipomondovy g
WoVIKA  VOVOUAMKA Y100 €QOPUOYEC OTOL  OTMTONAEKTPOVIKA GUOTNHUOTO, OTO
QOTOPOATAIKA, OTO PApLLOKO KOODG ETIONG KOl GTOV TOUEN TNG POTOKATAALONG.

Y10 5° ke@alaro, TEPyplpeTal 1 evomudTmon vavotekelidv avOpaka (C-dots) o
doun TOL YPOPEVIOL Yoo TPMOTN QOPE, KAVOVTOG YPNON LG TPOTOTOMUEVNG
Langmuir-Schaefer teyvucng. Il ovykekpyéva véa vPpdKd mOAVCTPOUATIKG
VUEVIOL OTOTEAOVUEVE, OO OEEISI0 TOL YPOEEVIOL Kot eVIEOEUEVEC POTOPOAES
vavoteleieg dvBpaxka mapackevaotnkay ovvovalovroc v TeXvViKn Langmuir-
Schaefer pe v teyvikn g avto-opydvoons. O akpirg Eleyyog 6 GUVILACUO pE
Vv opotloyevn evomdbeon, kabiotd v LS teyvikn doavikn yio v poANyn g
GUOOCOUATOONG TOV VOVOOOU®V GvBpoka o€ VRPWOIKE ocvoTiuata, OT®MG T
@ovAepévia ko o1 vavotereieg avOpaka. Ot vavotereieg avOpaka, pe péon dduetpo 4
nm, mopnyOncav pe TopoAvon vrofonbovpevn amd piKpokHUOTH, N oToio ivol po
mpotiuntén nEBodog e€antiog Tovg YOUUNAOD KOGTOVE, TNG EVKOANG EYKATACTOONG KOt

™G OMOTEAECUOTIKOTNTAC TNG. Ta LPPLOKE TOAVCTPO®UATIKE DUEVIOL ATOTEAOVUEVOL



and evtebeéveg vavotedeiec avOpaka avapeso oto EOAAN ToL 0&eiov TOL
YPOPEVIOL, TOPOLGIOCHY EAEYYOUEVT] OLOPAVELD OVAAOYO UE TNV TPOGOPUOYN TOV
aplBuod tov evomotebelévav otpopdtov. Télog, to LVPPOIKE TOAVGTPOUATIKA
vUéVIoL Epeavilovy LYNANG TOOTNTOG POTOPMOTAVYEWN LE OTEVES EKTOUTEG YEYOVOG
OV OPEIAETOL TNV ETITVYNUEVT] EVOOUATMOCT TOV VOVOTEAELDOV AVOpOKO OVALESO GE
QOAMO. Ypapeviov. Avtd TO TOAVGTPOUOTIKA LUEVIOL OTOTEAOVV £VO. KOVOTOUO
VPPOIKO GVOTNUA KATAAANAO Yo pict TANODPO EQOPUOYDOV OTMG O1 VOVOOVIYVEVLTEC,
Ol OTTONAEKTPOVIKEG OATAEEIS KOl TO. OPOV NMAEKTPOOLN, KOOMG €MioNG Kol OE
GLGTNHOTA YOPTYNONG PAPUAK®OV.

To yeppavavio (GeH), éva avédroyo Tov ypageviov, £xel TPOGEAKVGEL TPOGPOTOL
1010UTEPO EVOLOPEPOV AOYM TOV OTTONAEKTPOVIKAOV 1O10THT®V TOV KaODG Kot LYo NG
otafepdmtdc tov. H vynA kivnTikdémto Tov mAEKTpoviov, To un Undeviko
EVEPYELOKO YOG KOl Ol YOUNAEG O100TACELS KOOIGTOOV TO YEPUOVAVIO £Va TOAAG
VTOGYOUEVO O1GO1AGTOTO VAIKO Yo pUio TANOMPO EPUPUOYDYV LYNANS 0mddooNs. 1O
6° KEPALAL0, TO YEPLOVAVIO TOPOCKEVAGTNKE o€ Deppokpacio mepiPdiiovtoc pe pio
Kovovpla pnEBodo cuvBeonc Pacilopevn otnv TOMOTAKTIKN anévBeon ¢ @dong f-
CaGe; og voatkd dtdivpo HF. EmumAéov ypnoyomombnke n opydvoon Langmuir-
Schaefer yio tov éAeyyo NG TLKVOTNTOG TOV OTOPLAAOTOMUEVAOV VOVOPLAMOIWV
yepuavaviov, HE OKOTO TNV ONUovPyio VE®V HOVOOTPOUATIKGOV vueviov. H
EMKAALYN, 1 OLOIOHOPOIOL KO O EAEYYOC TNG OPYAVMOONG GE LOVOOTOMKO EMIMESO
emPeParddnrav and T1g m-A 1060eppeg KaumHAEG KOO Kol amd TNV HUKPOoKOTioL
atopkadv ovvdapenv (AFM). H avtipikpoPioxn dpdorn tov yepHovaviov 6€ OUTIKY
dlomopd Kabmg Kol GE LOPPY] LOVOSTPOUATIKOD DUEVIOL S1EPELVIONKE YlOL TPDOTN
@opd pe ) PonBeta g nebdooL TAGKOS UIKPOTITAOL Kol TV PLOCIH®V KLTTAP®V
emMPimoNg 6€ EMPAVEIEG EMKOAAVTTOUEVES LUE YEPUAVAVIO, OVTIGTOLYOL ZOUPOVA LE TO,
ATOTEAECUATO 1) OVTUIKPOPLOKY] Opdcn Tov yepupavaviov e£aptdror amd T SOUIKY
SLPOPA TOV KLTTOPIKOV HEUPpavdV Kol T cOVOEST TOL KLTTAPIKOD TOLYDOUOTOS TMV
Gram-apvntikov kot Gram-Betikov  Paxmnpwiov. Ilo  ocvykekpyéva, ta
OTOTEAECUATO TNG LOOTIKNG OOTOPAC TOL YEPUOVIOL amokdAvyay OTL Kotd TN
olapKeln TOV TPOTOV €61 p®dV 1 Paxtnplokn avantuén KaTaoTtéEAAETOL TOAD Evoval
EVO o ENPETIKN avTYUKPOPLOKT dpdom TV LUEVIMV YEPLOVOVIOU TapatnpnOnke
yw to Pokmmplokd otedéyn Brevibacterium. Ta povoatopikd vpévia  mov

nmapoackevdotnkay pe v péBodo Langmuir-Schaefer Oa umopovoav va epappocstovv



0TO HEAOV G OVTYUKPOPLOKES ETLPAVEIEG VYNADY ATOSOCEWV GE VOCOKOUEID KaOhg

emiong Kot ot Propmyovia Tpoeipmy.



Summary

The extraordinary physicochemical properties and the high specific area of 2D
materials render them very attractive for a plethora of potential applications; they can
be used as platforms for integrating different moieties, clusters, molecules or
nanomaterials into hybrids, allowing for the creation of composites with new or
enhanced properties. On the other hand, the importance of preparing layer-by-layer
hybrid films relies on the ability to control the architecture, the thickness, and the
functionality of the formed nanostructures.

The aim of this thesis focuses on the development and study of novel low-
dimensional films and hybrids based on layered nanomaterials such as graphene and
germanane, assembled with the help of the Langmuir-Blodgett (LB) technique.

The Langmuir-Blodgett technique is one of the most promising layer-by-layer
methods for preparing thin films with varying layer composition (organic or/and
inorganic nanostructures). This bottom-up approach allows to accurately control the
thickness of the deposited film and allows for a homogeneous deposition over large
areas with a high degree of structural order. Numerous studies have been reported
during the past years concerning the assembly of graphene sheets and different
building blocks by the LB method in order to produce hybrid thin films with enhanced
optoelectronic and mechanical properties. Such single layer or multilayer systems can
be employed in a variety of different application areas such as in electronics, solar
cells and sensors, as described in Chapter 2.

Much of the research effort on graphene focuses on its use in the development of
new hybrid nanostructures suitable for applications in gas storage, heterogeneous
catalysis, gas/liquid separations, nanosensing, and biomedicine. Towards this aim, in
Chapter 3 we describe a bottom-up approach, which combines the self-assembly with
the Langmuir-Schaefer (LS) deposition technique in order to fabricate graphene-based
layered hybrid materials that host fullerene molecules within the interlayer space. As
was revealed by conductivity measurements, the presence of Cgp within the interlayer
spacing lowers the resistivity of the hybrid material as compared to the pure organo-
graphene matrix. This graphene/fullerene hybrid could ideally be used as transparent
electrodes as well as in thin film transistors or supercapacitors.

Motivated by the previous work, a further investigation of graphene-based hybrid
thin films fabricated by the same bottom-up approach but hosting fullerene

derivatives was reported in Chapter 4. More specifically, fullerols (Ceo(OH),4) and



bromo-fullerenes (CgoBr24) molecules were integrated in graphene oxide (GO) layers
by combining the Langmuir-Schaefer technique with one and two self-assembly steps
respectively. The hybrid thin films were characterized by a variety of techniques in
order to prove the presence of the fullerene derivatives between the GO layers.
Moreover, wetting experiments revealed that the ODA-GO-Cgo(OH),4 hybrid system
exhibits a more hydrophobic character than ODA-GO-HEX-Cg(Br,4, suggesting that
the hydrophobicity doesn’t depend on the functional groups of the pristine
nanomaterials but on the morphology of the hybrid system. These novel fullerene-
based hybrid films could be candidates for potential applications in photovoltaics,
sensors, or optoelectronic devices as well as in photocatalysis and drug delivery.

In Chapter 5 a new class of highly ordered hydrophilic luminescent carbon dot (C-
dot) intercalated graphene oxide structures was reported for the first time; the material
was produced by combining the Langmuir-Schaefer method with self-assembly. The
precise thickness control combined with homogeneous deposition makes the LS
technique ideal for preventing aggregation of carbon-based nanostructures such as
fullerene or carbon dots in hybrid systems. C-dots with a mean diameter of 4 nm were
produced by microwave-assisted pyrolysis, which is a convenient method because it is
low-cost, facile and efficient. The transparency of the hybrid multilayers consisting of
C-dots sandwiched between graphene oxide showed could be controled by adjusting
the number of the deposited layers. The high quality photoluminescence with narrow
emissions of C-dots is preserved in these multilayer films. These novel hybrid
systems are suitable for applications such as nanoprobes, optoelectronic devices and
transparent electrodes as well as for drug delivery.

Germanane (GeH), the germanium graphane-analogue has recently attracted
considerable interest due to its high mobility, non-zero band gap and optoelectronic
properties. In Chapter 6, we describe how germanane was produced at room
temperature by a new synthetic approach based on the topotatic deintercalation of -
CaGe; in aqueous HF solution. The exfoliated germanane nanosheets can be
assembled into deposited monolayer films with different packing density exploiting
the Langmuir-Schaefer method. The coverage, uniformity and single-layer level
control of the assembly was confirmed by m-A isotherms and AFM measurements.
The antimicrobial activity of germanane in aqueous dispersion and in monolayers
form was investigated for the first time. Our results revealed that an antimicrobial

effect of germanane for Gram-negative and Gram-positive bacteria, with an



especiallly outstanding activity against Brevibacterium bacterial strains. The
monolayers produced by the Langmuir-Schaefer might be applied in the future as high

efficiency antimicrobial surfaces in hospitals and in the food industry.
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Chapter 1
Introduction

This thesis comprises a representative part of a joint effort aimed at the
development and study of novel types of low dimensional hybrid films based on
layered nanomaterials like graphene and germanane by the use of the Langmuir-
Blodgett technique. For a complete list of all the projects in which | participated in the
past 6 years | refer the reader to the list of my publications at the end of this
dissertation.

Considering the great physiochemical properties of layered nanomaterials in
combination with the advantages of Langmuir-Blodgett method, the purpose of this
research is to offer an insight into the formation process, structural details and
properties of the produced 2D hybrid nanostructures. The described fabrication
routes allow one to create entirely novel architectures whose final structure is
encoded in the shape and properties of the clusters or moieties that are used.

The various chapters of this thesis can be read individually and demonstrate the
potential use of hybrid thin films in a wide range of applications including
optoelectronics, transparent electrodes, supercapacitors, sensors, photovoltaics,

conductive inks as well as in biological and medical applications.
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1.1 Layered nanomaterials

Layered nanomaterials are composed of two-dimensional (2D) layers of covalently
bonded atoms, hold together by van den Waals forces. Ever since the use of natural
clays in Upper Palaeolithic period (26.000-30.000 BC)," ? to the isolation of graphene
in 2004 (single-layer of graphite), 2D materials have attracting enormous industrial
and scientific interest because with the reduced dimensionality of their building
blocks come very special physical and chemical properties.® These layered
compounds can be built up from very different elements, their layers can be flat or
buckled; examples are layered double hydroxides (LDHs), transition metal
dichalcogenides (TMDs), transition metal oxides (TMOs) and 2D compounds such
as BN, Bi;Tes and BiSes.* ® A classification of layered nanomaterials is presented in
Table 1.1. A high-throughput prediction of novel two-dimensional materials has
identified close to 5000 layered materials by screening more than 300,000 three-
dimensional structures from several crystallographic databases® and systematically
checking for the absence of chemical bonds between adjacent layers.® Their
structural characteristics and in particular their high surface area, combined with their
often exotic electronic properties, make layered materials ideal for a wide range of
diverse applications in (opto)electronics, spintronics, nanosensing, gas and energy
storage, biomedical technology and drug delivery.” In this context it is particularly
important that layered materials can be used as component for the development of
novel hybrid nanostructures with well-defined dimensions and behaviour.

In this PhD thesis the Langmuir-Blodgett (LB) technique was used to form novel
low dimensional films based on layered materials, namely graphene and germanane
in order to investigate their structure and properties. More specifically graphene
oxide was used as a platform to form hybrid multilayer systems hosting a variety of
0D carbon allotropes (fullerene molecules and carbon dots). Finally germanane was
produced by a new synthetic approach and tested as antimicrobial agent. In the next

paragraphs these materials will be shortly introduced.
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Table 1.1 Families of layered nanomaterials.

2D Chalcogenides 2D Oxides

Graphene family

Graphene Transition Metal Dichalcogenides Transition metal oxides
Graphene Oxide MoS,, ZrSe,, TaS,, NbSe; etc. Ti oxides, Nb oxides,
. . N Mn oxides, Vanadium oxide
BCN Transition Metal Trichalcogenides L.
(B,N co-doped graphene) AMo;X, NbX3, TiX3, X=S, Se or Te Trioxides
Mo0Qj3, TaO;3 & hydrated WO,
Fluorographene Metal Phosphorous Trichalcogenides

Perovskites-type & niobates
LaNb,05, CaLaNb,TiO4,
Bi,Ti304,, etc

(MPXs)
Graphene analogues

h-BN Clays-LDHs

Oxychalcogenides & oxypnictide:

(white graphene) 2:1 Layered silicates (Ch, chalcogenide) & derivatives
Germanene Smectites, Talc, etc ’ LaOCuCh
Silicene 1:1 Layered silicates Oxyhalides of transition metals
Germanane Kaolite, halloysite VOCI, CrOCl, FeOCl, NbO,F, WO,Cl,,
Layered Double Hydroxides FeMo0O,Cl
Metal halides .
- - Layered semiconductors Ternary Transition Metal
Transition-metal dihalides Carbides & Nitrid
MoCl, GaX, InX arbides itrides
. X =S, Se, Te Derivatives from MAX phases
Metal halides M = transition metal; A=Al or Si;
MX; . Zirconium Phosphates & X=C or N, such as Ti3C,
Layer-type halides & Phosphonates
MX,, MXs, MX CaHPO,

1.1.1 Graphene

Graphene is a one-atom-thick planar sheet of sp?>-bonded carbon atoms that are
arranged in a honeycomb crystal lattice, as shown in Figure 1.1 (left). The isolation
and discovery of the surprising electronic properties of graphene in 2004 by Andre
Geim and Konstantin Novoselov (yielding in 2010 the Nobel Prize in Physics) started
a scientific revolution around the unique electronic, mechanical, thermal and optical
properties of this 2D material. The extraordinary electron mobility, combined with its
high thermal and mechanical stability, chemical inertness, large surface area,
elasticity and the possibility to electrochemically modify the electronic structure place
graphene at the top of the list of candidates for the development of new
nanomaterials for a plethora of applications.®'°

Graphane, a hydrogenated form of graphene with formula unit (CH),, was
predicted in 2007'" and the first experimental confirmation was reported two years
later by exposing pristine graphene to atomic hydrogen.'? The addition of hydrogen
to graphene causes a new configuration of the original flat monoatomic graphite

layer because all carbon atoms in the resulting lattice change their hybridization from
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hydroxyl

carboxyl epoxides

Figure 1.1. Schematic representation of graphene (left) and graphene oxide (right)

structures.

the flat sp? to the tetrahedral sp® (bonded to one hydrogen atom)'® without damaging
or changing the pristine 2D hexagonal structure. This process transforms the
conducting graphene into insulating graphane with a band gap around 3.5 eV ' and

renders it an ideal candidate for hydrogen storage applications."’

1.1.2 Graphene oxide

Graphene oxide (GO) is a graphene derivative with covalently attached oxygen-
containing groups. GO exhibits a lamellar structure with distributed unoxidized
aromatic regions (sp-carbon atoms), six-membered aliphatic regions (sp>-carbon
atoms) and a high concentration of exposed oxygen-containing functional groups
such as, hydroxyl, epoxy and carboxyl, as shown in Figure 1.1 (right). These
functional groups are created by strong oxidation and distributed randomly on the
basal planes and edges of the GO sheets. Due to the existence of such hydrophilic
groups, GO is an excellent host matrix for the accommodation of a variety of
moieties (long chain aliphatic hydrocarbons, hydrophilic molecules, transition metal
ions and polymers) in the interlayer space and promising for the fabrication of thin

films with fascinating properties.

1.1.3 Germanane
Germanane (GeH), the germanium graphane-analogue (Figure 1.2) has recently
attracted considerable interest due to its remarkable combination of expected

properties.
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Figure 1.2. Schematic representation of the germanane (GeH) structure.

The predicted high mobility of GeH makes it an extremely suitable 2D material for
electronic and optoelectronic applications, while its non-zero band gap and low
dimensionality promise well for short channel field effect transistors with high on-off
ratios and low quiescent currents' as well as for photocatalysis applications.'
Moreover, Germanane’s large spin-orbit coupling should allow to explore novel

physical phenomena such as quantum spin Hall effect at room temperature.'

1.2 0D Carbon Nanoallotropes

The unique ability of carbon atoms to participate in covalent bonds with other
carbon atoms in diverse hybridization states (sp, sp? sp°) or with nonmetallic
elements enables them to form a wide range of structures, from small molecules to
long chains.’® The most known 0D nanoallotropes of carbon include fullerenes and

carbon dots as shown in Figure 1.3.

/5
JOSN
0

Figure 1.3. Schematic representation of a Ceo structure (left) and an artist

NH
OH 2

impression of a fluorescent carbon dot (right).
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1.2.1 Fullerenes

Ceo, also known as Buckminster fullerene, was the first carbon nanoallotrope
discovered in 1985 by H. W. Kroto, R. F. Curl and R. E. Smalley (yielding in 1996 the
Nobel Prize in Chemistry). Several other types of fullerenes were also discovered in
the following, such as Cyy and C7. Ceo is the most widely studied fullerene up to
date; each molecule consists of 60 sp® carbon atoms arranged in pentagons and
hexagons to form a spherical nanostructure (cage).'® Fullerenes are the smallest
carbon nanostructures and can be regarded both as molecules and nanomaterials.
Their size and electronic structure renders them very attractive for doping and
functionalization, a precondition for the synthesis of novel fullerene-derivatives with
unique properties for application in medical and electron-transport devices, such as

sensors, transistors, or solar cells.'® 7

1.2.2 Carbon Dots

Carbon dots (C-dots) are quasi-spherical carbon nanoparticles with diameters of
2-10 nm consisting of carbon, hydrogen and oxygen. C-dots are a new class of
luminescent nanoparticles with properties matching the traditional metal-containing
quantum dots.’® The combination of multicolour and tunable emission, controlled
surface chemistry, low toxicity and solvent dispersibility give C-dots great potential
for a wide range of applications including light emitting diodes, solar cells, sensing,
catalysis and photovoltaic devices as well as in the fields of bioimaging and
nanomedicine.’® ' The most common synthetic methods for the fabrication of C-dots
are the “top-down” and “bottom-up” approaches. The splitting up of larger carbon
structures (graphite, carbon nanotubes and nanodiamonds) into C-dots is achieved
by "top-down" synthetic methods such as arc discharge, laser ablation and
electrochemical techniques.? In the other hand, "bottom-up" synthetic methods refer
to the synthesis of C-dots from simple precursors such as carbohydrates, citrate and
polymer-silica nanocomposites. Hydrothermal treatment and microwave-assisted
methods are the most common synthetic routes.?’ Doping of C-dots with
heteroatoms such as nitrogen and sulfur or metal ions (e.g., Zn, Gd, Si) is also

common since it allows to tune the optical properties or to add new functionalities.'®
19, 22



Chapter 1

Langmuir-Blodgett deposition Langmuir-Schaefer deposition
hydrophilic substrate; hydrophobic Sl_Jbs_trate;
vertical dipping horizontal dipping
| o

Figure 1.4. Schematic representation of the Langmuir-Blodgett (left) and

Langmuir-Schaefer (right) deposition techniques.

1.3 Langmuir-Blodgett technique

The Langmuir-Blodgett (LB) technique is one of the most widely used layer-by-
layer (LbL) deposition methods for preparing monolayer and multilayer thin films. lts
invention was key to the Nobel Prize in Chemistry awarded to Langmuir in 1932 for
his work in surface chemistry. The method consists in forming organic monolayers
called Langmuir films, of amphiphilic molecules in the air-water interface and
depositing them by immersing a solid substrate into the liquid (vertical dipping). If the
substrate is instead horizontally dipped the method is called Langmuir-Schaefer (LS)
deposition and the only difference with the LB technique is the geometry as shown in
Figure 1.4. In both cases amphiphilic molecules are adsorbed homogeneously with
accurate control of the thickness of the formed monolayers. This bottom-up approach
enables the precise control over the packing density of the molecules but also allows

the deposition over large areas.?

1.4 Outline of the thesis

The research work subject of this thesis is presented in five (5) chapters and two
(2) appendixes.

In Chapter 2 the most recent developments in the use of the Langmuir-Blodgett
technique for the design and preparation of novel graphene-based hybrids are

presented in a comprehensive and critical overview. The structural, physicochemical,
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electronic and mechanical properties of these hybrid systems are discussed and how
these properties can be exploited applications in various fields is emphasized.

In Chapters 3 and 4 hybrid graphene-based multilayers and monolayers
containing either pure Buckminster fullerene or a fullerenes derivative (CgoBros4 or
Cs0(OH)24) were developed by a modified Langmuir-Blodgett approach, which
combines the Langmuir-Schaefer method with self-assembly. This approach uses
graphene nanosheets as templates for the attachment of fullerenes in a bi-
dimensional arrangement, allowing the control of layer-by-layer growth at the
molecular level. The produced multilayer thin films constitute novel hybrid systems
that could be used for potential applications in optoelectronics, photovoltaics,
sensors, photocatalysis and drug delivery.

The combined properties of luminescent carbon dots and graphene in hybrids
offer unique opportunities for highly efficient applications in the fields of
optoelectronics, sensing, catalysis and biomedicine. Towards this aim, in Chapter 5,
hydrophilic carbon nanodots were for first time inserted between graphene
nanosheets by the same bottom-up approach, to form transparent hybrid multilayer
nanostructures.

Finally, in Chapter 6, a new and facile approach for the synthesis of germanane is
described, through which the final product can be obtained in significantly shorter
time (few minutes) than reported so far. The antimicrobial activity of germanane was
investigated for first time. Moreover a new technology for the preparation of
antimicrobial thin films and coatings is presented. Nanoflakes of germamane
produced by liquid exfoliation were injected in air-water interphase of the Langmuir-
Blodgett trough without the use of organic molecules and compressed to obtain a
Langmuir film of closed-packed GeH flakes. After transfer to a substrate, the
antimicrobial activity of the germanane films was investigated for first time, revealing
that the bacterial populations incubated on germanane films were importantly
decreased. In addition the antimicrobial activity of GeH dispersions showed that

during the first six hours bacterial growth is very strongly suppressed.
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Appendix A
Characterization techniques

A.1 FTIR spectroscopy

Infrared spectra reported in Chapters 4, 5 and 6 were measured with a
SHIMADZU 8400 infrared spectrometer, in the region of 400-4000 cm™, equipped
with a deuterated triglycine sulphate (DTGS) detector. Each spectrum was the
average of 200 scans collected at 2 cm™ resolution by means a SPECAC variable-
angle attachment. Samples were in the form of KBr pellets containing ca. 2 wt % of

the sample.

A.2 Raman spectroscopy

Raman spectra of thin films deposited on Si-wafer and of powder samples of C-
dots, reported in Chapters 3, 4 and 5 were collected with a Micro-Raman system RM
1000 RENISHAW using a laser excitation line at 532 nm (laser diode). A 0.5-1 mW
laser power was used with a 1um focus spot in order to avoid photodecomposition of
the films. Powder samples of fullerene derivatives (Cgo(OH)24 and CgoBr24) and GeH,
reported in Chapter 4 and 6 respectively, were measured using a Labram Horiba HR
spectrometer integrated with a laser line at 514 nm. A 1.5 mW laser power was used
with a 2 um focus spot. The measurements were performed by Dr. Konstantinos
Dimos (University of loannina, Greece) and Dr. Vasilios Kostas (University of

loannina, Greece).

A.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements of thin fiims and of
aqueous dispersion of GO deposited on Si-wafer reported in Chapters 3 and 5 were
performed in ultrahigh vacuum at a base pressure of 2x10™"° mbar with a SPECS
GmbH spectrometer equipped with a monochromatic Mg Ka source (hv=1253.6 eV)
and a Phoibos-100 hemispherical analyzer. The spectra were collected in normal

emission and energy resolution was set to 1.16 eV to minimize measuring time. The
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measurements were performed by Dr. Konstantinos Dimos (University of loannina,
Greece) and Dr. Konstantinos Spyrou (University of loannina, Greece).

X-ray photoelectron spectroscopy (XPS) data of the hybrid films deposited on Si-
wafer, reported in Chapter 4 were collected at a base pressure of 510™'° mbar in a
SPECS GmbH spectrometer equipped with a monochromatic Mg K, source
(hv=1253.6 eV) and a Phoibos-100 hemispherical analyser. The energy resolution
was set to 1.16 eV and the photoelectron take-off angle was 37° with respect to the
surface normal. All binding energies were referenced to the Cis core level
photoemission line at 284.6 eV. Spectral analysis included a Shirley background
subtraction and a peak deconvolution employing mixed Gaussian-Lorentzian
functions,’ in a least squares curve-fitting program (WinSpec) developed at the
Laboratoire Interdisciplinaire de Spectroscopie Electronique, University of Namur,
Belgium. The measurements were performed by Dr. Georgia Potsi (University of

Groningen, The Netherlands).

A.4 X-ray diffraction

The X-ray diffraction (XRD) patterns of thin films deposited on Si-wafer substrates
reported in Chapters 3, 4 and 5 and of powder samples of C-dots reported in
Chapter 5, (Appendix B) were collected on a D8 Advance Bruker diffractometer by
using a Cu Ka (A=1.5418 ,&) radiation source (40 kV, 40 mA) and a secondary beam
graphite monochromator. The patterns were recorded in the 2-theta (20) range from

2 to 80°, in steps of 0.02° and with a counting time of 2 s per step.

A.5 Thermal analysis

The thermogravimetric (TGA) and differential thermal (DTA) analyses reported in
Chapter 4 were performed using a Perkin Elmer Pyris Diamond TG/DTA. Powder
samples of approximately 5 mg were heated in air from 25 °C to 850 °C, at a rate of
5 °C/min.

12
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A.6 UV-Vis spectroscopy

The UV-Vis spectra reported in Chapter 5 were collected on a Shimadzu UV-
2401PC two beam spectrophotometer in the range of 200-800 nm, at a step of 0.5
nm, using combination of deuterium and halogen lamps as sources. UV-Vis spectra
were recorded at room temperature either from thin film deposited on quartz
substrates or using 10 mm path-length quartz cuvettes in the case of dispersions.

The diffuse reflectance measurements of powder samples reported in Chapter 6,
were performed using a Shimadzu UV-VIS-NIR Spectrophotometer (UV-3600)
equipped with an integrating sphere attachment on barium sulfate coatings. The
measurements were performed by Dr. Georgia Potsi (University of Groningen, The

Netherlands).

A.7 Photoluminescence spectroscopy

The photoluminescence spectra reported in Chapter 5 were recorded on a Jobin
Yvon Fluorolog 3 spectrofluorometer FL-11 employing xenon 450 W lamp and a
P928P photodetector. The slits were set at 5 nm. The photoluminescence spectra
were corrected through the instrument-supplied files, created from compounds with
known quantum yields and an included Si photodetector. The detector-source
geometry was at 90° with respect to the sample and for the film photoluminescence
measurements the quartz substrate was set in a reflective geometry. PL spectra
were collected at room temperature either from thin films deposited on quartz
substrates or using 10 mm path-length quartz cuvettes in the case of suspensions.
The measurements were performed by Dr. Konstantinos Dimos (University of

loannina, Greece) and Prof. loannis Koutselas (University of Patras, Greece).

A.8 Nuclear magnetic resonance

'H Magic Angle Spinning (MAS) NMR experiments in powder samples reported in
Chapter 6, were conducted on a BRUKER AVANCE NMR spectrometer, operating at
400 MHz (9.4 Tesla) at room temperature, by using 4 mm zirconia rotors. The MAS
frequency was set to 12 kHz and one-dimensional 'H NMR spectra were acquired

with 16 scans. 'H chemical shifts were referenced to adamantine and NMR data
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were further processed using TopSpin 3.1. The measurements were performed by

Dr. Georgios Papavassiliou (NCSR Demokritos, Greece).

A.9 Contact angle measurements

The water contact angle (CA) measurements of thin films deposited on Si-wafer
substrates reported in Chapter 4, were performed on a SL200 KS contact angle
meter from Kino at ambient atmospheric conditions. 5 pL distilled water droplets
were used for all CA measurements. CA was recorded form the time the droplet
touched the surface of the film (CA t=0) until CA reached a plateau value,
approximately 1 min after the first touch (CA t=1 min). After this first static
measurement and at the same point, dynamic WCA measurements were performed.
Advancing and receding WCA were measured on a water droplet of
decreasing/increasing volume.? The measurements were performed by Dr. Nikolaos

Vourdas (Technological Educational Institute of Sterea Ellada, Greece).

A.10 Scanning electron microscopy

Scanning electron microscopy (SEM) images of thin films deposited into Si-wafer
substrates and of ethanol dispersion of GeH deposited by drop-casting into Si-wafers
reported in Chapter 3 and Chapter 6 respectively, were recorded using a JEOL SEM-
6510LV scanning electron microscope equipped with an EDX analysis system xx-Act
from Oxford Instruments. The measurements were performed by Dr. Konstantinos

Dimos (University of loannina, Greece).

A.11 Electrical conductivity measurements

For the electrical conductivity reported in Chapter 3, four-probe measurements on
thin films deposited on Si-wafer substrates, were performed using an AFX DC
9660SB power supply and a Keithley 2000 multimeter. The measurements were

performed by Prof. Vasilleios Georgakilas (University of Patras, Greece).
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A.12 Atomic force microscopy

The topographic atomic force microscopy (AFM) images reported in Chapters 3,
4, 5 and 6 were recorded in tapping mode with a Bruker Multimode 3D Nanoscope,
using a silicon microfabricated cantilever type TAP-300G, with a tip radius <10 nm
and a force constant range of ~20-75 N m™'. Monolayer and multilayer thin films were
deposited on Si-wafer substrates, while C-dots (Chapter 5) and germanane (Chapter
6) were deposited into Si-wafers by drop-casting from aqueous and ethanol

dispersions respectively.
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Chapter 2
Graphene-based hybrids through the Langmuir-
Blodgett approach

Layer-by-layer assembly is an easy and inexpensive technique for the development
of multilayer films. Nevertheless, simplicity and low cost are not the only reasons
why layer-by-layer deposition has attracted so much of attention over the past two
decades. The versatility of the process, the capability of using diverse types of
materials, the tailoring of the final nanostructures with controlled architecture,
thickness and functionality and lastly the potential of tuned, well defined and desired
properties determined by the number of layers in the films are briefly the main
advantages of layer-by-layer methods. Consequently, layer-by-layer assembly is
considered to be an important bottom-up nanofabrication technique today which has
very few limitations. The Langmuir-Blodgett technique is one of the most promising
layer-by-layer methods for preparing monolayer and multilayer of graphene-based
thin films. This bottom-up approach enables the precise control of the single layer
thickness and allows homogeneous deposition over large areas on almost any kind
of solid substrate. Although this emerging field of graphene nanoscience remains
largely unexplored, several studies have demonstrated either the successful
preparation of high-quality graphene monolayer films or of multilayer films of novel
graphene hybrids created by integrating a variety of guest species with the graphene

matrix.

This chapter is based on the book chapter: “Layer-by-Layer assembly of graphene-based
hybrid materials”, by A. Kouloumpis, P. Zygouri, K. Dimos and D. Gournis, which appeared
on pp. 359-399 of “Functionalization of Graphene”, 1% ed., edited by Vasilios Georgakilas,
2014, Wiley-VCH GmbH & Co. KGaA, Weinheim, Germany).
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2.1 Introduction

Graphene, being a single-layered material is an amazing and promising candidate
for layer-by-layer (LbL) assembly. Its superior electronic and mechanical properties
can be modified, tuned, or enhanced by LbL assembly as many studies have
reported over the last 3-4 years. The resulting LbL graphene-based hybrid films
commonly attain varied and complex properties as various substances can be used
for the intermediate layer and may become elements of electronic circuits,
supercapacitors, sensors etc.

Thin films of a thickness of a few nanometers (composed of single layer
graphene) are the source of high expectations as useful components in many
practical and commercial applications. The possibility to synthesize hybrid materials,
almost without limitations, with desired structure and functionality in conjunction with
a sophisticated thin film deposition technology enables the production of electrically,
optically and biologically active components on the nanometer scale. The Langmuir-
Blodgett (LB) technique is one of the most promising techniques for preparing such
thin films as it enables:

* the precise control of the monolayer thickness,

* homogeneous deposition of the monolayer over large areas and

» the possibility to make multilayer structures with varying layer composition. An

additional advantage of the LB technique is that monolayers can be deposited
on almost any kind of solid substrate.

Many possible applications (optical, electrical and biological) have been
suggested over the years for Langmuir Blodgett films." Next to other layered
materials, like aluminosilicate nanoclays or layered double hydroxides, graphene has
been widely used in the LB approach. High quality graphene monolayers have been
placed on surfaces where direct graphene growth is not possible or multilayer films
of novel graphene hybrids have been developed by integrating graphene matrices

with a variety of guest species.
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2.2 Monolayers of Graphene Oxide

With the Langmuir-Blodgett technique, water supported single layers of graphene
oxide (GO) can be compressed and transferred without any surfactant or stabilizing
agent as demonstrated by Laura Cote et al? in 2008. The single layers formed a
dispersion, which was stable against flocculation or coagulation when confined in 2D
at the air-water interface. The edge-to-edge repulsion between the single layers
prevented them from overlapping during compression. The layers folded and
wrinkled at their interacting edges at high surface pressure, leaving the interior flat.
GO single layer Langmuir films can be readily transferred to a solid substrate and
their density is continuously tunable from dilute, to close packed and to over packed
monolayers of interlocking sheets. When single layers of very different sizes are
brought together face to face, they can irreversibly stack to form double layers.? The
geometry-dependent GO single layer interaction revealed here should provide insight
into the thin film processing of GO materials since the packing of GO single layers
affects surface roughness, film porosity, packing density, efc. In addition, LB
assembly readily creates large-area films of single layer GO, which is a starting
material for graphene-based electronic applications.?

The insight that graphene oxide has hydrophilic functional groups and parts of the
basal plane that are hydrophobic, should lead to a better understanding of the
processing and assembly of GO sheets. GO can be solution processed to form thin
films by many techniques such as spin coating, drop casting, spraying and dip
coating, etc. Laura Cote et al.® also deposited GO on various surfaces by means of
the classical Langmuir-Blodgett technique, where a surfactant is spread on the water
surface and confined between two movable barriers (Figure 2.1a). As the barriers
are closed, the surface density of molecules increases, leading to an increase in
surface pressure, or reduction in surface tension that can be continuously monitored
by a tensiometer. The floating Langmuir films can then be transferred to a solid
support by vertical dip-coating. GO can be spread from alcohols that are even
miscible with water, such as methanol. When methanol droplets are gently dropped
on water surface, they can first spread rapidly on the surface before mixing with

water.
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Dipper

Figure 2.1. LB assembly of GO sheets. (a) With an LB trough, the surface density of
GO sheets can be continuously manipulated by the barriers and the surface pressure
can be monitored by the tensiometer. Monolayers can be transferred to a solid
substrate by dip-coating. (b) Surface pressure-area isotherm of a GO Langmuir film
showing a continuously increasing surface pressure with decreasing area. (c—f) SEM
images of monolayers transferred at surface pressures in the corresponding regions
in the isotherm plot, showing continuously tunable surface coverage from (c) isolated
flat sheets, (d) close-packed sheets, (e) overpacked sheets with folded edges to (f)

overpacked sheets interlocked with each other. (Reproduced with permission from °)

In this way, the GO surfactant sheets can be effectively trapped at the air—water
interface® and their density in the Langmuir film continuously tuned by moving the
barriers. Upon compression, the Langmuir film exhibits a gradual increase in surface
pressure, as shown in the surface-pressure—area isotherm plot (Figure 2.1b). If the
film is transferred at the initial stage where the surface pressure is near zero, it
consists of dilute, well-isolated flat sheets (Figure 2.1c). As compression continues
and the surface pressure increases, the sheets start to close pack into a broken tile
mosaic pattern over the entire surface (Figure 2.1d). Upon further compression, the
soft sheets are forced to fold and wrinkle at their touching points in order to
accommodate the increased pressure (Figure 2.1e). This is in stark contrast to
traditional molecular or colloidal monolayers, which would collapse into double layers
giving rise to a constant or decreasing surface pressure when compressed beyond

the close-packed regime. Even further compression results in interlocked sheets with
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nearly complete surface coverage (Figure 2.1f).2 The LB assembly produces flat GO
thin films with uniform and continuously tunable coverage.

The Langmuir—Blodgett technique was used by Xi Ling and Jin Zhang” in the
same year, to build up ordered mono- and multilayer assemblies of protoporphyrin 1X
(PPP) on top and on bottom sides of graphene as shown in Figure 2.2. The Raman
enhancement was dependent on the molecular configuration in contact with
graphene; the functional group of PPP in direct contact with graphene caused a
stronger enhancement than other groups.* These results reveal that graphene-
enhanced Raman scattering (GERS) is strongly dependent on the distance between
graphene and the molecule, which is convincing evidence that the Raman
enhancement based on graphene is due to a chemically enhanced mechanism. This
discovery provides a convenient system for the study of the chemical-enhanced
mechanism and will benefit further understanding of surface-enhanced Raman
scattering (SERS).

Tamas Szabo et al.” observed a negligible amount of imperfections in LB films of
GO sheets deposited in a hydrophilic substrate: folded back at interconnecting edges
or face-to-face aggregates were extremely scarce. These highly ordered single
layers are very promising for advanced electronic applications because very large
areas can be covered by densely tiled graphene oxide nanosheets, which can
provide continuous electrical pathways after reduction to increase their conductivity.®
LB films of chemically reduced graphene oxide may be especially beneficial for the
fabrication of optically transparent flexible circuits, where the use of indium tin oxide

(ITO) is limited due to its rigidity and fragility.
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—
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Figure 2.2. Schematic representation of the preparation of protoporphyrin IX (PPP)

and graphene. (Reproduced with permission from %)
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Xiluan Wang, Hua Bai and Gaoquan Shi® in 2011 developed a universal technique
for size fractionation of GO sheets by just adjusting the pH value of GO dispersion.
The hydrazine reduced Langmuir-Blodgett films of GO flakes with large lateral
dimensions showed much higher conductivities than those of GO flakes with small
lateral dimensions. Furthermore, the thin film of large GO flakes prepared by filtration
exhibited a smaller d-spacing as well as much higher tensile strength and modulus
than those of films built up from small flakes. The LB films of larger GO sheets also
showed higher conductivities after chemical reduction because of their more
compact morphology, fewer structural defects and lower contact resistances.® The
lateral dimensions of GO sheets also have a strong effect on the structure and
properties of the self-assembled GO films: larger GO sheets favor the formation of
paper-like films with more tight and perfect structures, which greatly improved their
mechanical properties.

A year later Luna Imperiali et al.” investigated the structure and properties of the
graphene oxide interfacial layer and evaluated the conditions for the formation of
freestanding films. The rheological properties were shown to be responsible for the
efficiency of such layers in stabilizing water-oil emulsions. Moreover, because of the
mechanical integrity, large-area monolayers deposited by the Langmuir-Blodgett
technique can be turned into transparent conductive films upon subsequent chemical
reduction.

Régis Y. N. Gengler and co-workers® developed a straight forward method to
deposit uniform single-layer graphene films on arbitrary substrates without size
limitation and under ambient conditions. The fast high-yield method allowed control
of graphene coverage by simple adjustment of the applied surface pressure in a LB
trough. The prepared films could sustain all physical and chemical treatments
associated with the lithography process without any loss of material. Additionally,
among all chemically exfoliated graphite, the flakes obtained show one of the lowest
resistivities at the Dirac charge neutrality point (=65 kV) and gave evidence for
switching from a hole-conduction regime to an electron-conduction regime.

In 2012 spectroscopic studies of large sheets of graphene oxide and reduced
graphene oxide monolayers prepared by the Langmuir—Blodgett technique were

reported by D. S. Sutar et al.® Moreover, photoelectron spectroscopy was used to
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investigate the electronic structure of the monolayers.”® The GO monolayers
obtained by Langmuir-Blodgett route and suitably treated to obtain rGO monolayers.
In comparison with GO, rGO monolayers showed steeper Fermi edge, decrease in
work function (WF) and increase in p electron density of states (DOS) due to removal
of oxygen functional groups or increase in graphitic carbon species. The rGO as
compared to GO, also exhibited Auger features attributable to the increase in p
electron DOS. The effective number of valence electrons as obtained from plasmon
loss features showed 28% increase upon reduction, associated with the increase in
graphitic carbon content. Thus, by controlled reduction of GO, it should be possible

to tune its electronic structure and hence electronic/optoelectronic properties.

2.3 Nanocomposite films

A Langmuir-Blodgett approach for the highly-efficient fabrication of nanoscrolls
was reported by Yan Gao et al.'' The scrolls consisting of rolled up functionalized
graphene oxide single sheets have a tubular structure without caps at their ends as
revealed by transmission electron microscope. The scrolls align parallel to the
moving barriers of the LB equipment and exhibit a loose-dense pattern during the LB
compression process. The authors also realized that specific solvents could unwind
the scroll structures.

Transparent conductive films were produced by Qing-bin Zheng et al.'? in 2011
using the ultra-large graphene oxide sheets that were deposited layer-by-layer on a
substrate using the Langmuir-Blodgett (LB) assembly technique. The density and
degree of wrinkling of the ultra large GO monolayers are turned from dilute, close-
packed flat GO to graphene oxide wrinkles and concentrated graphene oxide
wrinkles by varying the LB processing conditions.' The method opens the way for
high-yield fabrication of GO wrinkles or concentrated GO wrinkles that are
considered promising materials for hydrogen storage, supercapacitors and
nanomechanical devices. The films produced from ultra large GO sheets with a
close-packed, flat structure exhibit exceptionally high electrical conductivity and
transparency after thermal reduction and chemical doping treatments. A remarkable

sheet resistance of ~500 Q/sq at 90% transparency were obtained, which
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outperformed the graphene films grown on a Ni substrate by chemical vapour
deposition.’ In another similar work of Zheng Qing-bin and co-workers' a sheet
resistance of 605 Q/sq at 86% transparency was obtained. This technique for the
production of transparent conductive thin films of ultra large GO flakes is not only
facile and inexpensive; it can also be upscaled for mass production.

1.'* demonstrated the possibility of 2-D

A year later, Ganganahalli K. Ramesha et a
in-situ electrochemical polymerization in a Langmuir trough. They spread exfoliated
graphene oxide on the water surface to bring anilinium cations present in the
subphase to air-water interface through electrostatic interactions (Figure 2.3).
Subsequent electrochemical polymerization of aniline under applied surface pressure
results in a GO/polyaniline composite with polyaniline in planar polaronic form. For
the deposition in a glassy carbon substrate the Langmuir-Schaefer mode (horizontal
dipping of the substrate) was applied.

The same year Pavan Narayanam and his co-workers' prepared a GO-Cd
composite Langmuir-Blodgett film by introducing Cd®* ions into the subphase. The
changes in the behaviour of the Langmuir film isotherm in the presence of Cd** ions
are attributed to changes in the microstructure and density of the GO sheets on the

subphase surface.

EGO Glassy
monolayer carbon

Barrier

Aniliniumchloride

Figure 2.3. Experimental LB setup for in-situ polymerization. (Reproduced with

permission from ')
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The attachment of Cd ions onto the GO single layers causes some overlapping of
the sheets and extensive formation of wrinkles. Sulphidation of the GO-Cd sheets
results in the formation of uniformly distributed CdS nanocrystallites on the entire
basal plane of the GO flakes."”® The de-bonding of Cd with oxygen functional groups
reduces the number of wrinkles. The GO sheets act primarily as a platform for the
interaction of metal ions with oxygen functionalities and their structure and
characteristic features are not affected by either the uptake of Cd or the formation of
CdS.

2.4 Applications and properties of LB thin films

Xiaolin Li and his co-workers'® in 2008 reported that the exfoliation-reintercalation-
expansion of graphite can produce high quality single-layer graphene sheets stably
suspended in organic solvents. The graphene sheets exhibit high electrical
conductance at room and cryogenic temperatures. Moreover the Langmuir-Blodgett
technique can assemble graphene sheets into large transparent conducting films in a
layer-by-layer manner. The chemically derived, high-quality graphene sheets could
lead to future scalable graphene devices.

Yang Cao and his co-workers'” in 2010, present a new class of high performance
photoresponsive molecular field-effect transistors prepared from Langmuir-Blodgett
films of copper phthalocyanine (CuPc) monolayer, where two-dimensional (2D)
ballistically-conductive single-layer graphene is employed as planar contacts (Figure
2.4). The unique feature is the integration of the LB technique with the fabrication of
nanogap electrodes to build functional molecular electronic devices. The integration
of the LB technique with sophisticated micro/nanofabrication affords efficient
molecular field-effect transistors with bulk-like carrier mobility (as high as 0.04 cm? V'
''s7), high on/off current ratios (over 10°), high yields (almost 100%) and high
reproducibility. Another important result is that these transistors are ultrasensitive to
light, although their active channel consists of a single, only 1.3 nm-thick layer; such
devices could form the basis for new types of environmental sensors and tunable

photodetectors.
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Figure 2.4. The structure of the CuPc monolayer transistor device with metal
electrodes protected by a 50 nm layer of silicon dioxide. Inset: the molecular

structure of copper phthalocyanine (CuPc). (Reproduced with permission from ')

This method of incorporating molecular functionalities into molecular electronic
devices by combining bottom-up assembly and top-down device fabrication should
speed the development of nanometer/molecular electronics in the future.

Negatively charged functionalized graphene oxide layers were incorporated into
polyelectrolyte multilayers (PEMs) fabricated via Langmuir Blodgett deposition by
Dhaval Kulkarni et al.'® (Figure 2.5) in the same year. These LbL-LB graphene oxide
nanocomposite films were released as robust freely standing membranes with large

lateral dimensions (centimeters) and a thickness of around 50 nm.

General Composition
(PAH-‘FSS)"PAH/GOI(PAH-53555 WPAH

Transfer
direction

Graphene
oxide sheets

Air-water interface —

Figure 2.5. Schematic representation of fabrication and assembly of free-standing

GO-LbL membrane. (Reproduced with permission from '8)
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Micromechanical measurements showed an elastic modulus enhancement by an
order of magnitude, from 1.5 GPa for pure LbL membranes to about 20 GPa for
membranes with only 8.0 vol % encapsulated graphene oxide.

A few-layer reduced graphene oxide (rGO) thin film on a Si/SiO, wafer using the
Langmuir-Blodgett method, followed by thermal reduction, was fabricated by
Zongyou Yin et al'® in 2012 (Figure 2.6). After photochemical reduction of Pt
nanoparticles (PtNPs) on rGO, the obtained PtNPs/rGO composite was employed as
the conductive channel in a solution-gated field effect transistor (FET), which was
then used for real-time detection of hybridization of single-stranded DNA (ssDNA)
with high sensitivity (2.4 nM). Such a simple, but effective method for fabrication of
rGO-based transistors shows great potential for mass-production of graphene-based
electronic biosensors.

A study on composite electrode materials based on GO and transition metal oxide
nanostructures for supercapacitor applications was presented by John Lake et al.?°.
Electrophoretic deposition of GO on a conductive substrate was used to form
reduced graphene oxide (rGO) films through chemical reduction. The strong
interaction of GO with Coz04 and MnO; nanostructures was demonstrated in the

self-assembled Langmuir-Blodgett monolayer composite, showing the potential to

fabricate thin film supercapacitor electrodes without using binder materials.

Thermal
anneaLn

GO film on Si/SiO, rGO film on Si/SiO,

Pt electrode Buffer Photochemical
solution reduction

= Vs
PtNPs/rGO based FET PtNPs/rGO

Figure 2.6. Schematic illustration of fabrication of a solution-gated FET device for
DNA detection, based on LB films which combine Pt nanoparticles and reduced GO.

(Reproduced with permission from '°)
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They demonstrated a facile, two-step process of metal oxide and graphene
nanocomposite to fabricate binder-free supercapacitor electrodes.?® The initial hybrid
electrode comprising a Co30, and MnO. nanocomposite with a top rGO layer
provides more efficient contact of electrolyte ions, electroactive sites and shorter
transport and diffusion path lengths, leading to higher specific capacitances than
those of traditional double layer supercapacitors.?° Particular advantages of this two-
step composite nanostructure thin film process are that it is nontoxic and scalable for
binder-free supercapacitor processing.

A compressed Langmuir film of GO flakes deposited on top of a fragile organic
Langmuir-Blodgett film of Cy, fatty acid cadmium salts (cadmium (II) behenate) can
serve as an efficient protection as demonstrated by Seren Petersen et al?' The
structure of the GO-protected LB film was found to be perfectly preserved. While
metal deposition completely destroys the first two LB layers of unprotected films, the
protected film showed to act as atomically thin barrier toward metal penetration and
totally preventing the structural reorganization.

Continuing their research Qing-bin Zheng et al.?* assembled large-area hybrid
transparent films of ultra large graphene oxide and functionalized single walled

carbon nanotubes via a layer-by-layer LB deposition (Figure 2.7).
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Figure 2.7. Flow chart for the synthesis of hybrid films of ultra large GO flakes and

single walled carbon nanotubes. (Reproduced with permission from 22
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The optoelectrical properties are much better than the corresponding of GO films
prepared by the same technique and the highest among all graphene, GO and/or
carbon nanotube thin films reported in the literature. The LB assembly technique,
which, was developed, is capable of controlling the film composition, structure and
thickness, while is highly suitable for fabrication of transparent conducting
optoelectronic devices on a large scale without extra post-transfer processes. With
further refinement of the synthesis technique, this versatile material could offer the
properties required for next generation optoelectronic devices.

A novel simple and relatively cheap method for the fabrication of graphene flakes
based on the intercalation of graphite with a KCI-NaCl-ZnCl, eutectic liquid was
introduced by Kwang Hyun Park et al.?® The authors confirmed that the alkali metal
(potassium) was successfully inserted between graphite layers is at the optimized
operation condition and showed that exfoliation also occurs in the process. The
resulting graphene flakes preserve the unique properties of graphene and could be
stably dispersed (>6 months) in pyridine solution without additional functionalization
and surfactant stabilization. Transparent conducting graphene films from well-
dispersed graphene flakes with high yield (~60%) were produced by a modified
Langmuir-Blodgett assembly.?® The resulting graphene film exhibited a sheet
resistance of ~930 Q/sq at a transparency of ~75% and a high conductivity
(~91.000 Sm™). The overall results suggest that the eutectic-based method to
graphene production is a scalable and low-cost route that brings graphene-based
electronics and composite fields closer to practical applications.

Other applications of graphene-based films were reported by Sohyeon Seo et al.?*
The authors fabricated a p-n diode junction of p-type rGO/n-doping Si substrate.
Electric field-induced reduction of graphene oxide was performed by conductive
atomic force microscopy in order to create a reduced GO p-n nanopatterned diode in
a dry and non-destructive process directly on the surface where single GO sheets
were deposited by the LB method. The authors chose n- and p-doped Si substrates

that control charge transfer at the rGO interface (Figure 2.8).
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Oxygen goq:sﬂ
Figure 2.8. Electric field induced reduction to nanopattern the formation of rGO p-n

diode junctions. (Reproduced with permission from %)

Electric field induced nanolithography resulted in locally reduced GO nanopatterns
on GO sheets corresponding to the application of a negative bias voltage on an n-
doping Si substrate. Electric field induced nanolithography was performed as a
function of applied voltage and the rGO nanopatterned when -10.0 V were applied to
the substrate showed high conductivity, comparable with that of the chemically
reduced GO.?* In addition, transport of rGO sheets, which were efficiently reduced
under a local electric field, showed a uniform conductivity at sheet edges and the
basal plane. Current-voltage (I-V) characteristics of rGO on n- and p-doping Si
substrates indicated that electric field induced reduction nanolithography produced p-
type rGO nanopatterns on the Si substrates. This junction is an indispensable
electronic component that rectifies charge transport and prevents interference
between neighboring electronic components in high density integrated crossbar
devices.

Hai Li and his co-workers® used graphene oxide as a novel substrate for dip-pen
nanolithography. After GO was transferred onto a SiO; substrate using the Langmuir-
Blodgett technique, CoCl, was patterned on both GO and exposed SiO; substrates
simultaneously by dip-pen nanolithography and then used for the growth of
differently structured carbon nanotubes as presented in Figure 2.9. This novel
graphene oxide/CNT composite might have potential applications in sensing, solar

cells, electrode materials, efc.
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1. Deposition of GOon 2. Nanopatterning of CoCl, 3. CVD growth of
Si0O, by LB technique on GO and SiO, by DPN CNTs on GO and SiO,

Figure 2.9. Schematic illustration of the experimental procedure. (1) Single layer GO
sheets were transferred onto SiO; by using the LB technique. (2) CoCl, was
simultaneously patterned on GO and SiO. by dip-pen nanolithography. (3) CNTs
were grown on the patterned catalyst dots on GO and SiO; after CVD. (Reproduced

with permission from 2°)

2.5 Conclusions

The Langmuir Blodgett technique is one of the most promising LbL processes as it
enables the precise control of the monolayer thickness while allowing for
homogeneous deposition over large areas and on almost any kind of solid substrate.
On the other hand, graphene being a 2D single-layered material exhibits great opto-
electronic and mechanical properties, which could be further tailored or enhanced
with LbL assembling. In this direction, numerous studies have been reported during
the past years concerning the modification of graphene sheets by LbL assembly to
produce hybrid films. Owing to their exceptional properties, these multilayered
systems are employed in a variety of different application areas from electronics to
(bio)sensors. Despite these achievements there are still many challenges in
designing and fabricating even better and higher quality graphene-based hybrid

films.
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Chapter 3
A bottom-up approach for the synthesis of highly
ordered fullerene-intercalated graphene hybrids

Much of the research effort on graphene focuses on its use as a building block for
the development of new hybrid nanostructures with well-defined dimensions and
properties suitable for applications such as gas storage, heterogeneous catalysis,
gas/liquid separations, nanosensing and biomedicine. Toward this aim, here we
describe a new bottom-up approach, which combines self-assembly with the
Langmuir-Schaefer deposition technique to synthesize graphene-based layered
hybrid materials hosting pristine fullerene molecules within the interlayer space. Our
film preparation consists in a bottom-up layer-by-layer process that proceeds via the
formation of a hybrid organo-graphene oxide Langmuir film. The structure and
composition of these hybrid fullerene-containing thin multilayers deposited on
hydrophobic substrates were characterized by a combination of X-ray diffraction,
Raman and X-ray photoelectron spectroscopies, atomic force and scanning electron
microscopies and conductivity measurements. The latter revealed that the presence
of Cgo within the interlayer spacing leads to an increase in electrical conductivity of

the hybrid material as compared to the organo-graphene matrix alone.

This chapter is based on the article: "A bottom-up approach for the synthesis of highly
ordered fullerene-intercalated graphene hybrids", by A. Kouloumpis, K, Dimos, K. Spyrou, V.
Georgakilas, P. Rudolf and D. Gournis. Frontiers in Materials 2015, 2, 10
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3.1 Introduction

The outstanding mechanical, thermal and electrical properties of graphene have
attracted a lot of scientific effort aimed at exploiting them in the development of new
hybrid nanostructures with well-defined dimensions and behaviour, which contain
graphene as building block." 2 In fact, graphene sheets can be used as templates for
the synthesis of novel intercalated carbon-based materials suitable for various
applications in gas storage, gas/liquid separation, heterogeneous catalysis, energy
storage, Li-ion batteries, supercapacitors, nanosensing and biomedicine." *7
Combining graphene’s properties with the extraordinary properties of fullerenes® ° by
incorporating the latter into well-defined graphene-based hybrid thin multilayers
continues to be a challenging new field for developing novel hybrid nanocomposites.

Here we describe a new bottom-up layer-by-layer approach for the production of
graphene hybrid materials where graphene acts as the structure directing interface
and reaction media. This method, based on combining self-assembly with the
Langmuir-Schaefer (LS) deposition technique, uses the graphene nanosheets as a
template for incorporating Cgo molecules in a bi-dimensional array and allows for

perfect layer-by-layer growth with control at the molecular level.'

Similar synthetic
protocols have been reported during the last decade for the development of hybrid

multilayers and monolayers using the Langmuir Blodgett (LB) technique. Layered

10-20 13, 21-23

materials like clay minerals, graphene and/or graphene oxide, or other
carbon-based nanostructures®?® have been used to produce hybrid thin multilayers
with unique properties. Clay minerals with amphiphilic species and other complexes
were combined to fabricate monolayers and multilayers used as photoprobes,?’
sensors,'® catalysts® and photomagnetic films."” ?® Moreover, the optoelectronic and
mechanical properties of graphene can be modified, tuned, or enhanced by layer-by-
layer assembly techniques such as the LB method, as has been reported in various
studies over the last 3-4 years (for a review see®). High performance dye-sensitized
solar cells,® and transparent conductive films®' are some examples of the uses of
hybrid graphene-based thin multilayers. Finally, the advantages of the precise

control and the homogeneous deposition over large areas makes the LB technique
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promising for preventing carbon-based nanostructures from agglomerating during the
film synthesis, as demonstrated for fullerene derivatives or carbon dots.?*2°

Our film preparation approach involves a bottom-up layer-by-layer process that
starts with the formation of a hybrid organo-graphene Langmuir film and proceeds
via two self-assembly steps to create a layered structure hosting fullerene molecules
within its interlayer space (a schematic representation of the synthetic procedure is
illustrated in Scheme 3.1). The composition, structure and transport properties of the
fullerene-containing hybrid thin multilayers deposited on hydrophobic substrates
were characterized by X-ray diffraction, Raman and X-ray photoelectron
spectroscopies, atomic force and scanning electron microscopies and electrical

conductivity measurements.

Hydrophobic
substrates,
-

Langmuir layer
(ODA-GO)

Hybrid multilayer

Hybrid monolayer Organo-GO monolayer
(ODA-GO-ODA-Cy) (ODA-GO-ODA)

Scheme 3.1. Schematic representation of the synthetic procedure followed for the
synthesis of the hybrid GO/Cg, multilayer film consisting in a Langmuir Schaefer

deposition (1°! step) combined with two self-assembly steps (2" and 3" step).
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3.2 Experimental Section

3.2.1 Materials

Sulfuric acid (95-97%), nitric acid (65%), potassium chlorate (=99%) and powder
graphite (purum, < 0.2 mm) were supplied from Fluka. Octadecylamine (ODA,
>299%), acetone, methanol and ethanol were purchased from Sigma-Aldrich while
fullerene (Ceo, powder, 99% C) was obtained from Alfa Aesar. Ultrapure deionized
water (18.2 MQ) produced by a Millipore Simplicity® system was used throughout.
The Si-wafer (P/Bor, single side polished, purchased from Si-Mat) substrates were
cleaned prior to use by 15 min ultrasonication in water, acetone and ethanol. All

reagents were of analytical grade and were used without further purification.

3.2.2 Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using a modified Staudenmaier method:'*
3233 10 g of powdered graphite were added to a mixture of 400 mL of 95-97% H»SO,
and 200 mL of 65% HNOgs, while cooling in an ice-water bath. 200 g of powdered
KCIOs; were added to the mixture in small portions under vigorous stirring while
cooling in the ice-water bath. The reaction was quenched after 18 h by pouring the
mixture into ultrapure water; the oxidation product was washed until the pH reached

6.0 and finally dried at room temperature.

3.2.3 Preparation of hybrid graphene/fullerene multilayers

A KSV 2000 Nima Technology Langmuir Blodgett trough was used for the
preparation and deposition of multilayers at a temperature of 21 + 0.5°C. The surface
pressure in the LB trough was monitored with a Pt Wilhelmy plate. The deposition
protocol is schematically illustrated in Scheme 1. A GO suspension in ultrapure water
(0.02 mg mL") was used as subphase. 200 uL of a 0.2 mg mL™ ODA solution in
chloroform/methanol 9/1 (v/v) were spread onto the water surface using a
microsyringe to achieve the hybridization of GO sheets by covalent bonding via the
amide functionality. After a waiting time of 20 min to allow for solvent evaporation

and GO-surfactant functionalization to occur, the hybrid ODA-GO layer was
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compressed at a rate of 5 mm min” until the chosen stabilization pressure of
20 MmN m™" was reached. As in any classical Langmuir Blodgett experiment, the
applied pressure pushes the surfactant molecules along the water surface; the
grafted graphene oxide sheets will simply follow that movement and therefore
become packed, depending on the surface tension established in the trough.'® This
pressure was maintained throughout the deposition process. Layers were transferred
onto the hydrophobic Si-wafer substrates by horizontal dipping (this way of
transferring is known as Langmuir-Schaefer technique), with downward and lifting
speeds of 10 and 5 mm min™, respectively®® - 1! step in Scheme 3.1. After the
horizontal lift of the substrate, the 2" step of the deposition protocol consisted in a
surface modification of the GO nanosheets, induced by bringing the surface of the
transferred Langmuir film (ODA-GO) in contact with a solution of ODA surfactant
(self-assembly) dissolved in methanol (0.2 mg mL™")'® as illustrated in Scheme 3.1.
In the 3" and final step, the hybrid organo-GO film was lowered into a solution of Ceo
in toluene (0.2 mg mL™") for the formation of a hybrid graphene/fullerene monolayer
by self-assembly. A hybrid multilayer film was constructed by repeating this 3-step-
dipping cycle 40 times, as shown in Scheme 3.1 (sample denoted as ODA-GO-ODA-
Ce0). Each time when the substrate was lowered towards the liquid surface, it was
allowed to touch the air-water interface or the solution surface in a very gentle dip of
max 0.5 mm below the surface for 90 s. After each deposition step the sample was
rinsed several times by dipping into ultrapure water to eliminate any weakly attached
molecules that remained from the deposition step and dried with nitrogen flow to
avoid contaminating the Langmuir film air-water interface or the solution employed in
the following step.’® 2" For comparison an organo-GO hybrid multilayer (40 layers)
was also fabricated under the same experimental conditions without the 3" step of
Cso incorporation (sample denoted as ODA-GO-ODA). Moreover, a reduction and an
annealing step (4" step) were also performed in both multilayers in order to convert
the deposited GO to graphene and thus to increase the conductivity. For this, the
deposited multilayers were immersed into an aqueous solution of NaBH4 (1 mg mL™)
for 10 min and annealed at 700 °C for 1h under argon (samples denoted as ODA-
rGO-ODA-C¢ and ODA-rGO-ODA). This treatment results in a partial reconstruction

of the graphene mesh and consequently causes a drastic increase in conductivity. '
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3.3 Results and Discussion

3.3.1 Structure control of hybrid ODA-GO layer

The surface pressure versus molecular area (1-A) isotherms of ODA monolayers
in pure water and on GO dispersion are shown in Figure 3.1 (right). The curves show
the change in the slope corresponding to the phase transitions of ODA-GO sheets
from gas to condensed-liquid and then to solid state during the compression
process.?' In the absence of GO, the m-A isotherm is a smoothly increasing curve
with a lift off area of 32.8 A%. When adding a small amount of GO (0.02 mg mL™) to
the aqueous subphase, the lift-off area increased to 52 A2, verifying that GO flakes
cause a stabilization effect on the ODA layer®’ through chemical grafting (covalent
bonding) of the terminal amine groups of ODA to the epoxide groups on the top side
of the GO sheets. The amine end groups interact via a ring opening reaction
(nucleophilic substitution reactions) of the epoxide groups of GO."> 3* % At surface
pressures above 40 mN m™" the monolayer collapses due to the formation of bilayers

at approximately 26 A2.?'
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Figure 3.1. (Left panel) r-A isotherms of ODA monolayers in pure water and on
an aqueous dispersion of 0.02 mg mL™" GO. (Right panel) The black curve
corresponds to the trough area covered by the hybrid ODA-GO Langmuir film at the
air-water surface and the blue curve shows the surface pressure throughout (around
20 mN m™) the deposition of a 10-layer ODA-GO-ODA-Cs, hybrid film.
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The successful transfer of the hybrid Langmuir films onto the Si-wafer substrate
can be deduced from the plot of the pressure measured at the surface of the
subphase in the LB trough versus time."® Figure 3.1 (right) shows the time
dependence of the total trough area of the hybrid Langmuir film. As the substrate is
dipped into the subphase, this area reduces due to the transfer of one hybrid layer
from the air-water interface to the substrate during each dip. This transfer is visible
as a sharp step in the curve.’® ' If the step height (which gives an area value) is
equal to the substrate surface area, the transfer ratio is 1 and the substrate surface
is 100% covered by the hybrid layer each time it is lowered into the subphase. A
different transfer ratio suggests a multilayer transfer or an incomplete coverage of
the substrate.” The curve shown in Figure 3.1 is a typical one recorded during the
deposition of a 10-layer hybrid ODA-GO-ODA-Cg, film. The transfer ratio was very
close to 1 throughout the deposition, testifying to the successful transfer of the hybrid
Langmuir film at each dip of substrate into the LB trough.

Representative AFM images of hybrid graphene oxide sheets (ODA-GO)
deposited on Si-wafer with the LS method (at surface pressure 20 mN m™') during the
first dip into the LB trough (1! step in Scheme 3.1) are shown in Figure 3.2. In these
images one recognizes high quality graphene oxide flakes with well-defined edges
and a relatively low amount of cracks and wrinkles. The surface coverage is quite
high; the GO platelets in the transferred layer are contacting each other, with hardly
any overlap but only small voids between them, forming a nearly continuous, close-
packed array. The average height of the flakes is 0.9-1.5 nm as derived from
topographical height profile is larger than the value of 0.61 nm predicted for a single

graphene oxide Iayer,36

as expected due to the ODA layer below the GO sheet.
However, it is difficult to conclude anything on the orientation of the ODA molecules
(straight or inclined) from these images because the height of single GO layers
without ODA has also been found in the literature to be of the order of 1.1+0.2 nm

37, 38
)

(see for example probably due to presence of adsorbed water molecules.
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Figure 3.2. Tapping mode AFM micrographs (and line profile) of an ODA-GO
monolayer deposited with the Langmuir-Schaefer technique at a surface pressure of
20mN m™.

3.3.2 Characterization of hybrid graphene/fullerene multilayers

The X-ray diffraction pattern of a ODA-GO-ODA-Cgo hybrid multilayer (40 layers)
is shown in Figure 3.3 in comparison with a ODA-GO-ODA hybrid multilayer (40
layers) that was synthesized under the same experimental conditions. The ODA-GO-
ODA-Cgo hybrid multilayer shows a 001 diffraction peak at 26=2.2° which
corresponds to a dooi-spacing of 40 A. This value is higher compared with the
corresponding value of the ODA-GO-ODA multilayer (dpp1=37.6 A) testifying to the
successful intercalation of the fullerene between the organo-graphene nanosheets.
This increment does not correspond to the size of Ceo (~7 A) implying that the
fullerene molecules are accommodated between the double alkyl chains of the
surfactant (see inset sketch) and not on top of it. Moreover, the absence of higher
order (001) reflections in the XRD pattern of ODA-GO-ODA-Cg, suggests that the
graphene oxide layers are not stacked in perfect registry but have slipped sideways

and are turbostratically disordered.
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Figure 3.3. XRD patterns of ODA-GO-ODA-Cg, and ODA-GO-ODA hybrid

multilayers (40 layers).

A similar behaviour has been observed upon intercalation of fullerene derivatives
in aluminosilicate clay minerals.®® This hypothesis is further supported by calculating
the size of the coherently diffracting domains along the c axis (also called mean
crystalline thickness, t) that give rise to the 001 diffraction peak, given by the Debye-
Scherrer equation, t = KA/Bcos6, where K is a constant near unity (K = 0.91), A the
X-ray wavelength (A = 1.5418 A), 8 the angular position of the first diffraction peak,
and B the full width at half maximum of the 001 peak expressed in radians. The
crystalline thickness (t) along ¢ axis of the ODA-GO-ODA-Cgy and ODA-GO-ODA
multilayers is found to be 114 and 153 A, respectively. Dividing these values with the
corresponding doot-spacings, the number of stacked layers can be calculated to be
~3 for ODA-GO-ODA-Cgp and ~4 for ODA-GO-ODA, confirming the high degree of
ordering of the produced multilayers.

Raman spectra of the hybrid ODA-GO-ODA-Cgy and the ODA-GO-ODA multilayer
samples are shown in Figure 3.4. Spectra are typical of GO materials, in that both
exhibit the characteristic first-ordered G- and D-bands at around 1600 and
1350 cm™', respectively. The G-band is associated with sp? hybridized carbon atoms

and originates from the doubly degenerate zone center Exy mode. The D-band is
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correlated with sp® hybridized carbon atoms, as it requires a defect for its activation
by double resonance, thus indicating the presence of lattice defects and
distortions.*> *' The ratio of the D- to G-band intensities (Ip/lg) is indicative of the
quality of the graphitic lattice. This ratio is equal to 1.06 for the ODA-GO-ODA-Cego
multilayer and 1.04 for the ODA-GO-ODA multilayer, implying that fullerene
intercalation into the interlayer space of the organo-graphene nanosheets does not
influence the GO structure. In addition, the shape of the two spectra in the 2D region
is alike; both exhibit two broad peaks at ~2700 and ~2930 cm™. The low intensity
2700 cm™ peak is attributed to the 2D (or else G') vibrational mode, which is an
overtone (second order) of the D peak. The second peak at ~2930 cm™ is assigned
to the mode D+D', originating from the combination of phonons with different
momenta, thus requiring defects for its activation; its intensity agrees with the
defective nature of the GO lattice revealed by the high Ip/lg ratios of both samples.**"
*3 The typical pentagonal pinch mode (Ag(2)) of Ceo that is expected between 1440
and 1470 cm™* is not visible since it is superimposed on the broad D band of
graphene oxide. Moreover, upon reduction and annealing (see Figure 3.4 inset), the

GO sheets show a noticeable decrease in the D/G ratio from 1.06 to 0.76.
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Figure 3.4. Raman spectra of ODA-GO-ODA-Cgo and ODA-GO-ODA hybrid
multilayers (40 layers), Inset: Raman spectrum of the ODA-rGO-ODA-Cg, hybrid

multilayer after reduction and annealing.
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This observation suggests that while most of the oxygenated groups are removed
(in the form of CO or COy), the relative amount of disordered sp?-hybridized atoms is
still high. The later could be explained either by the fact that amine molecules
covalently bound to graphene survive the reduction and annealing procedures
(contributing to an enhanced sp® hybridization) or that vacancies created during
production of GO remain unchanged by the reduction process and ultimately define
the intact graphene regions.'® 3" %°

The C1s core level X-ray photoelectron spectra of the graphene/fullerene hybrid
multilayers before (ODA-GO-ODA-Cgp) and after reduction and annealing (ODA-
rGO-ODA-Cg) in comparison with pristine GO and the organo-GO multilayers (ODA-
GO-ODA) are shown in Figure 3.5. The spectrum of ODA-GO-ODA displays four
main contributions at 285.0 eV, 286.1 eV, 287.5 eV and 289.3 eV corresponding to
different carbon environments while for ODA-GO-ODA-Cg an additional contribution
appear at 290.5 eV. The peak at 285.0 eV is attributed to the C-C bonds of the
aromatic ring of GO as well the organic carbon-carbon groups of ODA attached to
graphene and represents 53.7% oft the total carbon 1s intensity of ODA-GO-ODA
(Figure 3.5 top-right). This contribution is more intense in the case of ODA-GO-ODA-
Ceo (Figure 3.5 bottom-left) because in addition to photoemission signal due to the C-
C bonds of ODA and GO as also that from the Cgo cage appears at this binding
energy. The increased intensity of this peak to 57.9% of the total C1s signal testifies
therefore to the successful incorporation of Cg into the layered structure. C-O and C-
N both contribute to the photoelectron peak centred at 286.1 eV for ODA-GO-ODA
and 286.5 eV for ODA-GO-ODA-Cep; in both spectra its intensity is higher than in the
corresponding spectrum of the GO starting material due to the chemical grafting of
the amino groups of ODA with the epoxy groups of GO. Similarly, the contribution at
287.5 eV in the ODA-GO-ODA spectrum (at 288.0 eV for ODA-GO-ODA-Csg),
assigned to the epoxy groups of GO, is smaller than for the GO starting material,
attesting that the epoxy groups have reacted with the amines via chemical grafting.
The peak at 289.3 eV in the ODA-GO-ODA spectrum (at 289.1 eV for ODA-GO-
ODA-Cg) is attributed to carboxyl groups created during the oxidation of GO. The
additional peak at 290.5 eV in the ODA-GO-ODA-Cgo spectrum is due to the Cis

6

shake up features of Cs0,*® which result from t-mt* transitions excited in the
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photoemission process; this peak therefore gives additional support to the presence
of fullerenes in the hybrid multilayer.'® *’ Finally, upon reduction and subsequent
annealing at 700°C the C1s spectral intensity due to oxygen-containing functional
groups of graphene oxide (Figure 3.5 bottom-right) is significantly lower as compared
to before the treatment, indicating a partial reconstruction of the graphene network
expected to result in a better electrical conductivity (see below). It is noteworthy to
mention that a new photoemission peak appears in the same spectrum at 282.9 eV;
we attribute this peak to C-Si bonds formed as a result of the annealing procedure.
Finally, no contribution in N1s photoelectron peak was observed in both ODA-rGO-
ODA and ODA-rGO-ODA-Cgy samples indicating that annealing didn’t cause any

nitrogen doping in the graphene layers.
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Figure 3.5. X-ray photoelectron spectra of the C1s core level region of GO, ODA-
GO-ODA and graphene/fullerene hybrid multilayers (40 layers) before (ODA-GO-
ODA-Cgp) and after reduction and annealing (ODA-rGO-ODA-Csg).
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The sheet resistance measurements of the ODA-GO-ODA and ODA-GO-ODA-Ceo
multilayers gave values of about 15-20 MQ and 10 MQ, respectively. These values
were remarkably reduced to 20 kQ and 4 kQ, respectively, after the reduction and
annealing treatment was applied in order to convert the deposited GO to graphene.

These values are mean values of all measurements performed in different spots
on both samples. By taking into account the thickness (as estimated from AFM
section analysis) of the produced films (70 nm for ODA-rGO-ODA and 90 nm for
ODA-rGO-ODA-Cgo) the electrical conductivity of the produced films was estimated
714 S'm™ and 2800 S'm™ for the reduced and annealed samples without and with
the Cgo respectively. It is worth to notice that the produced multilayer films have a
quite uniform and smooth surface as revealed by SEM measurements (Figure 3.6).
According to the roughness analysis of the surface shown in the inset of Figure 3.6,
the mean roughness (RMS) is estimated around 3 nm. The poor electrical
conductivity of both the ODA-GO-ODA and the ODA-GO-ODA-Cgy multilayer is due
to the presence of ODA and of the oxygen-containing groups decorating the
graphene oxide sheets. However, the reduction and annealing steps substantially
improved the electrical conductivity by removing effectively these moieties. The
difference in sheet resistance between the two multilayers indicates a strong
influence of the presence of Ceo. It is clear that the presence of Cgp inserted between

graphene layers increases the electrical conductivity by an order of magnitude.

SElI  20kV WD17mm  SS35 x190 100pum  —
Uol 0000 20 Jan 2015

Figure 3.6. Representative SEM image of ODA-rGO-ODA-Ceo. Inset: surface

roughness analysis of the same sample as shown by AFM micrograph.
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3.4 Conclusions

In conclusion, a highly controllable layer-by-layer synthetic approach for the
production of a new class of hybrid carbonaceous structures was discussed. A 40-
layer thick film consisting of organo-modified graphene oxide layers accommodating
pure fullerene molecules (Ceo) in the interlayer space was successfully fabricated by
using a combination of the Langmuir-Schaefer deposition method with two self-
assembly steps from solution. Initially, the effectiveness of this method in terms of
coverage, uniformity and single-layer-level control of the assembly of the first
organo-modified graphene oxide layer was confirmed by 1A isotherm
measurements and AFM microscopy. For the hybrid multilayer sample X-ray
diffraction measurements revealed the presence of the fullerene molecules within the
interlayer space between the turbostratically layered organo-graphene oxide
nanosheets and confirmed the high degree of ordering of the produced structure.
The existence of fullerenes in the hybrid multilayer system was confirmed by X-ray
photoelectron spectroscopy while Raman spectroscopy showed that the intercalation
of the fullerene within the interlayer space of the organo-graphene oxide nanosheets
did not affect the structure of GO itself. Finally, a considerable improvement (an
order of magnitude) of the electrical conductivity of the hybrid multilayer with respect
to the organo-graphene analogue was observed due to the presence of Cg inserted
between graphene oxide layers. This graphene/fullerene hybrid material constitutes
a novel hybrid system that could ideally be used in diverse applications such as

transparent electrodes, thin film transistors, supercapacitors or lubricants.
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Chapter 4

Controlled deposition of fullerene derivatives within
a graphene template by means of a modified
Langmuir-Schaefer method

The scientific and technological potential of graphene includes the development of
light, open 3D structures with high surface area, tunable pore size and aromatic
functionalities. Towards this aim, we describe a bottom-up approach that combines
self-assembly and Langmuir-Schaefer deposition for the production of fullerene-
intercalated graphene hybrid materials. This method uses graphene nanosheets as
templates for the attachment of two types of fullerene derivatives (bromo-fullerenes,
CsoBr24 and fullerols, Cgo(OH)24) in a bi-dimensional arrangement, allowing for perfect
layer-by-layer growth with control at the molecular level. Our film preparation
approach relies on a bottom-up process that includes the formation of a hybrid
organo-graphene Langmuir film, which is transferred onto a substrate and then
brought in contact with Cgo(OH)24 molecules in solution to induce self-assembly. In
the case of grafting CeoBrz4 molecules into graphene a further modification of the GO
platelets was performed by bringing the surface of the transferred GO Langmuir film
in contact with a second amino surfactant solution (capable to interact strongly with
the CgoBra4). By repeating these deposition cycles and thereby stacking numerous
organo-graphene layers decorated with fullerene derivatives pillared structures were
fabricated in thin films form. These fullerene-based hybrid thin films deposited on
hydrophobic substrates were characterized by Raman and X-ray photoelectron
(XPS) spectroscopies, X-ray diffraction (XRD), Atomic Force Microscopy (AFM) and

contact angle measurements.

This chapter is based on the article: "Controlled deposition of fullerene derivatives within a
graphene template by means of a modified Langmuir-Schaefer method", by A. Kouloumpis,
N. Vourdas, G. Potsi, P. Zygouri, V. Kostas, N. Chalmpes, K. Spyrou, V. Stathopoulos, P.
Rudolf and D. Gournis (fto be submitted).
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4.1 Introduction

Buckminster fullerene (Cgo) was discovered in 1985 by Kroto, Curl and Smalley;’ it
consists of 60 sp? carbon atoms arranged in pentagons and hexagons to form a
spherical nanostructure (cage).? Due to the size and electronic structure of Cgp and
larger fullerenes, derivatives can be formed by inserting atoms or molecules inside
the cage (endohedral fullerenes) and by functionalizing with substituents outside the
cage (exohedral fullerenes). Like most organic molecular materials, fullerenes and
their derivatives can be insulators, semiconductors, or even superconductors when
doped with other atoms or molecules.® * These tunable conductivity properties
render them very attractive as active materials for electronic devices, such as light
detectors, transistors, or solar cells.®®

Although halogenated fullerene derivatives are interesting for their outstanding
physical and chemical properties, investigations of their potential for diverse
applications are still scarce.®® However the presence of halogens in other carbon
materials has been studied already decades ago. Doping with bromide was

% 10 and carbon

demonstrated to increase the electrical conductivity of graphite,
nanotubes.’” 2 More specifically, S. Tongay et al.'® fabricated a superconductive
bromine-intercalated graphite by exposing highly ordered pyrolytic graphite (HOPG)
to bromine vapour;'® with the same method N.Jung et al'* achieved an
enhancement of the conductivity for multilayered graphene films and thick graphite.
Bromine derivatives of graphene that could be used for reversible bromine storage or
as a starting material for further chemical modifications were synthesized by O.
Jankovsky'® and co-workers in 2014. In the same year, K. Klouda et al.® synthesized
hybrid brominated nanostructures containing fullerene molecules within graphene
oxide by reacting graphene oxide with brominated fullerene derivatives (CgoBri4-1s)
and by direct bromination (with liquid bromide) of an oxidized GO-Cg, mixture.
Moreover Klouda’s group reported that the brominated materials thermally
decomposed at higher temperatures than the unbrominated ones, due to the
retarding action of bromine.® A. E. Mansour et al.'® investigated the doping of

graphene with bromine to develop high performance transparent conducting

electrodes.
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The functionalization of a fullerene cage can also be a first step in the synthesis of
more complex derivatives with different physical and chemical properties.> ® In this
context the halogenation of fullerenes (with fluorine, chlorine, or bromine) is one of
the most common chemical reaction to yield derivatives that can be either used as
they are or serve as precursors in substitution reactions to sequentially attach
aromatic groups to the fullerene cage.'® In the case of brominated fullerene the
substitution of the bromine with OH groups results in derivatives with better solubility
in water and in aqueous solutions.?'" ?* Polyhydroxylated fullerenes or fullerols
(Cso(OH),), have attracted much scientific and industrial attention in engineering,?2°
where they were found to improve the corrosion resistance and microhardness of
coatings,?® to give better mechanical properties than Csy, when incorporated in
poly(styrene-co-4-vinylpyridine) for optical limiting performance®* or to reinforce and
have anti-oxidation effects when mixed with natural rubber to inhibit the decrease of
tensile strength after aging.?® Fullerols improve have been proposed for performing
bio-oxidations.?®' 2 They have been tested as agents for Parkinson's disease (PD)

prevention and therapy,”® #

and as active compounds in the preparation of skin
rejuvenation cosmetic formulations,*® just to name a few of the many fields of
science and technology®'*** where Cgo(OH), have been considered.

Nanotechnology can tune and control the fundamental physicochemical properties

of fullerenes and their derivatives by ordering them into molecular thin films®*** for

45-49 50, 51

the use in diverse applications including optoelectronics, photovoltaics and

52-55 29, 59

solar cells, sensors,*®® biological applications and many more.?®®® The
possibility to control the size and the orientation of (functionalized) fullerene
molecules in 2D arrays can lead to new functional and low-dimensional materials
with interesting and promising properties.

Here we report a bottom-up layer-by-layer approach for the production of
fullerene-graphene oxide hybrid materials that combines the self-assembly with the
Langmuir-Schaefer (LS) deposition technique. Graphene oxide nanosheets were
used as a template for integrating Ceo derivatives (fullerol with chemical formula
Cs0(OH)24 and bromo-fullerene with chemical formula CgoBro4) in 2D arrays. More
specifically, a dilute water suspension of chemically oxidized graphene (GO) was

used as subphase in a Langmuir-Blodgett trough and an amino surfactant, which
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covalently binds to GO, was applied for the formation of hybridized GO platelets in
the air-dispersion interface. After the transfer of the hybrid GO Langmuir film using
the Langmuir-Schaefer method (horizontal dipping), the substrate was dipped into a
solution of fullerols (Cgso(OH)24 to induce self-assembly (SA). Instead, in the case of
grafting CeoBra4, after the transfer of the hybrid GO Langmuir film using the
Langmuir-Schaefer method (horizontal dipping), the substrate was first brought in
contact with another amino surfactant solution to induce functionalization by self-
assembly and then, as the final step, lowered in the solution of the bromo-fullerene to
complete the self-assembly with the CgoBros molecules. Hybrid graphene oxide
multilayer thin films hosting fullerene-derivatives molecules within their interlayer
space were fabricated by repeating these two procedures, as illustrated in Scheme
41. The samples were characterized by Raman and X-ray photoelectron
spectroscopies, X-ray diffraction, Atomic Force Microscopy and contact angle

measurements.

4.2 Experimental Section

4.2.1 Materials

Buckminster fullerene (99.8%), octadecylamine (ODA, >299%),
hexamethylenediamine (HEX, 299%), acetone, methanol and ethanol were
purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) pellets were obtained
from Vioryl. Ultrapure deionized water (18.2 MQ) produced by a Millipore Simplicity®
system was used throughout. The Si wafers (P/Bor, single side polished, purchased
from Si-Mat) used as substrates were cleaned prior to use by ultrasonication in
water, acetone and ethanol for 15 min each. All reagents were of analytical grade

and were used without further purification.

4.2.2 Synthesis of Graphene Oxide
Graphene oxide (GO) was synthesized using a modified Staudenmaier method,

as described in Chapter 3 (see section 3.2.2).
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4.2.3 Synthesis of fullerene derivatives'

In a typical synthesis of polybrominated fullerene® (CeoBrzs), 300 mg of
Buckminster fullerene were dissolved in 2 mL of elementary bromine, in the
presence of a catalytic quantity of FeBrs. The mixture was stirred for 40 min at room
temperature. When the reaction was completed, the excess of unreacted bromine
was evaporated and the catalyst was separated by dissolving in a mixture of
ethanol/H>0 (1:2, v/v).

Polyhydroxylated fullerene (fullerol, Ceo(OH)24) was synthesized by using
polybrominated fullerenes as precursor.??> More specifically, fullerol was obtained by
reacting 50 mg of CgoBra4 with 5 mL of NaOH 2 M (pH = 13) for 2 h at room
temperature. After completion of the reaction, the solvent was evaporated at 40 °C;
then the mixture was filtered and washed 5 times with 10 mL of ethanol (purity 70
%). The dark brown powder product obtained after the filtration was soluble in polar

solvents like water.??

4.2.4 Preparation of hybrid multilayers of graphene oxide and Cg,-
derivatives

A Langmuir Blodgett (LB) trough (KSV 2000 Nima Technology) was cleaned with
ethanol and distilled-deionized water. GO suspensions in ultrapure water (0.02 mg
mL") were prepared and used as subphase. To achieve the hybridization of the GO
sheets in the LB trough, 200 pL of a 0.2mg mL' ODA dissolved in a
chloroform/methanol mixture (9/1, v/v) were spread onto the water surface using a
microsyringe. After a waiting time of 20 min to allow for solvent evaporation and GO-
surfactant functionalization to occur, the hybrid ODA-GO layer was compressed at a
rate of 5 mm min™ until the chosen stabilization pressure of 20 mN m™ was reached.
This pressure was maintained throughout the deposition process. The hybrid
Langmuir layers (ODA-GO) were transferred onto the Si-wafer substrates by
horizontal dipping (Langmuir Schaefer technique), with downward and lifting speeds

of 10 and 5 mm min™", respectively.** %

' Fullerene derivatives samples were provided by Dr. Panagiota Zygouri (University of
loannina, Greece)
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Scheme 4.1. Schematic representation of the synthetic procedures for fabricating
the hybrid films of left: graphene oxide and Cgo(OH)24 (ODA-GO-Ceo(OH)24) or right:
graphene oxide and CgoBrzs (ODA-GO-HEX-CgoBrz4). Both procedures consist in a

Langmuir Schaefer deposition combined with with one self-assembly step (left) or

two self-assembly steps (right)

After the horizontal lift of a substrate, the ODA-GO film was dipped into an
aqueous solution of fullerols (0.2 mg mL™). A hybrid graphene/Ceo(OH)24 multilayer
film was constructed by repeating this procedure for 60 times, as shown in Scheme
4.1 (sample denoted as ODA-GO-Cgo(OH)24). For the formation of the hybrid
graphene oxide film hosting polybrominated fullerene in its interlayer space, a further
surface modification of the GO nanosheets was performed by bringing the surface of
the transferred Langmuir film (ODA-GO) in contact with a amino surfactant, HEX
dissolved in methanol (0.2 mg mL") and making use of a self-assembly step.** ®°
After this functionalization, in a final stage, the hybrid organo-GO (ODA-GO-HEX)
film was lowered into a solution of polybrominated fullerene (0.2 mg mL™) dissolved
in a ethanol/H>O mixture (2/1, v/v) to induce the formation of a hybrid ODA-GO-HEX-
CeoBro4 layer by self-assembly. By repeating this procedure 60 times, a hybrid
multilayer film was constructed as shown in Scheme 4.1 (sample denoted as ODA-

GO-HEX-CeoBr24). Each time when the substrate was lowered, it was allowed to
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touch the air-water interface or the solution surface in a very gentle dip of max 0.5
mm below the liquid surface for 90 s. After each deposition step samples were rinsed
several times by dipping into ultrapure water (o eliminate any weakly attached
cations or molecules that remained from the deposition steps) and dried with
nitrogen flow (to avoid contaminating either the LB air-water interface or the other

solutions).*! 44 ¢

4.3 Results-discussion

4.3.1 Structural characterization of Cq, derivatives®

FTIR spectra of polybrominated fullerene (CgoBro4) and fullerol (Ceo(OH)24) are
shown in Figure 4.1. In the case of polybrominated fullerene, the stretching vibrations
of the C-Br groups were observed in the range of 500-610 cm™ (515 cm™, 545 cm™
and 609 cm™).®” Based on the Sadtler Handbook of Infrared spectra® bands in the
region of 1000-1200 cm™ can be attributed to vibrations of C-Br groups; for CgBraa,
these bands appear at 1045 cm™, 1086 cm™, 1144 cm™, 1180 cm™.

515
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Figure 4.1: FTIR spectra of (a) polybrominated fullerene (CeoBr24) and (b) fullerol
(Ceo(OH)24).

2 The structural characterization of fullerene derivatives samples was provided by Dr.
Panagiota Zygouri (University of loannina, Greece)
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The spectrum of Cgo(OH)24 shows characteristic bands due to the presence of
hydroxyl groups at 1065 and 1458 cm™ (bending vibrations of C-OH groups), as well
as at 685 cm™', 849 cm™ and 905 cm™ (wagging vibrations of OH). The bands at
3465 cm’' (stretching vibration) and 1690 cm™ (bending vibration) are instead
indicative of the presence of water molecules. The band at 3465 cm™ corresponds to
the stretching vibration of the -OH bond and is observed also in liquid water.®®

Raman spectra of pristine and polybrominated fullerene (CeoBrz4) are shown in
Figure 4.2. Cgo is characterized by high |, symmetry and presents 46 vibrational
modes distributed over the 174 vibrational degrees of freedom. From the 46
vibrational modes, 4(T;,) are active in the infrared region and 10 (2Ag + 8H,) are
active in Raman, while the remaining are optically inactive.”
vib (Ceo) = 2Ag (Raman) + 3F g +4F 5 + 6Gg + 8Hy (Raman) + A, + 4F4, (IR) + 5F3,

+ 6Gy + 7H,

In the case of polybrominated fullerene, the bromines are attached to the twelve
six-membered rings of the fullerene structure at the 1 and 4 position induce a “boat”
conformation, while for the remaining 8 six-membered rings, the bromine atoms
bound to the carbons 1, 3 and 5, create a “chair” conformation.”! The active
vibrations of the C-Br groups are five, more specifically stretching vibrations of these

groups are observed at 505 cm™, 516 cm™, 549 cm™, 562 cm™ and 585 cm™.

£)
< r 450 500 550 600 650 1463
g b A |
]
§ NL'AA_
£
H (1) H (@) 9 )
9 A (1) g H_(5) a
Pttt
A J
T T T T T T T T T T T T T T
0 250 500 750 1000 1250 1500 1750

Wavenumbers (cm'1)

Figure 4.2: Left: Raman spectra of (a) Pristine Buckminster fullerene and (b)

polybrominated fullerene (CeoBrz4). Right: typical structure of CgoBraa.
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The presence of the band at 1463 cm™ in the spectra of the CgoBrz4, which is due
to the Ag symmetry of the fullerene, indicates that the icosahedral structure remains
unaffected after the functionalization (Figure 4.2 right). The appearance of a new
band at 308 cm™ can be attributed to a neutral molecular Br; in a charge transfer
complex between Cgp and Bro. The absence of any vg..g; signal renders the CgoBra4 a
real derivative of fullerene.”® "

Thermogravimetric analysis (TGA) and thermal analysis (DTA) measurements for
polybrominated and polyhydroxylated fullerene are presented in Figure 4.3. The TGA
curve of CgoBras (a) presents a 9% weight loss up to 100 °C corresponding to
absorbed water and unreacted molecular bromine (Bro). At the temperature range
between 100 and 180 °C, a mass loss (~31%) is observed, which can be attributed
to the removal of functional groups. The curve of DTA shows an exothermic peak at
430 °C related to the combustion of the fullerene carbon cage, which is followed by
the total weight loss of the sample (~60 wt%). In the case of fullerols (b), a mass loss
of ~20 wt% in the temperature range up to 120 °C, points to the presence of naturally
absorbed water molecules and demonstrates the hydrophilic character of the
Ceo(OH)24. The removal of the hydroxyl groups occurs between 150 and 320 °C and

corresponds to a weight loss of ~13%.

40 430°C @) 1 (b) o
0l L 100
20- 10 L90
gx 0 gx -20 L 80
[]
2 ] o 0 g
[=] = -40- 60 =
ol -40 o I X
] 0] .50 =
-60 Gy -60+ L40
-80- - 701 130
100 200 300 400 500 600 700 800 900 B0 T 260 300 200 500 600 700 860 900
Temperature (°C) Temperature (°C)

Figure 4.3: Thermogravimetric analysis (TGA) and thermal analysis (DTA)
measurements of (a) polybrominated (CeoBr24) and (b) polyhydroxylated fullerenes
(Ce0(OH)24).
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Above 350 °C the decomposition of the graphitic lattice resulting in a weight loss
close to 37%. The removal of the hydroxyl groups and the decomposition of the
fullerene are not separated in the DTA curve, indicating an interdependence of these
two phenomena and consequently testifying to the successful chemical

functionalization of the fullerene.

4.3.2 Structural control of hybrid monolayers

To demonstrate the attachment of ODA to the GO flakes, we recorded the surface
pressure-molecular area (1-A) isotherms while compressing the Langmuir film by
means of the movable barriers of the LB trough. Figure 4.4 displays the 1A
isotherms of an ODA monolayer on pure water and on a GO dispersion. The curves
show changes in slope corresponding to the phase transitions from two dimensional
gas to condensed liquid and then to solid during the compression process. The fact
that the compression of ODA on the GO suspension gives rise to an increase of the
surface pressure much earlier during the compression that for ODA on pure water,
indicates that GO has hybridized by covalent bonding via the amide functionality of
ODA and a hybrid floating layer of ODA-GO has been formed.*

100 T T T T

90 4 — 20 ppm

Solid phase Liquid phase Pure water

w©

o
1
1

—
'

Gas phase

collapse

Surface Pressure (mN/m)
3

T T T

20 40 60
Mean Molecular Area (A%)

Figure 4.4. r-A isotherms recorded during the compression of ODA monolayers on

pure water and on an aqueous dispersion of 20 ppm GO.

62



Chapter 4

Representative AFM images of hybrid Langmuir monolayers (ODA-GO)
transferred onto the Si-wafer at different surface pressures in the LB trough, namely
5, 10, 15 and 20 mN/m, are shown in Figure 4.5. The topographic images revealed
that the substrate surface coverage of the hybrid ODA-GO monolayers is higher as
the surface pressure increases. GO nanosheets with well-defined edges are easily
observed in the AFM micrographs, verifying the formation of a hybrid Langmuir film
at the air-dispersion interface. More specifically, when the Langmuir film was
compressed at 5 mN m™ (Figure 4.5a), the GO platelets appear isolated with an
empty space between them. When the Langmuir film was further compressed at 10
mN m™ (Figure 4.5b), the GO platelets contact each other, with still rather large voids
between them and at even higher surface pressure of 15 mN m™ (Figure 4.5¢), the

nanosheets become more closely packed.

90.0 nm

45.0 nm

80.0 nm
40.0 nm

0.0 nm

0

) | | d)
Figure 4.5. AFM height images of ODA-GO monolayers deposited on Si-wafer
substrates at different surface pressures of a) 5mN m™, b) 10mN m™, ¢) 15mN m™

and d) 20 mN m™" during the compression process.
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When deposited at 20 mN m™ the hybrid film becomes very dense but with only
very few overlaps between adjacent flakes (Figure 4.5d). Furthermore, the GO layers
exhibit wrinkles that may be related to water-GO interaction and are formed during
dipping and drying. GO sheets can become wrinkled during water evaporation due to
surface tension.”* ”® The average thickness of the flakes is 1-1.5+0.2 nm as derived
from topographical height profile (section analysis) corresponding to the size of
single graphene oxide layers, which is 6.1 A.76 #*

Detailed AFM images of single ODA-GO-HEX-CgoBrs and ODA-GO-Ceo(OH)24
hybrid layers deposited on Si-wafer are shown in Figure 4.6. The micrographs reveal
the presence of quite uniform and nearly spherical particles decorating several
micrometer size layers indicating the successful attachment of the Cgo derivatives on
the graphene oxide surface. More specifically, the CgoBr24 decoration in the hybrid
ODA-GO-HEX monolayer is relatively uniform revealing small particles in all over the

surface of the GO sheets while wrinkled sheets were also observed.

20.0

A I 1 I
0 1.00 2.00 3.00 4.00
Hm

Figure 4.6. AFM height images and cross section analysis profile of ODA-GO-HEX-
CesoBra4 (left) and ODA-GO-Cgo(OH)24 (right) hybrid single layers.
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In the other hand, the hybrid ODA-GO-Cg(OH)24 layer exhibit a smoother
distribution and higher coverage of Ceo(OH)24 molecules on the graphene oxide
layers as compared to CgoBra4 in the hybrid ODA-GO-HEX-CegoBra4 layer. This
different morphology is due to the direct attachment of Cgo(OH)24 to the polar oxygen-
containing groups homogeneously distributed on the graphitic surface (without
interposed surfactant like in the case of brominated fullerene). The average size of
decorating CgoBr24 and Cgo(OH)24 molecules was about 3+0.2 nm and 1.8+0.2 nm
respectively as deduced from the height profile analysis. The larger size of the

CsoBro4 moieties arises probably from the presence of the adsorbed HEX molecules

attached to CgBraa.

4.3.3 Characterization of graphene/Cgo-derivative hybrid multilayers

The X-ray diffraction patterns of the produced ODA-GO-HEX-CgoBrz4 and ODA-
GO-Ceo(OH)24 hybrid multilayers (60 layers) are shown in Figure 4.7. The hybrid
multilayer with CgoBro4 shows a 001 diffraction peak at 26=2.3° from which a dgos-

spacing of 38.4 A is deduced.

| ODA-GO-HEX-C, Br,,
d,,,=38.4 A

(001)

2.3°

Intensity a.u.

ODA-GO-C_ (OH),,
d, =327 A

(001)

. 2.7°

26 (O)
Figure 4.7. XRD patterns and schematic illustration (inset) of ODA-GO-HEX-CgoBrz4
and ODA-GO-Cgo(OH)24 hybrid multilayers (60 layers).
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This dgoy value corresponds to an interlayer space of A= 38.4-6.1 = 32.3 A, where
the value of 6.1 A represents the thickness of the GO single layer,”® indicating the
successful insertion of the CgoBras molecules as pillars between GO sheets.
Moreover, the presence of higher order (00l) reflections in the XRD pattern of ODA-
GO-HEX-CgoBr24 suggests very high order in the stacking of the GO layers. On the
other hand, the ODA-GO-Cgo(OH)24 hybrid multilayer shows a 001 diffraction peak at
20=2.7°, resulting in a smaller dyps-spacing of 32.7 A. This value corresponds to an
interlayer space of A= 32.7-6.1 = 26.6 A, testifying to the presence of Ceo(OH)2s
molecules in the interlayer space.”” This value is smaller as compered to the dgo:-
spacing of ODA-GO-HEX-CgoBro4 because the Cgo(OH)24 molecules are directly
attached to the graphene oxide layers without an interposed surfactant .

The Raman spectra of the produced ODA-GO-HEX-CgoBros and ODA-GO-
Cs0(OH)24 hybrid multilayers deposited on a Si wafer are shown in Figure 4.8.
Spectra of graphene-based thin films exhibit the characteristics bands. The
second order D band at around 1350 that is connected to sp® hybridized carbon
arising from lattice defects and distortions while the first order G band at around

1600 cm™ is linked with sp? hybridized carbon atoms of the graphitic lattice.”® "

| Graphene Oxide
G-band

D-band

Ip/lG=0.81

D-band
G-band

T
1000 1500 2000

1,/1,=1.06

Intensity a.u.

ODA-GO-C_ (OH),,

1,/1,=1.10
ODA-GO-HEX-C, Br,,

T T T T T T
800 1600 2400 3200
Raman shift (cm™)

Figure 4.8. Raman spectra of ODA-GO-HEX-CgoBro4 and ODA-GO-Cgo(OH)24 hybrid

multilayers (inset: Raman spectrum of graphene oxide).
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The ratio of the D- to G-band intensities (Ip/lg) is indicative of the quality of the
graphitic lattice and was found to be 0.81 for the pristine GO (Figure 4.8, inset). The
ratio of the D- to G-band intensities (Ip/lg) for the hybrids ODA-GO-HEX-CgBrz4 and
ODA-GO-Cgo(OH)24 multilayers is at least 1.1 and 1.06 respectively. This increase of
the Ip/lg ratio in the case of the hybrid films could be assigned to the relative increase
of the D’ band (1620 cm™), which exceeds the intensity of the G band®® suggesting
the hybridization of GO due to the covalent bonding of the amide functionality of
ODA. Moreover, both spectra display three broad bands in the 2D region at ~2700,
~2930 and ~3200 cm™, which are typical of GO materials. These are related with the

2D (or else G') vibrational mode, the D+D' mode and the 2D' mode in that order.”® ’

81, 82

In order to gain further information for the type of bonding between the graphene
oxide layers and the Cgo derivatives we employed X-Ray photoelectron spectroscopy
measurements. Figure 4.9 displays the C1s and N1s core level regions of the ODA-
GO-Ceo(OH)24 hybrid multilayer. Four contributions located at binding energies of
284.6 eV, 286.1 eV, 287.2 eV and 288.6 eV can be identified. The peak at 284.6,
which accounts for 61.1% of the total carbon intensity, originates from the carbon-
carbon bonds of graphene oxide and of the fullerene cage, as well the C-C of ODA.
The peak at 286.1 eV is due to C-O of GO and of the hydroxyl groups of fullerol. The
same peak also contains contributions from C-N bonds of ODA molecules when
reacted with the epoxy groups of graphene oxide. The contribution at 287.2 eV is
due to C=0 (carbonyl) as well C-O-C (epoxy) functional groups and accounts for
10.7 % of the total carbon intensity. A last peak centred at 288.6 eV stems from
carboxyl groups of graphene oxide (3.1%). Additionally there is no characteristic

83

shake up peaks of Cg ~° are observed because the mt electrons are no longer

delocalized over the whole molecule.®*

In the Nitrogen 1s photoelectron spectra we identify three contributions, one at
399.3 eV attributed to C-N-C bond of ODA with the epoxy groups of graphene oxide,
a second one at 400.8 eV corresponding to the primary amines that may interact
with the GO surface by non-covalent bonding and a third one, which originates from

the protonated amines of ODA-GO-Cgo(OH)24.
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Figure 4.9. C1s (left) and N1s (right) core level photoemission spectra of a ODA-
GO-Ceo(OH)24 hybrid multilayer film.

Figure 4.10 shows the C1s and N1s photoemission spectra of the ODA-GO-HEX-
CesoBr24 hybrid multilayer. The main contribution to the C1s line at 284.6 eV binding
energy results from carbon-carbon bonds of graphene oxide and of the fullerene
cage, as well as from the C-C bonds of ODA and accounts for 57.4% of the total

carbon intensity.

Cis N1s ODA-HEX-GO-C_Br,

ODA-GO-HEX-C_B c-c - o
~0-HEA-C 6Bl 284.6 eV
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Figure 4.10. C1s (left) and N1s (right) core level photoemission spectra of the ODA-
GO-HEX-CgoBr24 hybrid multilayer film.

68



Chapter 4

A less intense peak (17.1%) arises from the C-O of GO and the C-Br bond of
fullerene derivative and contains also contributions from C-N bonds of ODA
molecules due to the chemical grafting of the amino groups of ODA with the epoxy
groups of GO. The contribution at 287.2 eV is due to the C=0 (carbonyl) as well C-
O-C (epoxy) functional groups and accounts for 8.9 % of the total carbon intensity
while the presence of carboxyl groups is demonstrated from the peak located at
288.6 eV (7.7%). The additional peaks at 290.0 eV and 291.5 eV in the ODA-GO-

HEX-CeoBr24 spectrum are due to C1s shake up features of Cgo %%’

resulting from 1
" transitions excited in the photoemission process and therefore gives proof to the
presence of fullerene derivatives in the hybrid multilayer.

In the Nitrogen 1s photoelectron spectrum of ODA-GO-HEX-CgoBr24 we identify
three contributions like in the case of ODA-GO-Cgo(OH)24, 0ne at 399.4 eV attributed
to C-N-C bond of ODA and/or HEX molecules with the epoxy groups of graphene
oxide, a second one at 400.8 eV corresponding to the primary amines that may
interact with the GO surface by non-covalent bonding or physisorb to the graphene
surface unreacted and a third one, which derives from the protonated amines of
ODA-GO-HEX-CgoBr24 system. Furthermore we observe an increase of the NH3*
amines for ODA-GO-HEX-CgoBr24, implying that a higher percentage of NH;* amines
interacts electrostatically with the graphene surface; this results in a lower C-N-C
peak (32.9 % of the total N1s intensity) as compared to the C-N-C peak (38.3 % of
the total N1s intensity) of the ODA-GO-Cgo(OH)24 hybrid film.

Water contact angle (CA) measurements are presented in Table 4.1. The CA for
the ODA-GO-Cso(OH)24 hybrid multilayer film results systematically higher than that
of the ODA-GO-CgoBr24 hybrid multilayer film, with the first exhibiting CA=85° and the
latter CA=55°, ca. 1 min after the droplet touches the surfaces. Both advancing and
receding CA are higher for the ODA-GO-Cgo(OH)24 system.

Despite the fact that Cgo(OH)24 molecules are considered to be more hydrophilic
than of CgoBra4 due to the -OH functional groups, our CA results revealed that the
ODA-GO-Cg(OH)24 hybrid system exhibits a more hydrophobic character than ODA-
GO-HEX-CgoBr2s.
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Table 4.1. Water contact angle measurements

Sample CA (t=0) | CA (t=1min) | Advancing | Receding
CA CA
ODA-GO-HEX-CgoBros | 59+1° 55+1° 64+1° <20+1°
(30 layers)
ODA-GO-Cgo(OH)24 98+1° 85+1° 103+1° 40+1°
(30 layers)

This difference can be attributed to the different synthesized nanostructures.
Microscopy studies revealed that the distribution of the grafted Ceo(OH)24 molecules
on the graphene oxide layer is more dense and homogeneous comparing the ODA-
GO-HEX-CgoBr24 hybrid multilayer, resulting in a different morphology. Moreover the
hydrophilic behaviour of the ODA-GO-HEX-CgoBrz4 film, compared to the more
hydrophobic behaviour of the ODA-GO-Cego(OH)24 is corroborated by the XPS data
discussed above. As was observed from Fig. 4.9 and Fig. 4.10 the contributions of
the hydrophilic C(O)O (7.7% of the total C1s intensity) and NH3;" (24.8% of the total
N1is intensity) groups for ODA-GO-HEX-CgoBro4, are more dominant than the
corresponding ones for ODA-GO-Cgo(OH)24 (3.1% of the total C1s intensity and
19.5% of the total N1s intensity), while the contribution due to aliphatic/hydrophobic
carbon bonds (C-C) is higher for ODA-GO-Cego(OH)24 (61.1% of the total Cis
intensity) than for ODA-GO-HEX-CegoBrz4 (57.4% of the total C1s intensity).

4.4 Conclusions

Cs0(OH)24 and CgoBro4 fullerene derivatives were effectively inserted between
graphene oxide layers through a layer-by-layer synthetic approach, which combines
Langmuir-Schaefer deposition and self-assembly steps. The effectiveness of this
method in terms of coverage, uniformity and single-layer level control of the
assembly was confirmed by 1-A isotherms and AFM measurements. X-ray diffraction

measurements revealed the successful insertion of CgoBra4 and Cgo(OH)24 molecules
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between the graphene oxide nanosheets resulting in hybrid multilayer structures.
The existence of Cgo(OH)24 and CgoBrao4 in the hybrid system was revealed by X-ray
photoelectron spectroscopy, while Raman spectroscopy showed that the insertion of
the fullerene derivatives between the graphene oxide nanosheets caused an
increase of the Ip/lg ratio, confirming the covalent bonding of the amide functionality
of ODA to GO. Corroborating the XPS results, contact angle measurements revealed
that the hybrid film of graphene oxide and Cego(OH)24 exhibits a more hydrophobic
character, while the hybrid film of graphene oxide and CgoBrz4 is more hydrophilic,
suggesting that the hydrophobicity doesn’t depend on the functional groups of the
pristine nanomaterials but on the morphology of the hybrid systems. These novel
fullerene-based hybrid films could be candidate nanomaterials for potential
applications in photovoltaics, sensors, or optoelectronic devices as well as in

photocatalysis and drug delivery.
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Chapter 5
Graphene/carbon-dot hybrid thin films prepared by
a modified Langmuir-Schaefer method

The special electronic, optical, thermal and mechanical properties of graphene
resulting from its 2D nature, together the ease of functionalizing it through a simple
acid treatment make graphene an ideal building block for the development of new
hybrid nanostructures with well-defined dimensions and behaviour. Such hybrids
have great potential as active materials in applications such as gas storage,
gas/liquid separation, photocatalysis, bioimaging, optoelectronics and nanosensing.
In this study, luminescent carbon dots (C-dots) were sandwiched between oxidized
graphene sheets to form novel hybrid multilayer films. Our thin-film preparation
approach combines self-assembly with the Langmuir-Schaefer deposition and uses
graphene oxide nanosheets as template for grafting C-dots in a bidimensional array.
Repeating the cycle results in a facile and low-cost layer-by-layer procedure for the
formation of highly ordered hybrid multilayers, which were characterized by
photoluminescence, UV-Vis, X-ray photoelectron and Raman spectroscopies, as well

as X-ray diffraction and atomic force microscopy.

This chapter is based on the article: "Graphene/carbon-dot hybrid thin films prepared by a
modified Langmuir-Schaefer method", by A. Kouloumpis, E. Thomou, N. Chalmpes, K.
Dimos, K. Spyrou, A. B. Bourlinos, |. Koutselas, D. Gournis and P. Rudolf. ACS Omega
2017, 2 (5), 2090-2099.
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5.1 Introduction

Carbon dots (C-dots),”” ? which were serendipitously discovered during the
purification of single-walled carbon nanotubes,® have an almost spherical shape and
sizes ranging from 10 to a few nanometers. Their good solubility, low cytotoxicity,* °
great compatibility,® efficient functionalization” and chemical passivity? make them
suitable for applications in bioimaging,* ° photocatalysis,'® drug and gene delivery,"

13, 14

'2 optoelectronic devices, nanoprobes'® and sensors.'® ' The C-dots can be

synthesized by many methods namely, laser ablation,’® microwave-assisted
pyrolysis,'® thermal oxidation,®® arc discharge,® electrochemical oxidation,?" 22
ultrasonication®® and combustion.?* Microwave-assisted pyrolysis, which was used in
this study, is a preferable choice because of its low cost, facility and efficiency. A
remarkable property of C-dots is photoluminescence; however, the mechanism
generating it is not yet well understood but several potential origins have been
suggested such as surface passivation, surface groups, polyaromatic fluorophores,
pairing of electrons and holes on the surface of the C-dot, differently sized
nanoparticles and structural defects.?® 2

In this study we aim at arranging C-dots in two-dimensional arrays. In fact, 2D
materials have revealed outstanding and promising prospects in science and
nanotechnology in the last years because of their unique properties in the fields of
photonics, sensing, flexible electronics and energy harvesting.?”?® Graphene, being
a single-layered material with superior electronic, optical, thermal and mechanical
properties is ideally suited for layer-by-layer (LbL) assembly. Novel functional
materials®® with modified, optimized, or enhanced properties can be formed by
constructing pillared structures where graphene sandwiches a variety of guest
moieties. Thus, the synthesis of a hybrid thin film, combining the properties of carbon
dots and graphene is a great challenge for potential applications in the fields of
sensing, catalysis, optoelectronics and biomedicine.

There have already been several efforts in this direction, for instance Datta et al®®
prepared a hybrid material combining chemically oxidized graphene (also known as

graphene oxide, GO) and C-dots for bioimaging and cell-labeling applications. The
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synthesis of this material was achieved via non-covalent interactions following a self-
assembly path. The fluorescence of the carbon dots was not majorly changed by the
vicinity of graphene oxide and the cytotoxicity remained at a relatively low level.
Another example is the work of Zhang et al.,*' who synthesized a composite material
via direct assembly of carbon dots on the layered double hydroxide (LDH) surface.
This hybrid material is an excellent absorber of methyl blue, making it suitable for the
removal of anionic organic dyes.

In this study, a facile and low-cost bottom-up layer-by-layer (LbL) approach, which
combines the Langmuir-Schaefer (LS) with self-assembly (SA) technique, was used
for the production of new class of highly ordered C-dot intercalated graphene
structures.® This method uses graphene oxide nanosheets as platform for grafting
C-dots in a 2D configuration and allows for perfect layer-by-layer growth.*® This
precise control combined with the possibility to cover large substrates in a
homogeneous fashion make the LB technique promising for preventing aggregation
of carbon-based nanostructures such as fullerene derivatives or carbon dots®* 3% %
in hybrid multilayers.

For our thin film preparation approach the C-dots (with a mean diameter of 4 nm)
were produced via microwave assisted pyrolysis,®” using citric acid which acts as the
carbon source and urea that offers the hydrophilic amine-groups on the surface of
the C-dots. Suspensions of graphene oxide (prepared as described below) in
ultrapure water were used as subphase in the Langmuir-Blodgett (LB) deposition
system. As described in our previous work,** *® spreading the long-chain molecule
octadecylamine (ODA) on the water surface triggers the GO to covalently bond via
the amide functionality. This results in the formation of a Langmuir film of ODA-GO
on the water surface, the packing of which can be modified by applying an external
pressure through the movable barrier of the LB apparatus. The hybrid Langmuir film
was transferred to a hydrophobic support (hydrophobicity increases the transfer
ratio) by horizontally lowering it (known as LS method) to touch the ODA-GO/water
interface. After lifting the substrate again from the interface, it was lowered into an
aqueous dispersion of C-dots to induce self-assembly of the latter on the GO sheets.

By repeating this cyclic procedure hybrid multilayer films were fabricated and
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characterized by photoluminescence, UV-Vis, X-ray photoelectron and Raman

spectroscopies as well as X-ray diffraction and atomic force microscopy.

5.2 Experimental Section

5.2.1 Materials

Citric acid (99%), urea (98%), octadecylamine (99%, ODA), acetone, methanol
and ethanol were purchased from Sigma-Aldrich while nitric acid (65%), sulfuric acid
(95-97%), potassium chlorate and powder graphite (purum, < 0.2 mm) were acquired
from Fluka. Ultrapure water (18.2 MQ) was produced by a Millipore Simplicity®
system. The Si-wafers (P/Bor, single side polished, Si-Mat) and quartz substrates
(Aldrich) were cleaned prior to use for 15 min in an ultrasonic bath with water,
acetone and ethanol. All reagents were of analytical grade and used without further

purification.

5.2.2 Synthesis of graphene oxide
Graphene oxide (GO) was synthesized using a modified Staudenmaier method,
as described in Chapter 3 (see section 3.2.2). The oxidation procedure was repeated

two more times and finally the sample was dried at room temperature.

5.2.3 Synthesis of C-dots

Carbon dots were synthesized using microwave-assisted pyrolysis.®” More
specifically, 3 g of citric acid and 3 g of urea were dissolved in 10 mL distilled-
deionized water in order to form a transparent solution. The solution was heated in a
microwave oven (750 W, HOME, HMG23_8EL) for 5 min and subsequently heated in
a drying oven at 65 °C overnight. A certain amount of water was added to the
obtained solid, forming a dark brown aqueous dispersion, which was filtered in order
to remove large particles. The C-dots were used immediately after the filtration or
kept in dark for later use. It is noteworthy to mention that C-dots are quite sensitive to
light as their color after a couple of weeks of exposure to light changes from dark

orange to light orange, then yellow and finally light yellow.
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5.2.4 Preparation of hybrid graphene/C-dots multilayers

A Langmuir Blodgett trough (KSV 2000 Nima Technology) was cleaned with
ethanol and distilled-deionized water. GO suspensions in ultrapure water (0.02 mg
mL") were used as subphase and a Pt Wilhelmy plate was employed to monitor the
surface pressure during the compression and deposition procedures. For the
formation of GO film in the air-water interface, 200 pL of a 0.2 mg mL" ODA solution
in chloroform/methanol 9/1 (v/v) were spread onto the subphase with the help of a
microsyringe. After a waiting time of 20 min to allow solvent evaporation and the GO-
surfactant functionalization to occur, the hybrid ODA-GO layer was compressed at a
rate of 5 mm min™ until the target surface pressure of 20 mN m™ was reached,
forming a dense ODA-GO Langmuir layer.®® This pressure was maintained
throughout the deposition process. Layers were transferred onto the hydrophobic
substrates by the LS technique (horizontal dipping), with downward and lifting
speeds of 10 and 5 mm min™, respectively. After the transfer of the ODA-GO layer to
substrates, the hybrid GO film was dipped into an aqueous dispersion of C-dots (0.2
mg mL™) to induce the formation of a graphene/C-dot hybrid layer (ODA-GO/C-dot)
by self-assembly. A hybrid multilayer film was formed by repeating this cyclic

procedure for 60 times, as shown in Scheme 5.1.

Hydrophobic

subsErate S
. - ODA-GO
.-

monolayer

GO flakes
~om

ODA-GO/C-dot
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- —
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Scheme 5.1. Schematic representation of the synthetic procedure for the

development of the hybrid GO/C-dot multilayer film.
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After each deposition step the substrates were rinsed several times by dipping
into ultrapure water (to remove any weakly attached cations or molecules that
remained from the deposition steps) and dried with nitrogen flow (to avoid
contaminating the aqueous suspension in the LB trough and/or the C-dot
dispersion).®* *° Hydrophobic Si-wafers and surfactant-treated quartz substrates (see

Appendix B for quartz modification) were used for the deposition of the hybrid films.

5.3 Results and Discussion

5.3.1 Structural and morphological characterization of pristine C-dots
Carbon dots were synthesized by employing the microwave-assisted pyrolysis
procedure applied by Qu et al® According to these authors, water-soluble
luminescent C-dots decorated with terminal amine groups on the surface of the dots
exhibiting relative stable physicochemical and optical features are obtained. A
detailed characterization of the produced C-dots (including XRD, FT-IR, UV-Vis and
XPS measurements as well as optical images of their aqueous dispersions and films
under UV light) confirms these conclusions and is presented in the Appendix B. PL
spectra of the C-dots aqueous dispersions with excitation wavelengths from 300 to

460 nm are shown in Figure 5.1. These spectra are typical of C-dots” '@

exhibiting
excitation-dependent photoluminescence with emission red shifting from ~425 nm up
to ~525 nm with increasing excitation wavelength. The maximum fluorescence
intensity with emission at 447 nm is observed when the C-dots are excited at 360
nm. The broad emission bands, as well as the appearance of two distinctive peaks in
Fig. 5.1e spectrum or shoulders in other spectra, as at ~500 nm in the case of Fig.
5.1d, reveal the complicated mechanism of the C-dot fluorescence.*' The presence
of various surface groups and traps leads to many dissimilar states which can be
involved in the emission process and thus also explains the excitation-dependent

nature of the C-dot photoluminescence.*'

84



Chapter 5
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Figure 5.1. Photoluminescence spectra of C-dots aqueous dispersion; Excitation
wavelengths: (a) 300 nm; (b) 320 nm; (c) 340 nm; (d) 360 nm; (e) 380 nm; (f) 400 nm
and (g) 460 nm.

To image pristine C-dots by we adopted a deposition procedure in which we first
transferred a stearic acid Langmuir film on a Si-wafer and then horizontally dipped it
into the C-dot dispersion to induce self-assembly (for the details of the preparation
see the Appendix B). AFM images of such a stearic acid/C-dot hybrid monolayer are

shown in Figure 5.2.

Depth [nm]

Section analysis

4.2 nm
Y

um

Figure 5.2. AFM topography images of a stearic acid/C-dot hybrid monolayer
deposited on a Si-wafer (Section analysis and Depth analysis histogram are

included)
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Isolated and uniform particles can be observed, confirming that combining the

Langmuir-Schaefer technique with self-assembly®* %> 42

avoids aggregation of C-
dots. From the topographical height profile (section analysis) the height of particles is
found to be about 4.2+0.2 nm, as derived, while their average height deduced from

the depth-analysis histogram®’ is 4.5+0.2 nm.

5.3.2 Structural control and characterization of hybrid ODA-GO/C-dot
monolayers

-A isotherms of ODA Langmuir films on pure water and on an aqueous GO
suspension (20 ppm) are shown in Figure 5.3. The curves show the change in the
slope corresponding to the phase transitions of ODA-GO sheets from a 2D gas to a
2D liquid phase and then to a 2D solid during the compression process.®* *° In the
absence of GO, the 1A isotherm is a smoothly increasing curve with a lift off area of
32.8 A%, When adding a small amount of GO (0.02 mg mL") to the aqueous
subphase, the lift-off area increases to 52 A2, which demonstrates that the GO flakes
stabilize the ODA layer®® through covalent grafting of the terminal amine groups of

ODA to the epoxides of the GO sheets via nucleophilic substitution reactions.*>*°

100

T T T T

90 4 —— 20 ppm GO
] —— Pure water
80 -
70 -
60 -
50 -
40 4

30 4

Surface Pressure (mN/m)

20 4

T T T
20 40 60
Mean Molecular Area (A’)

Figure 5.3. 1-A isotherms of ODA Langmuir films on pure water and on an

aqueous dispersion of GO.
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Representative AFM images of the first hybrid ODA-GO/C-dot monolayer
deposited on Si-wafer by combining the LS method with self-assembly are presented
in Figure 5.4. The topographic images show that the surface coverage of the
substrate is quite high; GO layers with well defined edges are almost contacting each
other with small voids between them. This closely packed homogeneous array
demonstrates the highly controllable formation of ODA-GO/C-dot hybrid layers.*® The
average thickness of the flakes is 1.0-1.5 nm as derived from topographical height
profile (section analysis) corresponding to the size of single graphene oxide layers,*°
which is 6.1 A. Moreover, uniform particles can be observed on top of the GO layers.
The average size (section analysis) of these particles is 4.5-5.0 nm corresponding to
the exact size of the pristine C-dots (see Fig. 5.2).

Raman spectra of ODA-GO/C-dot and ODA-GO hybrid monolayers deposited on
Si-wafer are presented in Figure 5.5. Both spectra display the characteristic D- and

G-bands associated with sp® and sp? hybridized carbon atoms, respectively.*’ 48

80.0 nm 60.0 nm

40.0 nm 30.0 nm
2.00

0.0 nm 0.0 nm
1.00
0
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um

Section Analysis
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Figure 5.4. AFM height images and section analysis of ODA-GO/C-dot hybrid
monolayers deposited by combining the Langmuir Schaefer method with self-

assembly.
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Figure 5.5. Raman spectra of ODA-GO and ODA-GO/C-dot hybrid monolayers

Because of the presence of ODA, the D-band intensity is significantly enhanced
for the ODA-GO layer, which is also reflected in the ratio of the intensities of D-band
to G-band (/p/lg) that is frequently used to express the degree of functionalization of
graphene materials and amounts to 1.22. In contrast, the Ip/lg ratio decreases to
1.04 when C-dots are added to the hybrid system, in agreement with the Raman
spectrum of C-dots alone where the Ip/lg ratio amounts to 0.95 (see Fig. B6 in the
Appendix B). Both spectra exhibit three broad bands at ~2700, ~2930 and ~3180
cm™ which are linked to the 2D vibrational mode, D+D' mode and 2D' mode,
respectively.*’~*° Although no shifting of the peaks is observed, the grafting of the C-
dots enhances the intensity of the bands in the 2D region. We can therefore
conclude that the change in the Ip/lg ratio and the intensity increase in the 2D region
testify to the successful attachment of C-dots on the surface of ODA-GO and hence

the formation of the ODA-GO/C-dot hybrid monolayer.

5.3.3 Characterization of graphene/C-dot hybrid films
The X-ray diffraction patterns of the a 60 layer thick graphene/C-dot hybrid
multilayer, in comparison with the pattern of a ODA-GO/ODA hybrid multilayer

constructed under the same conditions are shown in Figure 5.6. The graphene/C-dot
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hybrid multilayer shows the 001 diffraction peak below 2° (26) indicating the
successful intercalation of C-dots between the organo-modified GO sheets. Since
this peak also partially overlaps with the (000) beam, we also report the spectrum
where a baseline was subtracted (see red line in Figure 5.6). The 001 peak's
position at 26=1.7° corresponds to a dpy-spacing of 52.0+0.1 A. The position of the
003 reflection peak at 5.1° confirms this result. The doos value of 52.0 A is much
higher than the corresponding value of a hybrid organo-GO multilayer (dpp1=37.6+0.1
A), where instead of the C-dots a second ODA molecule is grafted in the self-
assembly step. In fact, we propose that the hydrophilic-terminal groups of C-dots
interact with a first graphene oxide layer while at the same time they interpenetrate
the flexible organic chains of ODA molecules covalently attached on the second GO
layer (see inset sketch).

The C1s core level X-ray photoemission spectrum of a 60 layer thick ODA-GO/C-
dot hybrid multilayer is shown in Figure 5.7 and compared to the spectra of pristine
GO and of C-dots. The C1s core level X-ray photoemission spectrum of graphene

oxide reveals the different oxygen functional groups emerging after the oxidation.

,,,,,,,,,

Intensity a.u.

(4737

T N 1 N I

2 4 6 8 10
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Figure 5.6. Comparison of XRD pattern of a 60 layer thick ODA-GO/C-dot hybrid
multilayer with a 60 layer thick ODA-GO/ODA multilayer
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More specifically, the contribution at 288.1 eV is due to carbonyl (C = O) groups
and makes up 11.0% of the total carbon intensity, the peak due to epoxy (C-O-C)
functional groups is located at 286.9 eV and correspond to 32.5% of the total carbon
intensity. Two peaks centred at 285.5 eV and 289.1 eV stem from the C-O and
C(O)O bonds and represent 34.5% and 17.8% of the total carbon 1s peak intensity,
respectively. Additionally one identifies the peak at 284.6 eV arising from the C-C
and C-H bonds of the hexagonal lattice and accounting for 4.2% of the total carbon
intensity. On the other hand, the C1s photoelectron spectrum of carbon dots
comprises three peaks that are assigned to C-C and/or C-H bonds (66.7% of the
total spectral intensity), C-O and/or C-N bonds (21.0 %) and C=0 bonds (12.3 %).
The spectrum of hybrid multilayer consists of five components; a first peak at 284.6
eV is due to C-C and C-H bonds contributing just 6.9% in the total C1s intensity. The
main component at 285.6 eV (61.0%) is ascribed to the C-O and C-N bonds and
arises from the hydroxyl moieties of both GO and C-dots as well as from the amine
groups of ODA and C-dots. The third peak at 286.6 eV (11.8%) is assigned to the C-
O-C epoxide/ether groups; this peak is significantly reduced compared to the GO
photoelectron spectra due to the bond between the amine end groups of carbon-dots
and the epoxy groups of GO. Finally, the peak at 287.7 eV (17.0%) represents the
ketonic functionalities (C=0), while the smallest contribution (3.3%) at 288.9 eV
comes of carboxyl groups (O-C=0). The high intensity of the C-O/C-N peak and the
significant contribution of the carbonyl groups imply that the C-dots bear both oxygen
and nitrogen containing surface functional groups, as confirmed by the FT-IR and

XPS spectra of the pristine C-dots in the Appendix B.
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Figure 5.7. C1s core level X-ray photoemission spectra of graphene oxide (GO)
(top panel), C-dots (middle panel) and graphene/C-dot hybrid multilayer (bottom

panel).
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Figure 5.8. UV-Vis absorption spectrum of a 60 layer thick ODA-GO/C-dot hybrid
multilayer deposited on quartz (left) and transparency (at 550 nm) for different

thicknesses of the deposited hybrid layers (right).

The UV-Vis absorption spectrum of the 60 layer thick ODA-GO/C-dot hybrid
multilayer deposited on quartz substrates is presented in Figure 5.8 (left) and shows
an ascending absorption profile from lower to higher energies with a tiny absorption
step at around 300 nm. The latter as well as the overall absorption characteristics of
the material are correlated with the presence of C-dots in the interlayer space of the
hybrid multilayer. Furthermore, the transparency can be controlled by adjusting the
number of the deposited layers; a 30-layer film is 96 % transparent at 550 nm, while
the transparency of 45-layer film and 60-layer film decreases to 86 % and 66 %,
respectively (Figure 5.8 right). These values are considerable higher compared with
other graphene-based films reported in the literature.®'®

As expected, the hybrid multilayers display photoluminescence due to the
presence of C-dot. The PL spectra of the ODA-GO/C-dot hybrid multilayer collected
with excitation wavelengths from 280 to 440 nm are shown in Figure 5.9. Once
again, excitation-dependent photoluminescence characteristic of C-dots is observed.
As the excitation wavelength varies from 280 to 440 nm, emission shifts from ~356
nm up to ~555 nm. In contrast to the pristine C-dots, the maximum fluorescence
intensity of the hybrid multilayer is observed when exciting at high energy (280 nm)

and produces an emission peaked at 356 nm.
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Figure 5.9. Photoluminescence spectra of the ODA-GO/C-dot hybrid multilayers

with excitation wavelengths from 280 to 440 nm.

Moreover, the emission peaks are significantly narrower compared to the peaks of
the PL spectra of pristine C-dots. The latter two facts suggest that either only smaller
C-dots were incorporated in the interlayer space of GO - as also suggested by the
AFM analysis, or the interparticle interactions between C-dots are much smaller in
the hybrid multilayer; of course also both hypothesis could be true. In any case, the
hybrid multilayers exhibit adjustable and high quality photoluminescence with narrow
emission lines.

Furthermore, it is important to note that the ODA-GO/C-dot hybrid films do not
appear to exhibit any PL quenching phenomena. This fact can be deduced by
comparing the number of C-dots accessible by the PL excitation beam, with a 3 mm
x 3 mm frontal area, in a 60 layer film to the number of C-dots accessed when the
beam passes through the pristine C-dot aqueous dispersion, where the depth of the
source beam penetration is assumed 5 mm and all self-absorption effects have been
excluded. Assuming that three C-dots are positioned on each graphene sheet,
spaced 50 nm from each other in both directions, it can be estimated that the number
of accessible C-dots is 216-10°. On the contrary, if the beam accesses an aqueous
dispersion of C-dots, where each C-dot has a mass density of 2 g/cm® and a radius
of 2.5 nm and the dispersion was prepared as 0.15 g C-dots/mL of HO, the

accessible number of C-dots by the beam is 2.2-10'%. Thus, the number of C-dots
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interrogated in the ODA-GO/C-dot film is 100 times less than those being observed
in the solution. Therefore, if the C-dots within the ODA-GO/C-dot suffered any PL
qguenching, their already lower concentration would not have provided such a strong
PL signal. In fact, as recently reported by Vassilakopoulou et al.,’” C-dots
encapsulated in MCM-41, continue to exhibit their PL signal without quenching while

being protected by the matrix.

5.4 Conclusions

In summary, a low cost and highly controllable layer-by-layer synthetic approach
for the preparation of a new class of hybrid intercalated graphene structures is
presented. A hybrid multilayer consisting of luminescent carbon dots (C-dots)
sandwiched between graphene oxide layers was successfully fabricated by
combining the Langmuir-Schaefer method with self-assembly. This approach allows
for a tunable coverage, uniformity over extended surface areas and single-layer-level
control of the assembly as confirmed by 1-A isotherms and AFM. X-ray diffraction
measurements revealed the presence of the C-dots within graphene nanosheets and
confirmed the highly ordered structure of the hybrid multilayer. We postulate that the
hydrophilic-terminal groups of C-dots interact with graphene oxide layer above while
at the same time being trapped within the flexible organic chains of the organic
surfactant (ODA) that is covalently attached on a second GO layer below. The
existence of C-dots in the hybrid multilayer system was corroborated by X-ray
photoelectron spectroscopy while Raman spectroscopy showed that the insertion of
the C-dots between the graphene oxide nanosheets left the electronic structure of
GO unaffected. The transparency of the hybrid multilayers can be controlled by
adjusting the number of the deposited layers and is considerable higher than that of
other graphene-based films reported in the literature. Finally, the hybrid multilayers
exhibit adjustable and high-quality photoluminescence with narrow emission lines.
The ODA-GO/C-dot multilayer constitutes a novel hybrid system suitable for being

employed in diverse applications such as nanoprobes, sensors, optoelectronic

94



Chapter 5

devices and transparent electrodes as well as in the fields of photocatalysis and drug
delivery. Moreover, another potential application of the produced graphene/C-dot
hybrid thin films is in light emitting diodes (LEDs). Recently, X. Zhang et al.>® have
fabricated a carbon-dot based LED, where the color of the light emitted from the C-
dots is voltage dependent and with increasing bias, the emission peaks also became
stronger.®® In our hybrid system the use of graphene as a template could play an
important role because the conductivity of graphene can enhance the voltage-
dependent color emission of C-dots favoring the development of colorful and brighter

LEDs with multicolor single pixels
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B.1 Experimental procedures

B.1.1 Preparation of hydrophobic quartz substrates

The surface modification of hydrophilic quartz substrates (Sigma Aldrich) achieved
by a one-step Langmuir Schaefer (LS) deposition in a Langmuir Blodgett (LB) trough.
Ultrapure water was used as subphase and octadecylamine (99%, ODA, Sigma
Aldrich) (0.2 mg mL™") dissolved in chloroform/methanol 9/1 (v/v) was spread onto
the surface with the help of a microsyringe. The hydrophilic quartz was dipped
horizontally (LS method) at a constant surface pressure of 30 mN m™ as shown in
Scheme B1. After the LS deposition, the quartz substrate was rinsed with pure water

and dried with a flow of N» gas.
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Scheme B1. Schematic representation of surface modification of hydrophilic quartz

substrates.

101



Graphene/carbon-dot hybrid thin films prepared by a modified Langmuir-Schaefer
method

B.1.2 Deposition of isolated C-dots on Si-wafers for the AFM
measurements

Isolated pristine C-dots deposited on Si-wafers (Si-Mat) were obtained by a
technique which combines Langmuir-Schaefer deposition and self-assembly.’*
Ultrapure water was used as subphase in the LB trough and a stearic acid (99%,
Fluka) (0.2 mg mL™") dissolved in chloroform-methanol (9:1) was spread onto the
aqueous subphase with the help of a microsyringe. A hydrophobic Si-wafer was
dipped horizontally in the air-water surface (LS method) at a constant surface
pressure of 15 mN m™. After the LS deposition, the substrate was rinsed with pure
water and dipped into an aqueous dispersion (0.2 mg mL™") of C-dots as shown in
Scheme B2. Finally, the surface was rinsed copiously with pure water and dried with

a flow of N> gas.
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Scheme B2. Schematic representation of the synthetic procedure for the deposition

of isolated C-dots on a hydrophobic Si-wafer.
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B.2 Characterization of pristine C-dots

The X-ray diffraction pattern of the produced C-dots (in powder) is shown in Figure
B1. The broad peak at ~25° with a d-spacing of 3.5 A corresponds to highly
disordered carbon atoms, similar to the graphite lattice spacing.*”

FT-IR was used in order to identify the functional groups on the surface of the
carbon dots (in powder) (Figure B2). The broad absorption band at 3000-3500 cm'
is attributed to the stretching vibrations of O—H and N-H. The absorption bands at
1600 and 1710 cm™ are attributed to the stretching vibrations of C=0, whereas those
at 1405 and 1355 cm™ to the bending vibrations of CH,. Finally, the band located at
1055 cm™ is attributed to the stretching vibrations of C-O-C.* % ?

The UV-vis spectrum (Figure B3) of an aqueous dispersion of the carbon dots (0.2
mg mL") is comparable to previous literature reports* and consists of two main
absorption bands at 340 and 405 nm.

The Raman spectrum (Figure B4) of the pristine C-dots (in powder) displays the
characteristic D and G bands that are attributed to the sp® and sp? hybridized carbon

atoms respectively. The relative intensity (Ip/lg) for the C-dots is equal to 0.95.

Intensity (a.u.)

10 20 30 40 50 60 70
2 theta

Figure B1. X-ray diffraction pattern of pristine C-dots.
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Figure B3. UV-Vis spectrum of an aqueous dispersion of C-dots.
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Figure B4. Raman spectrum of pristine C-dots.

The C1s photoelectron spectrum of carbon dots (Figure B5 left) consists of three
peaks. The first one at a binding energy of 284.6 eV is attributed to the C-C and/or
C-H bonds (66.7% of the total C1s spectral intensity), the second one at 286.2 eV to
C-O and C-N bonds (21.0%) while the last peak at 288.0 eV arises from the C=0
bonds and constitutes 12.3% of the spectral intensity. The N1s photoelectron
spectrum of carbon dots (Figure B5 right) is deconvoluted into two photoelectron
peaks, one at 399.8 eV binding energy,'® which is attributed to the amine groups and
a second one at 401.5 eV due to protonated amines of the C-dots. The atomic
percentage of carbon, nitrogen and oxygen atoms is reported in Table below.

Finally, images of aqueous dispersion of C-dots under normal light and UV
illumination at 254 nm and 365 nm are shown in Figure B6. Analogous optical and
fluorescent images of C-dots deposited on a commercial filtration paper are shown in

Figure B7.
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Figure B5. C1s (left) and N1s (right) core level X-ray photoemission spectra of

carbon dots.

Atomic Percentage % Error %
Oxygen 29.0 0.6
Nitrogen 7.5 0.7

Figure B6. Images of an aqueous dispersion of C-dots with room lights on (left),

room lights off but UV illumination on at 254 nm (center) and 365 nm (right).
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Figure B7. Images of C-dots deposited on an available commercial filtration paper
with room lights on (left), room lights off but UV illumination at 254 nm (center) and
365 nm (right).
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Graphene/carbon-dot hybrid thin films prepared by a modified Langmuir-Schaefer
method
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Chapter 6
Germanane: improved synthesis and application
as antimicrobial agent

Over the last decade new families of two-dimensional materials have become the
focus of scientific research, owning to their unique physiochemical properties and
structure characteristics. The rise of inorganic 2D materials beyond graphene
promises a new nanotechnology era for a diverse range of high efficiency
applications in electronics, sensing, catalysis, energy production and storage as well
as the biomedical sector. Germanane, a graphane analogue, has attracted
significant interest due to its optoelectronic properties, however environmental and
biological effects of germanane have not been studied yet. Here we report a new and
facile approach for the production of germanane and investigate its antimicrobial
activity for first time. Exfoliated germanane nanosheets were deposited on various
substrates using a simple bottom-up procedure based on the Langmuir-Schaefer
technique in order to fabricate homogeneous and dense monolayers. The results for
one Gram-negative bacterial strain (Escherichia coli) and two Gram-positive bacterial
strains (Brevibacterium and Corynebacterium) revealed the unique antimicrobial
activity of germanane nanosheets for all three strains and thereby identified

germanane thin films as high efficiency antimicrobial coatings.

This chapter is based on the articles: "Synthesis of 2D germanane (GeH): a new, fast and
facile approach", by T. Giousis, G. Potsi, A. Kouloumpis, K. Spyrou, N. Chalmpes, K. Dimos,
M. Antoniou, G. Papavassiliou, A. Bourlinos, H. J. Kim, H. Stamatis, G. Blake, D. Gournis, P.
Rudolf (fo be submitted) and "Extraordinary antimicrobial activity of germanane monolayer
films", by A. Kouloumpis, N. Vourvou, N. Chalmpes, T. Giousis, P. Katapodis, H. Stamatis,
P. Rudolf, D. Gournis (to be submitted).
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6.1 Introduction

The emergence of infectious diseases or antibiotic-resistant bacterial strains
increased over the last years renders the development of new antimicrobial drugs or
antimicrobial coatings crucial. In order to maintain a sterile environment in industry or
in health care institutions, a reduction or elimination of bacterial attachment is
required. Significant efforts have been focused on the fabrication or improvement of
surfaces with antimicrobial action - not only for health-related aims but also in view of
keeping them clean by preventing the growth of microorganisms." 2 Antimicrobial
surfaces are widely used for a variety of applications in hospitals,® in the food*® and

clothing industry”® or even at home. The antibacterial action can be induced by the

10, 11 |12

surface roughness (textile surfaces) as well as by physical © or chemical effects

18, 19 20-26

achieved by functionalizing,""” derivatizing or polymerizing the surfaces.

25, 27-33 21, 34, 35

Antibacterial coatings include a plethora of materials like titanium,

45-49 27, 50-56 57, 58

hydroxyapatite,®*** fluoride ion, silver nanoparticles , clays, carbon-

59-62 63-65

based nanomaterials (graphene, nanotubes,®® % fullerenes,”® carbon-
dots,”" ") and most recently transition metal dichalcogenides (TMDs) like MoS,.”
The exact interactions of 2D nanomaterials with bacterial cells are not yet clear in all
cases but various interactions that cause damage to cell membranes and lead to a
release of intracellular contents have been identified.” " The rapid growth of
nanotechnology has opened new routes for thin films preparation by using a diversity
of deposition methods such as plasma deposition and polymerization methods,?” *’
layer-by-layer (LbL) assembly,?® and (modified) Langmuir-Blodgett (LB) techniques®
7677 Despite the multitude of approaches for the formation of antimicrobial films and

coatings, the most common problems”®#°

still encountered are short-term stability
and non-uniformity of the films; additionally the preparation methods are often not
easily transferable to an industrial environment.

After the discovery of graphene in 2004, many other 2D materials have been
isolated and studied in less than a decade.®' This family includes not only carbon
materials but also transition metal dichalcogenides, boron nitride, black phosphorus
or phosphorene and layered metal oxides, just to name a few.®" ® Because of the
remarkable electronic and optoelectronic properties of these 2D solids, a new

generation of superconductors, semiconductors, metallic materials and insulators
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can be developed,® which in turn open new prospects for a variety of applications
including high performance sensors and transistors, electronics, catalysis, gas
separations and storage.®

Germanane (GeH), the germanium graphane-analogue (hydrogen-terminated
germanium multilayer) is especially interesting in this context since theory predicts

84, 85 and

extraordinary properties such as a direct band gap (approximately 1.4 eV)
an electronic mobility that exceeds 18.000 cm? V' s™, five times higher than that of
crystalline germanium and hence an outstanding potential for electronic and
optoelectronic applications.?® 8" Although these remarkable physical and chemical
properties of germanane place it in the top group with regards to potential
applications, its potential for bioapplications has not been explored yet.

Recently germanane crystals (GeH) have been successfully synthesized from the
topochemical deintercalation of B-CaGe; layered Zintl phase using HCI acid.** The
synthetic protocols reported so far use various acids (HCI, HBr, HI or acetic acid) at
different temperatures (from -40 to 25 °C), requiring long reaction times (between 5
to 14 days).®® In this work high quality germanane was synthesized by the topotatic
deintercalation of B-CaGe; in aqueous HF solution (38% w/w) at room temperature
for a few minutes (or even a few seconds).

To study the antimicrobial activity of germanane, coatings of this new material on
a substrate suitable for cell growth were produced. Towards this aim here we
describe a facile and low cost Langmuir-Schaefer (LS) deposition approach for the
production of germanane monolayers and few layers, with precise control of the
packing of GeH nanosheets in 2D arrays. Germanane is highly dispersible in ethanol
and dimethylformamide (DMF) and easily separates into single nanosheets by liquid
exfoliation in these solvents, while it is less dispersible in H,O. Such dispersions
were injected at the air-water interphase of the Langmuir-Blodgett trough to form a
floating monolayer on top of the water. Subsequently a compression of the GeH
nanosheets with the help of the movable barriers of the Langmuir-Blodgett trough
lead to a dense Langmuir layer.®® Uniform monolayers of germanane with high
surface coverage were transferred to hydrophilic substrates by horizontal dipping of

the latter, a technique also called Langmuir Schaefer (LS) technique method.
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To understand our choice of bacteria for this study, it is maybe useful for the
reader to learn something about the differences between bacilli. In 1884 Christian
Gram developed a special technique of staining bacteria (Gram staining or Gram's
method) in order to make them more visible under microscopic examination; this
method lead to a classification of bacteria based on the colour the sample exhibits.

t.%° Bacteria

The stain is a weekly alkaline solution of crystal violet or a gentian viole
with a thick layer of peptidogly can retain the crystal violet dye and are called Gram-
positive bacteria. Gram-negative bacteria do not retain the violet dye and are
coloured red or pink® but that is not the only difference. The structural characteristics
of Gram-negative and Gram-positive bacteria are shown in Scheme 6.1 while their

cell wall differences are summarized in Table 6.1.

Table 6.1. Difference in the cell wall of Gram-negative and Gram-positive bacteria.

Gram negative Gram positive
Do not retain the dye colour Remain coloured with Gram
Gram reaction after washing with alcohol or | staining even after washing with
acetone alcohol or acetone
Peptidoglycan layer Thin (single-layered) Thick (multi-layered)

Teichoic acids Absent Present
Periplasmic space Present Absent
Outer membrane Present Absent

(BTo ] RBITeTeTol eI CT) M High (due to presence of outer Low (acid-fast bacteria have
content membrane) lipids linked to peptidoglycan)

Susceptibility to

.. Low High
anionic detergents

The cell wall is 70-120 A thick | The cell wall is 100-120 A thick
and built up from two layers. and built up from a single layer.

Cell wall The lipid content is 20-30% The Lipid content of the cell wall
Composition (High) is low
Murein content is 10-20% Murein content is 70-80%
(Low) (Higher)
Antibiotic
. Resistant to antibiotics Susceptible to antibiotics
Resistance
Mesosome Mesosome is less prominent Mesosome is more prominent
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Plasma Membrane

Periplasmic space

Gram Positive

Sesa

Peptidoglycan i Gram Negative

Outer membrane

Scheme 6.1. Structure characteristics of Gram-negative (bottom) and Gram-positive

(top) bacteria.

Therefore to get an idea of the antimicrobial activity of germanane with respect to
different types of bacteria, we investigated three strains as models, namely one
Gram-negative bacterial strain (Escherichia col) and two Gram-positive strains
(Brevibacterium and Corynebacterium). Escherichia coli is a facultative anaerobe,
rode-shape bacterium of the genus Escherichia, found in the normal flora of the
lower intestine of endothermic organism. Most of E. coli bacterial strains are
harmless and have a double role in the intestine, they produce vitamin K2°' and
prevent the colonization of the intestine by pathogenic bacteria.®® ** Some types of
E. coli can cause food poisoning in their hosts. Brevibacterium and Corynebacterium
belong to the order of Actinomycetales and are widely present in animal and human
microbiota. Corynebacterium is a club-shaped bacillus; Brevibacterium is a rode-
shape bacterium, which can change the cell morphology during growth and become
granules, a characteristic depending sometimes on the nutrients of the growth
medium. Brevibacterium and Corynebacterium are harmless but some types can
cause food contamination as well as human diseases; i.e. Diphtheria is caused by C.

diphtheriae.

113



Germanane: improved synthesis and application as antimicrobial agent 6

6.2 Experimental Section

6.2.2 Materials

Ethylenediaminetetraacetic acid (EDTA, =99%) was purchased from Fluka. Ge
powder (=99%), Ca granules (=99%), acetone, methanol, ethanol and
dimethylformamide (DMF) were purchased from Sigma-Aldrich. Hydrogen fluoride
(38%) was purchased from Merck. Ultrapure deionized water (18.2 MQ) produced by
a Millipore Simplicity® system was used throughout. The Si-wafer (P/Bor, single side
polished purchased from Si-Mat) and mylar (thickness of 0.35 mm, purchased from
Sabic Innovate Plastics BV Snij-Unie HiFi) substrates were cleaned prior to use by
15 min ultra sonication in water and ethanol. All reagents were of analytical grade

and were used without further purification.

6.2.3 Synthesis of Germanane*

Germanane (GeH) was synthesized by the topotactic deintercalation of B-CaGe;
in aqueous HF (38% w/w) (12M) at room temperature. The initial phase of 3-CaGe:
was formed by sealing stoichiometric ratios 1:1 of calcium and germanium in a
cylindrical alumina crucible (external diameter of 11 mm), enclosed in an evacuated
fused quartz tube (internal diameter of 12 mm). The mixing of the two metals and the
filling of the crucible took place in a glove box under nitrogen atmosphere. The
sealed quartz tube was placed in a box furnace with the following temperature path:

l. Heating to 1025 °C within 2 h at a rate of 8.3 °C/min

Il. Homogenization at 1025 °C for 20 h.
ll. Slow cooling to 500 °C at a rate of 0.1 °C/min.
IV. Reach the room temperature at a rate of 0.2 °C/min.
Small crystals (2-6 mm) of CaGe, were collected and treated with an aqueous HF
solution (38% w/w) (12M) at room temperature under stirring for 15 min. The
resulting material contained apart from GeH also salts (mainly CaF,) that were

removed by ethylenediaminetetraacetic acid (EDTA) addition. The final material

* Germanane samples were provided by Theodosios Giousis (University of loannina,
Greece)
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(GeH) separated by centrifugation, washed several times with distilled water (and

methanol at the end) and finally left to dry under vacuum.

6.2.4 Preparation of germanane monolayers

Germanane dispersions in ethanol and DMF (0.04 mg mL™") were prepared for the
LB assembly. The dispersions were sonicated for 30 min using a probe ultrasonic
sonicator (Ultrasonicator biobase UCD150L, 150 W). A centrifuge for 15 min at 1000
rom was performed to purify the dispersions by removing aggregates and larger
germanane flakes.

A Langmuir Blodgett trough (KSV 2000 Nima Technology model) was cleaned
with ethanol and distilled-deionized water. Ultra pure water (18.2 MQ) was used as
subphase. A Pt Wilhelmy plate was used to monitor the surface pressure during the
compression and deposition procedures. Ethanol and DMF dispersions of
germanane (1-15 mL) were slowly spread onto the water surface using a glass
syringe. After a waiting time of 30 min to allow for the solvent to mix with the water,
the germanane layers were compressed at a rate of 5 mm min™' until the target
surface pressure of 10 mN m™” was reached, forming dense germanane Langmuir

filmg®% 9

as shown in Scheme 6.2. The GeH Langmuir films were transferred onto
hydrophilic substrates by the LS technique (horizontal dipping), with downward and
lifting speeds of 10 and 5 mm min™, respectively. After each deposition step the
substrates were rinsed several times by dipping into ultrapure water (to remove any
weakly attached GeH flakes that remained from the deposition step) and dried with
nitrogen flow.** ** Hydrophilic surfactant-treated Si-wafer and mylar substrates (as

reported in Chapter 5, see Appendix B) were used for the LS deposition.
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Scheme 6.2. Schematic representation of the LS procedure followed for the

production of germanane monolayers.

6.2.5 Bacterial strains and growth media®

The bacteria strains Escherichia coli (ECQO), Corynebacterium glutamicum (COR)
and Brevibacterium lactofermentum (BRE) were grown in Luria-Bertani (L-B) broth at
37 °C with rotary shaking (180 rpm) until the stationary growth phase (approximately
20 h of incubation) was reached. Exponential-growth-phase cultures of bacteria were
grown as described above but cells were harvested after 4 h. The cultivated bacteria

were washed three times by normal saline solution (0.9 % NaCl w/v) before use.

6.2.6 Preparation of bacteria and treatment of germanane®

The antibacterial activity of GeH dispersions was studied with the microtiter plate
method, adapted with some modifications to this nanomaterial.®® Bacterial cell
suspensions were diluted with a normal saline solution to obtain cell samples
containing 10° CFU/mL. 200 pL of bacteria cells were transferred into a sterile 96-
well microplate. GeH were added aseptically in each micro-culture at a final
concentration of 50 ug/mL and then the microplates were shaken at 180 rpm at 37
°C for 20 h. In a control test, the bacteria suspension was put into the wells of the
microtiter plate but without the addition of antimicrobial material. Subsequently,

50 uL from each well was transferred aseptically into a new microplate diluted with

® Provided by Prof. Haralambos Stamatis (University of loannina, Greece)
® The preparation of bacteria and the treatment of germanane were performed by Nikolina
Vourvou (University of loannina, Greece)
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200 uL fresh L-B medium. The microplates were agitated by the microplate reader
and then incubated at 37 + 1 °C for 20 h. Turbidity was measured as absorbance at
600 nm. Growth inhibition (%) at different time intervals was calculated using the
following equation:

0Dcontrol - ODGeH .

Growth inhibition (%) = 100

0Dcontr‘ol
where ODgeH is the absorbance of the microculture at 600 nm after exposures in

GeH nanomaterial at the specified time intervals and ODconrror is the absorbance of
the control respectively. To confirm reproducibility, each test was repeated at least
three times.

In addition, we also investigated the antibacterial activity of GeH thin films
deposited on mylar substrates by means of viable cells survival on GeH surfaces.”’
Aliquots of 50 uL bacterial suspension containing 10°, 10° and 10" CFU/mL were
applied as a standing droplet on GeH films (2 cm x 2 cm). Control samples were
placed on the same substrate without the GeH layer. To avoid contamination from
the laboratory environment, the samples were incubated in sterile Petri dishes at
37°C for 20 h before being washed extensively with an autoclaved PBS (phosphate-
buffered saline) buffer. In detail, eluents were serially diluted in the PBS buffer and
plated on L-B agar for aerobic incubation at 37 °C. After 20 h, the bacterial colonies
on each plate were counted. The viable cell number was calculated as colony
forming units per milliliter (CFU/mL). The antibacterial activity was calculated as the
equation below:

Ncontrol - NGeH .

Bacterial Inhibition (%) = 100

Ncontrol

where Ngen is the number of viable cells that survived on the GeH-covered substrate
and Ncontrol IS the number of viable cells that survived on the control substrate. To

confirm reproducibility, each test was repeated at least three times.
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6.3 Results and Discussion

6.3.1 Structural and morphological characterization of germanane

Initially we characterized the produced GeH by FT-IR, Raman and 'H MAS NMR
spectroscopies. The spectra were collected as described in Appendix A and are
presented in Figure 6.1. Figure 6.1a shows '"H MAS NMR spectra of the GeH sample
at room temperature, as well as upon thermal treatment at various temperatures (up
to 275 °C). At each temperature the sample was heated for two hours, subsequently
cooled to room temperature in vacuum and then shielded into the rotor for
performing the NMR experiment. In the case of the unheated sample (room
temperature) the '"H MAS NMR spectrum was dominated by a peak at 5.6 ppm,
attributed to the Ge-H. A very small quantity of adsorbed water (at 4.8 ppm) cannot
be excluded. A Ge-H resonance at 5.16 ppm has been previously reported in
2,2'diphenylene germane.”® At elevated treatment temperatures part of the GeH
hydrogen dissociates as deduced from the strong signal decrease. However, a big
part of the signal remains not only upon heating at 200 °C but even at the highest
temperature of 275 °C. At the same time, a slight shift of the peak to lower chemical
shift values is observed, especially at 275 °C, which is indicative of slightly more
effective electron shielding. In the Raman spectrum (Figure 6.1b) of the synthesized
powder flake a characteristic peak associated with Ge-H bond is observed at
288 cm™ ¥ that clearly reveals the presence of this bond in the studied material, thus
confirming its composition. Moreover, the FTIR spectrum (Figure 6.1c) of germanane
shows a strong peak at 2000 cm™ due to the Ge-H stretching vibration, while peaks
at 477 and 575 cm™" are assigned to multiple wagging modes of Ge-H and®® *® strong
peaks at 770 and 825 cm™ to H-Ge-H bending modes from neighbouring Ge atoms
at the edges of the crystalline germanane layer and/or Ge vacancies within the
layered germanane lattice.®® FTIR spectroscopy therefore confirms the hydrogen

termination of the germanium atoms.
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Figure 6.1. (a) '"H MAS NMR of GeH sample before and after thermal treatment at
various temperatures (150, 200 and 275 °C). (b) Raman and (c) FTIR spectrum of
GeH. (d) DRA spectrum of GeH plotted in Kubelka-Munk function versus

wavenumbers and (e) photon energy (inset).

The UV-Vis-NIR diffuse reflectance spectrum of germanane is presented in Figure
6.1d. The reflectance spectrum was converted to Kubelka-Munk function, F(R«) and
plotted against wavenumbers (nm) and photon energy (eV). The sample shows a
strong light absorption in the whole visible light region. The line tangent to the point
of inflection of the curve (Figure 6.1d inset) determines the band gap (Eg) as close to
1.2 eV, a value lower to that reported in the literature for germanane synthesized
using HCI (1.58 eV).8¢- 100 &

A platelet-like morphology was revealed for the produced GeH as shown in
Scanning Electron Microscopy (SEM) picture of Figure 6.2 (top). Flakes of several
pum are visible that are fully covered with calcium fluoride salt as a byproduct of the

reaction.
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Electron Image 9 Electron Image 1

0
0 1.00 2.00 3.00

Figure 6.2. Top: SEM images (and corresponding EDX specta) of germanane
product before and after treatment with EDTA. Bottom: AFM images (including
section analysis) of germanane films prepared by drop-casting of ethanol

dispersions.

In order to remove the residual CaF,, the material was treated with a saturated
aqueous solution of EDTA, filtered and washed several times with water and
methanol. The resulting product is a layered material consisting of germanium and
free of any residual salt as revealed from energy dispersive X-ray spectroscopy
(EDX) where no Ca and F signals can be detected. A first idea about the quality of
the produced GeH can also be gained from representative AFM height images of
GeH layers deposited on a Si wafer by drop-casting from an ethanol dispersion,
shown in Figure 6.2 (bottom). The topographic image reveals GeH flakes, which are
several micrometers large and have an average thickness of 0.7 nm as determined
from the cross-section analysis. This value is very close to the height of a single

germanane layer (0.6 nm).%°
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6.3.2 Structural control and characterization of GeH monolayers

To be able to deposit GeH by the Langmuir-Schaefer technique, we first have to
prove that it is possible to form stable Langmuir films at the subphase surface in the
Langmuir-Blodgett trough. To this end we recorded m-A isotherms during the
compression of Langmuir films formed after different amounts of ethanol dispersions
of exfoliated germanane were introduced at the air-water interphase. The 1A
isotherms for injections ranging from 1 to 15 mL are shown in Figure 6.3. The curves
show a change in slope when the pressure is such that a phase transition in the
Langmuir film of GeH sheets occurs during the compression process, first from a 2D
gas to a condensed liquid and then to solid state.** ** More specifically, following the
isotherm from right to left, the first discontinuity is the lift-off area, defined as the
molecular area where the surface pressure becomes different from zero; here the
flakes start to order and therefore to interact as a two-dimensional liquid. For the T-A
isotherm recorded when adding a small amount of GeH dispersion (1 mL) to the
water surface, the lift-off area is 14 A? and the maximum surface pressure reaches

the value of 12 mN m™.
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Figure 6.3. 1-A isotherms of floating GeH nanosheets in water surface for different

ethanol dispersion volumes (1 to 15 mL).
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The phase transitions of the GeH Langmuir films are clearly observed (by the
change of the isotherm slope) when the dispersion volumes in the water surface are
increased to 5 mL and 10 mL, resulting higher lift-of areas of 30 A? and 63 A?
respectively, while the surface pressure reaches a maximum value of 31 mN m™ in
both cases. Moreover further increasing the GeH dispersion volume to 15 mL causes
an absence of the gas phase and therefore suggests that domains of higher density
have formed at the water/air interphase. From these results we can clearly conclude
that stable Langmuir films are formed whose density at a certain surface pressure
depends on the amount of GeH flakes injected at the water surface.

In addition to studying the stability of the Langmuir films when GeH flakes were
delivered to the water surface in the Langmuir-Blodgett trough in the form of a
dispersion in ethanol, we also collected 1-A isotherms of germanane delivered in
DMF dispersions. Also in this case no surfactant was employed. The results for
different amounts of dispersion ranging from 1 to 15 mL are shown in Figure 6.4. As
for case of the ethanol dispersion, the curves show a change in slope corresponding
to the phase transitions of Langmuir film of GeH nanosheets during the compression
process, from 2D gas to condensed liquid and then to the solid state.** * For the
smallest amount of GeH dispersion (1 mL) spread on the water surface, the lift-off
area is 20 A2 and the maximum surface pressure reaches the value of 18 mN m™.
The phase transitions of the Langmuir film are clearly observed when the dispersion
volume is increased to 5 mL resulting in a 57 A? lift-of area and a surface pressure
that reaches the maximum value of 24 mN m™. The absence of the gas phase is
observed for larger dispersion volumes of GeH injected at the water surface (10 and
15 mL), suggesting domains of higher density form before the compression is

started.
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Figure 6.4. 1-A isotherms for Langmuir films of floating GeH nanosheets at the water

surface, recorded for different volumes of the injected DMF dispersions(1 to 15 mL)

The success of the transfer of the GeH Langmuir films to the hydrophilic Si-wafer
with the LS technique was proven by atomic force microscopy. Representative AFM
height images of GeH Langmuir Schaefer films deposited at different surface
pressures are shown in Figure 6.5. The topographic images show that the surface
coverage of the substrate is higher as the surface pressure increases. More
specifically, after the addition of GeH dispersion (5 mL) at the water surface and
before the compression starts (at 0 mN m™ surface pressure) single nanosheets with
well defined edges and widely spaced one from the other are observed. This again
testifies to the formation of a floating layer (without the need for any surfactant) at the
air-water interphase (Figure 6.5a). When the compression was started and the
floating film reached the surface pressure of 2 mN m™ when the transfer was
performed, the LS film consists of isolated GeH flakes with an empty space between

them (Figure 6.5b).
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Figure 6.5. AFM height images and cross section analysis of GeH layers deposited
by the Langmuir Schaefer method on functionalized Si wafers at surface pressures
of: @ 0mNm' (b)2mNm™, (c) 6 mNm” and (d) 10 MmN m™.

If the transfer takes place at higher surface pressure (6 mN m™) the GeH
nanosheets are almost in contact with each other, with some voids between them
(Figure 6.5c). Still further compression of the floating layer to surface pressure of 10
mN m™ before transfer results in a closely packed LS film where the GeH form a
homogeneous and dense monolayer which covers =80% of the substrate. The
average thickness of the GeH flakes is 1 nm as derived from topographical height

profile (section analysis) corresponding to single germanane layers.®® The
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micrographs in Figure 6.5 conclusively prove that the Langmuir Schaefer method
without the use of a surfactant allows for the homogeneous deposition of sparsely or
closely packed GeH single layers on substrates, identifying this technique as an

ideal tool for fabricating thin films of this new 2D material.

6.3.3 Antimicrobial activity of germanane’

The antibacterial activity of GeH was evaluated using Escherichia coli (ECO),
Corynebacterium glutamicum (COR) and Brevibacterium lactofermentum (BRE) as
model organisms. Overnight exposure of bacteria in aqueous GeH dispersions at a
concentration of 50 pug/mL inhibits the bacteria growth by more than 80% during the
first 6 h of growth for both Gram-negative and Gram-positive bacterial strains as
shown in Figure 6.6. GeH exhibits higher antimicrobial activity against Gram-positive
bacteria than against Gram-negative ones; probably the more complex cell wall of E.
coli (see Table 6.1 and Scheme 6.1) acts as a barrier in antimicrobial effect.'®’

Similar results were obtained for GeH monolayers deposited on mylar substrates.
More specifically, the antibacterial activity of GeH thin films was evaluated using the
same model organisms but this time an antimicrobial drop-test was used and the
ability of the exposed bacteria to form colonies in a Luria-Bertani growth medium was
determined. The number of bacterial colonies grown on Luria Broth medium plates is

shown in Figure 6.7.

" The results of germanane's antimicrobial activity were provided by Prof. Haralambos
Stamatis (University of loannina, Greece) and Prof. Petros Katapodis (University of loannina,
Greece).
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Figure 6.6. Antibacterial activity of GeH against gram-negative (Escherichia coli) and
gram-positive (Corynebacterium glutamicum, Brevibacterium sp.) bacteria, after 20 h

exposure.
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Figure 6.7. Typical images of bacterial growth after incubation of bacterial strains (E.
coli, Brevibacterium and Corynebacterium) on germanane Langmuir-Schaefer films

on functionalized Si wafer in a Luria Broth medium.
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Table 6.2. Antibacterial activity of GeH Langmuir-Schaefer films against gram-
negative (Escherichia coli) and gram-positive (Corynebacterium glutamicum,

Brevibacterium sp.) bacteria, after 20 h exposure.

Strain Bacterial inhibition of GeH films

Initial Inoculum

10° 10° 10’
(CFU/mL) (CFU/mL) (CFU/mL)
Escherichia coli 95% 80% 30%
Corynebacterium glutamicum >99% 95% 60%
Brevibacterium sp. >99% >99% >99%

The bacterial population for all bacterial strains is decreased after the incubation
on GeH films while the antimicrobial effect of the films depends on the bacterial
strain. The bacterial population for all bacterial strains decreased after the incubation
on GeH thin films as shown in Table 6.2. The percentage of bacteria remaining
viable after the exposure depends on the number of cells that was applied. When 10°
CFU/mL were applied, the antimicrobial effect was more than 95% for all the strains.
For higher bacterial populations from 10° to 10’ CFU/mL the bacterial inhibition of the
films depends on the bacterial strain. More specifically, the GeH films exhibit a
remarkable antimicrobial activity against Brevibacterium lactofermentum, this effect
is slightly lower for C. glutamicum strains and even more for E coli, probably due to
the more complex cell wall structure (see Table 6.1 and Scheme 6.1).

Although the antimicrobial mechanism of GeH nanosheets (as well as of other 2D
materials like graphene oxide'®' and MoS,"®) is not clear yet, these results suggest
that the cell wall of bacteria act as a barrier to the antimicrobial effect. Different
authors attribute the antimicrobial action of 2D nanomaterials both to physical and/or
chemical features.®® '°' The atomically sharp edges of the nanosheets can pierce
the cell membrane causing cell rupture. Possible chemical damage involves an
oxidative stress either by the lipid peroxidation induced by the reactive oxygen
species (ROS) of the nanomaterials or by ROS-independent oxidative stress,” which
entails that nanomaterials may disturb or oxidize the cellular structure (without ROS

production)”® leading to cell membrane disintegration.
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According to our microscopy studies, the GeH nanosheets have been deposited
flat and uniform on the substrates by the LS method, forming homogeneous and
closely packed monolayers suggesting that the robust antibacterial activity of the
GeH should not have been observed if the sharp edges of the nanosheets were the

main cause for rupture of the cell membrane.

6.4 Conclusions

Germanane, a germanium graphane-analogue is a new inorganic 2D material not
only with outstanding potential for (opto)electronic applications but can also be
exploited for its environmental and biological properties. High quality germanane was
synthesized by the topotatic deintercalation of B-CaGe; in aqueous HF solution (38%
w/w) at room temperature for few minutes. A Langmuir-Blodgett trough was used to
form germanane Langmuir films in the air-water interphase without the use of
surfactants. The packing density of exfoliated germanane nanosheets could be
easily controlled from sparsely spaced isolated sheets in a 2D gas to close-packed
films. These Langmuir films could be efficiently transferred to a substrate using the
Langmuir Schaefer technique, with perfect control over of coverage, uniformity and
percentage of single-layer flakes, as confirmed by 1A isotherms and AFM
measurements. The antimicrobial activity of GeH coatings and dispersions against
one Gram-negative bacterial strain and two Gram-positive bacterial strains was
investigated for first time, revealing that the bacterial populations incubated into
germanane films were importantly decreased. More specifically, GeH thin films
exhibit high effectiveness in antimicrobial activity against E. coli and
Corynebacterium strains for 10° CFU/mL. In addition an extraordinary antimicrobial
activity against Brevibacterium bacterial strain was revealed for all cell
concentrations. GeH aqueous dispersions inhibit the bacterial growth for 6 h for both
Gram-negative and Gram-positive bacteria. The large-scale and facile Langmuir-
Schaefer assembly constitutes a novel method for the design and fabrication of

uniform germanane monolayers that could be ideally used as a candidate
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nanomaterial in diverse bio-applications such as high efficiency antimicrobial

surfaces in hospitals and in the food industry.
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Summary

The extraordinary physicochemical properties and the high specific area of 2D
materials render them very attractive for a plethora of potential applications; they can
be used as platforms for integrating different moieties, clusters, molecules or
nanomaterials into hybrids, allowing for the creation of composites with new or
enhanced properties. On the other hand, the importance of preparing layer-by-layer
hybrid films relies on the ability to control the architecture, the thickness, and the
functionality of the formed nanostructures.

The aim of this thesis focuses on the development and study of novel low-
dimensional films and hybrids based on layered nanomaterials such as graphene
and germanane, assembled with the help of the Langmuir-Blodgett (LB) technique.

The Langmuir-Blodgett technique is one of the most promising layer-by-layer
methods for preparing thin films with varying layer composition (organic or/and
inorganic nanostructures). This bottom-up approach allows to accurately control the
thickness of the deposited film and allows for a homogeneous deposition over large
areas with a high degree of structural order. Numerous studies have been reported
during the past years concerning the assembly of graphene sheets and different
building blocks by the LB method in order to produce hybrid thin films with enhanced
optoelectronic and mechanical properties. Such single layer or multilayer systems
can be employed in a variety of different application areas such as in electronics,
solar cells and sensors, as described in Chapter 2.

Much of the research effort on graphene focuses on its use in the development of
new hybrid nanostructures suitable for applications in gas storage, heterogeneous
catalysis, gas/liquid separations, nanosensing, and biomedicine. Towards this aim, in
Chapter 3 we describe a bottom-up approach, which combines the self-assembly
with the Langmuir-Schaefer (LS) deposition technique in order to fabricate graphene-
based layered hybrid materials that host fullerene molecules within the interlayer
space. As was revealed by conductivity measurements, the presence of Cgp within
the interlayer spacing lowers the resistivity of the hybrid material as compared to the
pure organo-graphene matrix. This graphene/fullerene hybrid could ideally be used

as transparent electrodes as well as in thin film transistors or supercapacitors.
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Motivated by the previous work, a further investigation of graphene-based hybrid
thin films fabricated by the same bottom-up approach but hosting fullerene
derivatives was reported in Chapter 4. More specifically, fullerols (Cgo(OH)24) and
bromo-fullerenes (CgoBrz4) molecules were integrated in graphene oxide (GO) layers
by combining the Langmuir-Schaefer technique with one and two self-assembly
steps respectively. The hybrid thin films were characterized by a variety of
techniques in order to prove the presence of the fullerene derivatives between the
GO layers. Moreover, wetting experiments revealed that the ODA-GO-Cgo(OH)24
hybrid system exhibits a more hydrophobic character than ODA-GO-HEX-CgoBraa,
suggesting that the hydrophobicity doesn’t depend on the functional groups of the
pristine nanomaterials but on the morphology of the hybrid system. These novel
fullerene-based hybrid films could be candidates for potential applications in
photovoltaics, sensors, or optoelectronic devices as well as in photocatalysis and
drug delivery.

In Chapter 5 a new class of highly ordered hydrophilic luminescent carbon dot (C-
dot) intercalated graphene oxide structures was reported for the first time; the
material was produced by combining the Langmuir-Schaefer method with self-
assembly. The precise thickness control combined with homogeneous deposition
makes the LS technique ideal for preventing aggregation of carbon-based
nanostructures such as fullerene or carbon dots in hybrid systems. C-dots with a
mean diameter of 4 nm were produced by microwave-assisted pyrolysis, which is a
convenient method because it is low-cost, facile and efficient. The transparency of
the hybrid multilayers consisting of C-dots sandwiched between graphene oxide
showed could be controled by adjusting the number of the deposited layers. The high
quality photoluminescence with narrow emissions of C-dots is preserved in these
multilayer films. These novel hybrid systems are suitable for applications such as
nanoprobes, optoelectronic devices and transparent electrodes as well as for drug
delivery.

Germanane (GeH), the germanium graphane-analogue has recently attracted
considerable interest due to its high mobility, non-zero band gap and optoelectronic
properties. In Chapter 6, we describe how germanane was produced at room

temperature by a new synthetic approach based on the topotatic deintercalation of 3-
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CaGe; in aqueous HF solution. The exfoliated germanane nanosheets can be
assembled into deposited monolayer films with different packing density exploiting
the Langmuir-Schaefer method. The coverage, uniformity and single-layer level
control of the assembly was confirmed by m-A isotherms and AFM measurements.
The antimicrobial activity of germanane in aqueous dispersion and in monolayers
form was investigated for the first time. Our results revealed that an antimicrobial
effect of germanane for Gram-negative and Gram-positive bacteria, with an
especiallly outstanding activity against Brevibacterium bacterial strains. The
monolayers produced by the Langmuir-Schaefer might be applied in the future as

high efficiency antimicrobial surfaces in hospitals and in the food industry.
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Samenvatting

De buitengewone fysisch-chemische eigenschappen en het grote specifieke
oppervlak van 2D materialen maken een overvioed aan applicaties mogelijk; ze
kunnen gebruikt worden als platform voor de integratie van verschillende eenheden,
clusters, moleculen of nanomaterialen in hybriden, wat kan leiden tot composieten
met nieuwe en verbeterde eigenschappen. Anderzijds is de mate van controle over
de architectuur, dikte en functionaliteit van de gevormde nanostructuren van groot
belang voor het bereiden van laag-bij-laag hybride films.

Het doel van dit proefschrift concentreert zich op de ontwikkeling en het
bestuderen van nieuwe laag-dimensionale films en hybrides gebaseerd op gelaagde
nanomaterialen, zoals grafeen en germanaan, geassembleerd met behulp van de
Langmuir-Blodgett (LB) techniek.

De Langmuir-Blodgett techniek is een veelbelovende methode voor laag-bij-laag
formatie van dunne films met een gevarieerde laag-compositie (organische of/en
anorganische nanostructuren). Deze bottom-up aanpak maakt precieze controle over
de dikte van de gedeponeerde film mogelijk, evenals homogene depositie over grote
oppervlakken met een hoge graad van structurele orde. In de afgelopen jaren zijn
veel studies gepubliceerd over de assemblage van grafeen en verschillende
bouwblokken met behulp van de LB methode, om hybride dunne films met
verbeterde opto-elekironische en mechanische eigenschappen te produceren.
Dergelijke enkellaagse of multilaagse systemen kunnen toegepast worden in een
verscheidenheid van gebieden, zoals elektronica, zonnecellen en sensoren, zoals
beschreven in Hoofdstuk 2.

Veel van de onderzoeksinspanningen naar grafeen richten zich op zijn nut in de
ontwikkeling van nieuwe hybride nanostructuren die geschikt zijn voor applicaties in
gasopslag, heterogene katalyse, gas/vloeistof separatie, nanosensoren en
biomedicijnen. In Hoofdstuk 3 wordt een bottom-up aanpak beschreven die
zelfassemblage combineert met de Langmuir-Schaefer (LS) depositietechniek, om
op grafeen gebaseerde gelaagde hybride materialen te vormen die

fullereenmoleculen in de tussenlaagruimtes bevatten. Zoals Dblijkt uit
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geleidingsmetingen verlaagt de aanwezigheid van Cgo in de tussenlaagruimtes de
weerstand van het hybride materiaal vergeleken met de zuivere organisch
gefunctionaliseerde grafeen matrix. Deze grafeen/fullereen hybride zou perfect
gebruikt kunnen worden in dunne film transistoren, supercondensatoren of dienst
doen als transparante elektrodes.

Gemotiveerd door het voorgaande werk is verder onderzoek verricht naar de op
grafeen gebaseerde hybride dunne films gefabriceerd met dezelfde bottom-up
aanpak, echter bevatten deze films fullereenderivaten in de tussenlaagruimtes; dit is
beschreven in Hoofdstuk 4. Deze fullereenderivaten zijn fullerols (Cgo(OH)24) en
broomfullereen (CeoBra4) die geintegreerd zijn in grafeenoxide (GO) lagen door de
combinatie van de Langmuir-Schaefer techniek met respectievelik één en twee
zelfassemblage stappen. De hybride dunne lagen zijn gekarakteriseerd door
verscheidene technieken om de aanwezigheid van de fullereenderivaten tussen de
GO lagen aan te tonen. Verder hebben bevochtigbaarheidsexperimenten
aangetoond dat het ODA-GO-Cego(OH)24 hybride systeem een meer hydrofoob
karakter vertoont dan ODA-GO-HEX-CesBrz4, wat suggereert dat de hydrofobiciteit
niet afhangt van de functionele groepen van ongerepte nanomaterialen, maar van de
morfologie van het hybride systeem. Deze nieuwe op fullereen gebaseerde hybride
films zijn mogelijk kandidaten voor applicaties in fotovoltaische systemen, sensoren
of opto-elektronische apparatuur, evenals in fotokatalyse en medicijnafgifte.

In Hoofdstuk 5 wordt voor het eerst een nieuwe klasse beschreven van hoog
geordend hydrofiel luminescerend intercaleerde koolstof kwantum punten (C-dot) in
grafeenoxide structuren; het materiaal werd geproduceerd door de Langmuir-
Schaefer methode met zelfassemblage te combineren. De precieze dikte controle
gecombineerd met homogene depositie maakt de LS techniek ideaal voor het
voorkomen van aggregatie van koolstofgebaseerde nanostructuren, zoals fullereen
of koolstof kwantum punten in hybride systemen. C-dots met een gemiddelde
diameter van 4 nm werden geproduceerd door microgolf-geassisteerde pyrolyse;
een geschikte methode vanwege zijn lage kosten, simpliciteit en efficiéntie. De
transparantie van de hybride multilagen bestaande uit C-dots ingeklemd tussen
grafeenoxide, kon gecontroleerd worden door het aanpassen van het aantal

gedeponeerde lagen. De hoge kwaliteit fotoluminescentie met nauwe emissies van
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C-dots is behouden in deze multilaag-films. Deze nieuwe hybride systemen zijn
geschikt voor applicaties zoals nanoprobes, opto-elektronische apparatuur,
transparante elektrodes en medicijnafgifte.

Germanaan (GeH), het germanium grafeen-analoog, heeft onlangs veel aandacht
getrokken vanwege zijn hoge mobiliteit, bandkloof groter dan nul en opto-
elektronische eigenschappen. In hoofdstuk 6 wordt beschreven hoe germanaan
werd geproduceerd door een nieuwe synthetische aanpak gebaseerd op
topotactische deintercalatie van B-CaGe; in waterige HF oplossing. De gefolieerde
germanaan nanovellen kunnen geassembleerd worden in gedeponeerde monolaag
films met verschillende pakkingsdichtheid gebruikmakend van de Langmuir-Schaefer
methode. De dekkingsgraad, uniformiteit en de enkellaagse niveau controle van de
assemblage werd bevestigd met 1A isothermen en AFM metingen. De
antimicrobiéle activiteit van germanaan in een waterige dispersie en in
monolaagvorm werd voor het eerst onderzocht. Uit onze resultaten bleek een
antimicrobiéle werking van germanaan voor Gram-negatieve en Gram-positieve
bacterién, met een uitstekende activiteit tegen de Brevibacterium bacteriestammen.
De monolagen die door de Langmuir-Schaefer techniek worden geproduceerd,
zouden in de toekomst kunnen worden toegepast als zeer efficiénte antimicrobiéle

oppervlakken in ziekenhuizen en in de voedingsindustrie.
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NepiAnyn

Ol €EalPETIKEG PUOLKOXNMUIKES 1BLOTNTEG KAl N UYPnAn €1dLkn erupdvela Twv
2D uAikwv, Ta KaBlotouv 1dlaitepa €AKUOTIKA Og pla TANBwpa £PapUOYDV.
Avaueoa oe AAAa uropoUv va xpnoldoroindolv wg TAATPOPUES Yia TNV
EVOWUATWON dladOopPETIKWYV CUOTAdWY, HOoPiwV 1 VaVOUAIKWV ETUTPETIOVTAG TN
Onuoupyia uBpLdiwv Kat cUVOETWY UAIKWV PE VEEG N BEATIWUEVES 1OLOTNTEG.
ATO TNV AAAn Meupqd, n oroudaldTnTa TNG TAPACKEUNG OTPWHA UE OTPWUA
(layer-by-layer) uBpldlkwv Upeviwv, €yKelTal OTO YEYOVOG TOU €AEyXOoUu TNG
OPXITEKTOVIKNG, TOU TAXOUG, KAl TNG AELTOUPYLIKOTNTAG TWV OXNHATI(ONEVWV
VAVOOOUWV.

Ta kepdAala ™G mapouoag dIBAKTOPLKNG dATPLRNG ETIKEVTPMVOVTAL OTNV
avarruén kat geAETN XaunAodlaotatwyv URBPWIKWV UPeviwy armoteAoUUeEVWV
ard avopyavee PUAAOHOPDEC VAVODOOUEC OTMwG TO YpPadEVio KAl TO
yepuavavio, kavovtag xpnon g pedodou Langmuir-Blodgett (LB).

H texvikn Langmuir-Blodgett eival pia ano 1ig¢ o eAmdodpopeq OTPWHA-|IE-
OTPWHA TEXVIKEG YIA TNV TIPOETOLUACIA AETITWV UMEVIWV PE TIOIKIAEG OUOTACELG
OTPWHATWY (OpYavIikKEG N/kal avopyaveg vavodopég). Autn 1n  bottom-up
Mpoogyylon Olvel T duvatotnTa yld TOV aKPIBN €Aeyxo Tou TAXOUG TOU
HOVOOTPWHATOC EVW ETUTPETIEL TNV OMOLOYEVN £vaTOOEON TOU Ot HEYAAEQ
MEPLOXEG Kal erupdveleg pe uynAd Babud doukng TAENG. lMoAudplBueg
HEAETEG €xouv avadepBel Ta TeAeutaia Xpovia, oTnVv TPOTONOINON TWV
dUANWV ypadeviou pe v LB TeEXVIKN HME OKOMO TNV mapaywyn UBPLOIKwV
AETITOV UMEVIiWV yia TNV BEATIOTOTIOMON TWV OTMITONAEKTPOVIK®V KAl INXAVIKOV
IOI0OTATWV TOU Ypadeviou. AuTG Ta HOVOOTPWHATIKA 1 TIOAUCTPWHATIKA
ouoTNMATA PE TIC €EALPETIKEG 1OLOTNTEG, XPNnOolporololvTal o €va PeyAalo
elpoc edapuoywyv, ard nNAEKTPOVIKA OUOTAMATA, PWTOROATAIKA WS Kal
alodnTtRpeg OMwe neptypagetal oto 2° kedpdAalo.

‘Eva pgEYAAO HEPOC TNG ETUOTNUOVIKNG €PEUVAG OXETIKA HE TO ypadévio
ETUKEVTPWVETAL OTN XPNON ToUu WG OOMPLKO OTolXElo yla TNV avarruén véwv

UBPOIKWV vavodouwv HPe ocadmg kKabBoplopeveg OlaoTAoelg Kal OLOTNTEG,
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KATAAANAEG YA €PAPUOYEC OTIWG 1N ATOONKEUON aAgpiwv, N E€TEPOYEVN
KaTtAAuon, o dlaxwplopog agpiwv/uypwy, ol vavoalotntmpeg Kal n Bloiatpikn.
Mpog Tnv katelBuvon autrh, oto 3° kKepdlalo Teplypadetal pia bottom-up
MPOoEyylon, n oroia ouvdudlel TNV auTto-opyAvwon HPE TNV  TEXVIKN
evarnobeong Langmuir-Schaefer (LS) pe okomod tnv dnuioupyia uBpLOKOV
UMeviwv pe Baon To ypadEVio oTo omolo meplexovtal popla poulepeviwv (Ceo)
EVTIOC TOU  €VOOOTPWHATIKOU XWpou Tou  GUAAOHOpdOU  UAIKOU.
SUMMEPAOUATIKA, Tapatnendnke OTL n mapoucsia Twv popiwv Ce oOTOV
EVOWOTPWHATIKO XWPO Tou ypadeviou odnyei oe al&non g NAEKTPLKNG
aAywyluotTnTag TOU  UBPWdkoU  upeviou OUYKPLITIKA JE TO  opyavo-
TPOTIOTIOINUEVO  Ypadévio. Tétola UBRPOIKA UAIKKA ocav To autd Tou
ypadeviou/poulepeviou urmopoUv va xpnoldoromnBolv wg UAIKA Ot
edbappoyES 6Twg ta dladavin NAEKTPOdIA, Ta TPAVIIOTOP 1 WG UTIEPTIUKVWTEG.
Mia mepaltépw €peuva yla Tnv avarruén uBpldlkwv upeviwv pye Bdaon ToO
YPAPEVIO OTO OToio TeplEXovTal TIapdywya popla twv Cg mapouctdleTtal oTo
4° kedpdlato. Mo ouykekpluéva, ¢ouAepohla (Ceo(OH)24) kal Bpmpo-
douAepevia (CeoBras) eviéBnkav avapeoca ota ¢UAAa o&eldiou To ypagdeviou
(GO) ouvdualovtag tTnv TEXVIKN Langmuir-Schaefer pe €va 1 dUo otddia Tng
TEXVIKNG auTo-opyavwong, avtiotoxa. Ta uBptdlkd Aertd  UpEVIA
Xapaktnpiotnkav pe pla TAnbwpa TeXVIKWV HE O0TOXO0 TNV eruBeBaiwon g
UTapéng Twv Tapaywywv Twv ¢oulepeviwv avapeoa ota ¢UAa Ttou GO.
‘Onwg mapatnpenénke anod Tig petpnoelg diaBpoxng 1o uBpldiko cuotnua ODA-
GO-Ce0(OH)24, apouatalel €vav mo udpOPoBo XAPAKTINPA CUYKPITIKA PE TO
ovuotnua ODA-GO-HEX-CgoBro4 umodnAwvovtag OTL n udpodofikoTnTa dev
eEaptdTal and TIG AEITOUPYLKEG OUAdEC TWV APXIKWV VAVOUAIKOV aAAG arod
™V oxnuatilopyevn popdoAloyia Tou uBpldikoU cuotnuatog. Ta mapayoueva
UBPOIKA AeTttd upévia pe BAon To YpadEVIo OTO OToio TEpLlEXovVTAl TIapAaywyda
TwVv Cg MOpiwV ouvioTOUV VEa UBPOIKA cuoTUaTa Tou Ba propoucav va
Xpnotlgoroinolv wg 10avikd vavoUALKa yia ePpAPHOYES OTA OTTTONAEKTPOVIKA
ouoTNMATA, oTa GWTOROATAIKA, OTA PAPHAKA KABWG €TONG KAl OTOV TOMEQ

NG PWTOKATAAUONG.
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>1o 5° Kepahalo, MePLypAPeTAL | EVOWHATWON vavoTeAelwv dvBpaka (C-
dots) otn Ooun TOU Yypageviou yia TPWTN $Popd, KAvOVTAG XPNON HLAG
TporoToinuevng Langmuir-Schaefer texvikng. Mo cuykekplpéva vea upBpldka
TIOAUCTPWHATIKA UMEVIQ aroTteloUpeva ard o&eidlo Tou Yypadeviou Kal
evteOelpéveg  PwtoBOAeg  vavoteAeieg  Avbpaka — TApaocKeUudoTnkav
ouvdudalovtag TNV TeXVIKN Langmuir-Schaefer pe tnv TeEXVIK) NG auTto-
opyavwong. O akpiBng €Aeyxog o ouvduaouo Pe TNV ololoyevn evamnobeon,
KaBlotd tnv LS Texvikn 1Bavikn yia mv mpoAnyn ng CUCCWHATWONG TwWV
vavodouwv AvBpaka oe uBplOIKA CuoTNUATA, OTIWC TAa POUAEpPEVIA Kal Ol
vavoteAeieqg avBpaka. Ou vavoteleieg AvOpaka, pe péon dlaueTtpo 4 nm,
napnxdnoav pe mupoAuon uroBonBoluevn anod PIKpokUPATA, N orola ival pa
MPOTIUNTEQ MEBODOC efaltiag TOUug XaunAoU KOOTOUG, TNG €UKOANG
eykatdotaong Kat TNG  amoTeEAEoMATIKOTNTAG T™G. Ta  uBpldika
TIOAUCTPWHATIKA UMPEVIA aroTeAoUpheva armd evrebeluéveg vavoTeAeieg
avbpaka avapeoa ota GpUAAa Tou o&eldiou Tou ypadeviou, Tapouciacav
eheyxouevn Odladdavela avaloya e TNV TPOCAPHOYN Tou aplOupol Twv
EVATIOTEDEIPEVWV OTPWHATWY. TEAOG, Ta UBPLOIKA TIOAUCTPWHATIKA UPEVIA
eudpavidouv uPnAng moldTNTAg dWTOPWTAUYELA UE OTEVEG EKTIOUTEEG YEYOVOG
mou odelAeTal OoTNV ETMTUXNUEVN EVOWMATWON TWV VAVOTEAElwV AvBpaka
avdupeoa og dUANa ypadeviou. AuTd Ta TIOAUCTPWHATIKA UMEVIA aTIOTEAOUV
€va Kalvotopo UBpldlkd cloTtnua KAataAAnAo yia pia TAnbwpa edappoywv
OTIWC Ol VAVOAVIXVEUTEG, Ol OTITONAEKTPOVIKEG dlatd&éelg kKal T1a diadavn
NAEKTPODLA, KABWG ETONG KAl 0€ CUCTAMATA XOPNYNONS GApHAKWYV.

To yeppavavio (GeH), €éva avaloyo Ttou ypadeviou, €xel mpooeAKUOEL
npoéodata 1dlaitepo evdladEPov AOYW TWV OTITONAEKTPOVIKWV IOLOTANTWV TOU
KaBwg Kal AOyo Tng o0t1abepdTNTAC TOou. H UyPYnAn KvnmIKOTNTA TWV
NAEKTPOVIWY, TO PN MNOEVIKO evepyelakod XAOPA Kal ol XAUNAEQ OlaoTACELG
KaBlotoUv To yeppavdavio €va ToAAA UTIooXOuEVO OLodIAOTATO UAIKO yila Hid
mMnéwpa spappoy®Vv UYPnAng amoddoonc. 2to 6° Kepdhalo, TO yepuavavio
napaockeudotnke oe Bepuokpacia meplBAAlovTog pe pia kalvoupla pEBodO
olvBeoncg PBaotlopevn OTnV TOTOTAKTIKA aréevOeon g ¢dong B-CaGe, oe

udatikd JdlaAupa HF. Emuméov xpnowlorolbnke n opyavwon Langmuir-
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Schaefer yia Tov éAeyxo Tng TUKVOTNTAG TWV ATMOGUAAOTIOINHEVWV
vavopuAAldiwyv  yeppavaviou, de okKomd TNV dnuoupyia  VEwv
HOVOOTPWHATIKWV Upeviwyv. H erukdAuyn, n opolopopdia Kalt o EAeYyXog NG
opYyavwong oe HOVOATOUIKO eTimedo eruBefaiwOnkav anod TIG T-A 1000epUEG
KAUMUAEG KaBwg Kal amd TNV HMIKPOOoKoTHa daTtoulkwv duvapewv (AFM). H
AVTIMIKPOBLOKN dpdon Tou yeppavaviou oe udatikn dlaomopd Kabwg Kal oe
HOopP®d) MOVOOTPWHATIKOU Upeviou dlepeuvnOnke yia Towtn ¢opd He TN
Bonbela TG peBOOOU TAAKAG MIKPOTITAOU Kal TwV BLOOIUWV KUTTAPWV
eruBiwong oe empaveleq ETUKAAUTITOPEVEG ME  YepMavAvio, avTtioTolxa.
S0udwva Pe TA ATOTEAECMATA N AVTIMIKPOBLAKN dpdon Tou yepuavaviou
eEaptdTal anod 1n doulkn dladpopd TWV KUTTAPIKWV HEPBpavwy Kal Tn olveeon
TOU KUTTAplKOU Tolxwuatog Twv Gram-apvnTikwv Kal Gram-0eTikwv
Baktnpdiwv. MO OUYKEKPILEVA, TA ATOTEAEOMATA NG UDATIKNG dlaoTiopdg
TOU Yeppaviou amokAAuygav OTL Katd Tn OlApKeld TwV TIPOTWV £EL WPWV N
Baktnplakn avarruén KataoTEAAETAl TIOAU €viova evw Mia e&alpeTikn
AVTIMIKPOBLaKN Opdon Twv UMeviwv yeppavaviou mapatnpndnke yia Ta
Baktnplakd oteAéxn  Brevibacterium. Ta  POVOATOMLIKA  UMEVIA  TIOU
napackeudotnkav We Tnv HEBodo Langmuir-Schaefer 6a pmnopoucav va
€dAPUOOTOUV OTO HEAAOV WG AVTIMIKPOBIAKEG eTudaveleC UPNAWV ATIOOOCEWV

0€ VOOOKoMEe(a KaBwg emiong Kal otn Blounxavia Tpodipwy.
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