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INTRODUCTION

Over the past several decades there has been an explosive growth in research and development
related to nanomaterials and, among them, a huge interest has been devoted to carbon
nanostructures. It is remarkable that two Nobel prizes (Chemistry 1996 to R. F. Curl Jr., SH. W.
Kroto and R, E. Smalley "for their discovery of fullerenes"; Physics 2010 to A. Geim and K.
Novoselov "for groundbreaking experiments regarding the two-dimensional material graphene")

have been awarded for researches on these topics.

The strength of carbon nanomaterials lies in the fact that most of their properties can be
modified and adjusted, depending on the target application. The morphology, surface chemistry, as
well as the physical properties of carbon nanomaterials can be varied by tuning the synthesis
procedures, or by suitable post-synthesis treatments. This flexibility in the production processes is
also supported by the exceptional properties of the basic (non-functionalized) pristine structures
including huge electron mobility, record braking strengths etc. The mixing of non-conventional
properties and nano-manufacturing potentiality makes the carbon nanomaterials a key-ingredient
of the current nanoscience.

Although nanomaterials such as fullerenes, graphene or carbon nanotubes (CNTs) are very popular
and already available from several suppliers, their controlled synthesis remains a dynamic field of
research, and improvements in the selectivity of desired nanomaterials, as well as in the purity and
quality are being continuously achieved. The presence of impurities, structural defects and
heteroatoms may have remarkable effects on the properties and, hence, on the applications. Almost
unlimited possibilities open to researchers coming from multidisciplinary areas (materials science,
physics, chemistry and biology) who can contribute, with complementary skills, to “invent” new

materials for electronics, transportation, energy production and storage, or medicine.
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In this framework, the CARBOMAT Workshop aims to bring together researchers working
in the field of nano-sized carbon based materials (nanotubes, fullerenes, linear chains, graphene,
etc.) in order to present and discuss state-of-the-art results.

The main topics of the Workshop are: synthesis, functionalization, characterization, theoretical
modelling and applications of low-dimensional carbon structures.

For several applications, a key role is played by the interactions between C nano-materials and a
suite of elements, chemical groups, metals, antibodies, DNA molecules, enzymes, etc. In this second
edition, a special session was focused on the interactions of carbon nanostructures with chemical

groups and functional molecules, and to the use of such systems for innovative sensors.

We would like to thank all the invited speakers and the regular participants, for their
precious contribution to the high scientific level of the Workshop. Because of their stimulus to the
often heated discussions during and after the presentations the workshop was successful. We
believe that the proceedings of the CARBOMAT Workshop collected in this volume represent
valuable examples of the complexity, interdisciplinarity and unquestionable fascination of the

current research on the C based nanoscience.

The Conference Chairs

Silvia Scalese & Antonino La Magna

v



10.

11.

12.

13.

14.

15.

16.

INDEX

Effect of graphene/substrate interface on the electronic transport properties
F. Giannazzo, E. Rimini, V. Raineri

Raman studies of graphene growth on Ni and Cu by chemical vapor deposition
G. Faggio, G. Messina, S. Santangelo, V. Morandi, L. Ortolani, R. Rizzoli, G.P. Veronese

Spin coupling around a carbon vacancy in graphene
M. Casartelli, S. Casolo, G. F. Tantardini, R. Martinazzo

Cyclotron resonance and renormalization in graphene and its bilayer
K. Shizuya

Transport properties of graphene across strain-induced nonuniform velocity profiles
F. M. D. Pellegrino, G. G. N. Angilella, R. Pucci

First principle study of ballistic thermal conductance of graphene antidot lattices for
thermoelectric applications
H. Karamitaheri, M. Pourfath, N. Neophytou, M. Pazoki, and H. Kosina

Raman monitoring of strain induced effects in mechanically deposited single layer graphene
P. Russo, G. Compagnini, C. D’Andrea, O. M. Marago, P. G. Gucciardi, J. —C. Valmalette

Carbon nanostructures for gas sensing applications
M. Penza

Synthesis, characterization and sensing properties of electrospun CNTs/polymer/ metal oxides
composites
P. Frontera, A. Donato, S. Trocino, P. L. Antonucci, G. Neri

NO, sensor based on ultra-thin titania coating on carbon nanofibers
N. Donato, M. Latino, G. Neri, D. Spadaro, C. Marichy, M.-G. Willinger, N. Pinna

An inkjet deposition system for water-based solutions of MWCNT/PMA for sensing applications
N. Donato, D. Aloisio, E. Patti, G. Scolaro, G. Neri, D. Spadaro, S. Trocino, A. Donato, M. Latino

Liquid phase functionalization of carbon nanotubes: morphology and surface modification
C. Milone, E. Piperopoulos, S.H. Abdul Rahim, M. Lanza, S. Santangelo, S. Galvagno

Single Wall Carbon nanotubes deposited on stainless steel foil as counter electrode for dye sensitized
solar cells
G. Calogero, O.M. Marago, P. G. Gucciardi, G. Di Marco

Nanodiamonds: hints for bio-technical applications
S. Orlanducci, E. Tamburri, I. Cianchetta, D. Sordi, M. L. Terranova, D. Passeri, M. Rossi

Change of mechanical and physical properties of an epoxy resin induced by carbon nanotube
presence
V. Brancato, A.M. Visco, A. Pistone, M. Fazio, D. lannazzo, A. Piperno, S. Galvagno

Experimental and calculated optical properties of polyynes and cumulenes chains prepared
by laser ablation in liquids
G. Forte, L. D’Urso, E. Fazio, S. Patane, F. Neri, O. Puglisi, G. Compagnini

Influence of the microstructure of carbon nanotubes on the catalytic wet air oxidation of
p-coumaric acid

E. Fazio, E. Piperopoulos, S.H. Abdul Rahim, M. Lanza, S. Santangelo, G. Mondio,

F. Neri, C. Milone

Page

12

16

19

23

27

33

37

41

45

49

53

56

60

64



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Towards the control of structural properties of CNTs produced by arc discharge in liquid
environments
S. Scalese, V. Scuderi

Temperature characterization of the sheet resistance of MWCNTs/PDDAC based sensitive
films
N. Donato, D. Aloisio, D. Spadaro, M. Latino, A. Giberti, C. Malagu

Raman optical trapping of carbon nanotubes and graphene
M. G. Donato, P. G. Gucciardi, S. Vasi, M. Monaca, R. Sayed, G. Calogero, P.H. Jones,
O.M. Marago

Synthesis of graphene nanoribbons and other carbon nanostructures
F. Cataldo

Taguchi-optimised production of MWCNT-based nanocomposites by catalytic route
S. Santangelo, G. Messina, G. Faggio, E. Piperopoulos, M. Lanza, C. Milone

Use of the electric fields for the manipulation of MWCNTs
V. Scuderi, A. La Magna, A. Pistone, N. Donato, G. Neri, S. Scalese

Shaping of diamonds in 1-D nanostructures and other strategies for fabrication of low-dimensional
diamond-based components
M. L. Terranova, V. Guglielmotti, S. Orlanducci, V. Sessa, E. Tamburri, F. Toschi, M. Rossi

Self-Assembling of Graphitic Nanoplatelets
R. Matassa, S. Orlanducci, V. Guglielmotti, D. Sordi, E. Tamburri, M. L.Terranova, D. Passerl,
M. Rossi

Deposition of carbon nanowalls at the electrodes during electrical-field-assisted laser ablation
in water
M. Sinatra, G.C. Messina, P. Russo, G. Compagnini, O. Puglisi, S. Scalese

Organic molecules encapsulated in single wall carbon nanotubes — challenges for theoretical
modeling
M. Kertesz, T. Yumura

Ab initio predictions of covalent and metallic intercalations of epitaxial graphene systems on SiC
substrates
L. Deretzis, A. La Magna

Appendix 1: Information about the location

Appendix 2: List of Participants

68

71

75

79

82

86

90

93

97

100

104

VI



CARBOMAT 2011

EFFECT OF GRAPHENE/SUBSTRATE INTERFACE ON THE ELECTRONIC
TRANSPORT PROPERTIES

F. Giannazzd', E. Rimini!, V. Rainerit

1 CNR-IMM, Strada VIII, 5 95121 Catania, Italy
E-mail: filippo.giannazzo@imm.cnr.it

ABSTRACT the common experimentally observed proportionality
between conductivitya) and carrier densitynf at lown.
The scattering mechanisms limiting the electronic Among them, charged impurities scattering [6] and
transport properties have been investigated by unieas resonant scattering [7] are currently regardechasrost
two-dimensional maps of the electron mean free gath  probable candidates to influence the drift mobiihd the
in graphene on substrates with different dielectric electron mean free path. The interaction of grapheio-
permittivities, i.e. SiQ (Ksip>=3.9), 4H-SIC (0001) dimensional-electron-gas (2DEG) with surface polar
(Ksic=9.7) and SrTi@ (001) ksr=330). From the phonons of the substrate has been also indicatea as
analysis of locall versus gate bias curves, nanoscale strong degradation mechanism for graphene electron
maps of the densities of charged impurities(Nand mean free path [8]. In this work, we used a methased
resonant scattering centresggNhave been extracted. A on scanning capacitance microscopy/spectroscopy to
clear correlation between the minima in themaps and  obtain 2D maps of the electron mean free péthin
the maxima in the N maps is obtained for graphene on graphene deposited on substrates with differeréatiéc
SiO, and 4H-SIC, indicating charged impurity scattering permittivities, i.e. SiQ (ks0=3.9), 4H-SIC (0001)
as the main source of the lateral inhomogeneity o (ksic=9.7) and the very-high- perovskite strontium
low-k substrates. On the contrary, thend N;; maps are titanate, SrTiQ (001), briefly STO £s1=330).
uncorrelated in graphene on SrijOwhile a clear
correlation is found betweeh and Ns maps. This 2 EXPERIMENTAL DETAILS
demonstrates a very efficient dielectric screeniofg
charged impurity in graphene on Sri@nd the role of  Graphene flakes were obtained by mechanical eximtia
resonant scattering centres as limiting factoreiectron  of highly oriented pyrolitic graphite (HOPG) and
mean free path. deposited on (i) 300 nm Sj@hermally grown on highly
doped Si substrate — G-SiO(ii) 2 pum low doped
1. INTRODUCTION epitaxially grown SiC layer on highly doped 4H-
SiC(0001) — G-SiC, and (iii)) 30 um single-crystali®;
The excellent transport properties in graphenenaitbthe (001) — G-STO. Preliminary identification of grapiee
observation of several peculiar electronic phenarsmd flakes was done under optical microscope [9,109ké$
opened the way to challenging device applicatidng]| showing lowest optical contrast were then fully
Giant carrier mobility(u>10° cn?V's?) and micrometer  characterized by micro-Raman spectroscopy and by
electron mean free path fave been recently reported in tapping mode Atomic Force Microscopy (t-AFM) to
graphene under proper experimental conditions,ime. identify single layers of graphene (SLG) [10]. Lbca
suspended ultra-clean membranes [3] or in grapheneCapacitance measurements were carried out at room
encapsulated between inert and ultra-flat bororideit  temperature and under ambient conditions usingezd/e
layers [4,5]. However, significantly lower valueklaand DI3100 AFM with Scanning Capacitance Microscopy
J are typically measured under practical conditioms,in (SCM) application module. AFM operated in contact
graphene devices on common dielectric substrates, amode using platinum coated doped Si tips. A DC bias
room temperature (RT) and under ambient environment ramp was applied to the sample back-gate to sweep t
Literature values of mobility spread over a widage, Fermi level in graphene from the hole to the etwctr
depending on the graphene synthesis method, on théranch. For the samples in this study, the back-ismt
substrate, but also on the processes used for gmaph provided by the Si under SjGfor G-SiQ,), by the SiC
device fabrication. The road to electronic device substrate under the lowly doped epi-SiC layer Ge®iC)
applications of graphene imposes a deep knowledge oand by a Ni-Au film under the STO layer (for G-ST@)
the nanoscale mechanisms dominating the chargercarr addition, an AC modulating bias at 100 kHz frequeisc
mobility in graphene supported by a substrate,oatnr superimposed to the DC bias to induce an excess of
temperature and under atmospheric environment.eSinc charges (holes/electrons) from the nanometric diptact
the early transport experiments, the electron adat to graphene. This charge in excess diffuses inhgnap
mechanisms in graphene have been discussed widély a over an effective area.faround the tip contact, whose
controversially. Current electronic transport maedét extension depends on the gate bias [11,12,13].&a-u
graphene suggest only few mechanisms which camiexpl high-sensitive (18" F/HZ'%) capacitance sensor is

1
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connected to the tip, and measures the capacitanc&he local density of charged impurities at each tip
variations induced by the modulating bias, usihgci-in position can be extracted from the value Qf\h thel-V
method. The capacitance measured when the tip is ircharacteristic, using the relationsN(AoAsuV ne)/ (Qtsun),
contact with graphene (§ is compared to the where qis the electron charge.

capacitance when the tip is in contact with theebar
substrate (Gp. In the latter case (& is the capacitance
of a parallel plate capacitor with areg,Athe tip contact
area, i.e. GAuppkoKsuftsus beiNg kx, the vacuum
permittivity, ks, the substrate permittivity and, its
thickness. Instead, (Cis the capacitance of a parallel
plate capacitor with area.fi.e. CG=AerKoAsut/tsup

Local capacitance-voltage characteristics were ureds
on regular arrays of dots (tip positions) on grayghd-or
each position 4 is evaluated as #=A;Cq/Csup It has
been recently demonstratetlat this effective area is
related to the “local” electron mean free pdthin
graphene ak=(Acs/m)*?[12,13].

145007120 8

H(cm?vist)

3. RESULTS AND DISCUSSION

Fig. 1(a), (b) and (c) show the measured two different
tip positions on G-Sig G-SiC and G-STO as a function
of the gate bias y/

I (nm)

Hem2vist)

Fig.2 Two-dimensional maps of the local electron meae fr

— & K1
SLG ‘/ ‘/ 250 G-Si0, (a) o0 mm 210000173 S50 7
Sio, [300 nm 200
. 150

1 2 50 % path () for G-SiG, (a), G-SiC (b) and G-STO (c). Maps of
‘/ ‘/ ] € the CI density at the same positions on G,Si)), G-SiC
25 -Si (e) and G-STO (f).
SLG IZumA 200 AV, 1 (b)
€ 150%
n* 4H-SiC, x10'8 cm® = 100

1 5 50
‘/ ‘/ 250
SLG 200 A 1
_l 30 um 150% S FEECE
100

In Fig.2, two-dimensional maps of the Cl density &
SiO, (d), G-SIiC (e) and G-STO (f) are reported. Each
map was extracted peaking,afrom a set of-V4 curves
collected by scanning of the tip on a regular arody
10x10 positions spaced by 100 nm. For graphene on
SiO,, a Cl density ranging from 1x30" to 1.8<10" cm?
depending on the position is found. For graphen&ian

Back-side metallization 50 Ng ranges from 0610 to 1.0x10" cmi® Finally, for
0 graphene on STO, &in the range 010"-1.3<10"
5 0 5 10 Ly
V. (V) cm” is found. The maps of the local electron mean free
’ path () measured on the same arrays are also shown in
Fig.1 Measured electron mean free phtit two different Fig.2(a), (b) and (c). For consistency in the corigoa
tip positions on G-SigXa), G-SiC (b) and G-STO (c) as a between measurementsldoh graphene on substrates with
function of the gate biasyV different thickness and permittivitielsyalues at the same

electron density of n=BL0""cm? were reported in the
Each curve exhibits ambipolar behavior with electand ~ three maps. _ o
hole branches and a minimum corresponding to theln graphene on Sixthe electron mean free path exhibits
neutrality point. The position () of this minimum on  lateral variations from100 to[120 nm, in graphene on
the V, axis is related to a net density of charged SIC from [200 to [R50 nm, whereas the spread in
impurities (Ny) in the locally probed area, which causes a graphene on STO is much lower, framh73 nm tol1185
shift of the neutrality point with respect to/ 0. The ~ nm. Using the relationu=ql/h(m)*? between carrier
small positive shifts observed in the represergativrves mobility @ and electron mean free pakhat a carrier
of Fig.1(a), (b) and (c) indicate the presence dbwa density n, these spreads correspond to “local’atians
density of positive charges on the sample surface,of the mobility from112100 to[114500 criV's® for G-
probably associated with water adsorbates. Thisilen  SiO,, from (24200 to [B0300 cmiV's? for G-SiC, and
clearly changes from point to point on graphendaser from 21000 to 22400 cfiv ‘sl for G-STO.
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A clear correlation between thé maps and the fit. Three contributions to the electron mean frmgh
corresponding N maps is found for G-SiQand G-SiC, have been considered, i.e. RS, Cl and SPP, i.e.

with the maxima of thé distribution located at the same Zp -1

positions of the minima in the dNdistribution. To guide RS SPP ) (1
the eye, the positions of representative maxima andThe resonant scatterers telggis expressed as [15],
minima in thel maps are indicated in Fig. 2(a) and (b) \/E [ ( )]2

and the corresponding positions in thg khaps are also Rs(”): 2N In ‘/ERO (2)
identified in Fig. 2(d), (). Instead, no clear retation RS

can be observed in the case of G-STO. This sugfestts where Nsis the RS density and,fhe effective radius of
Cl have a strong effect on the electron mean fagh m RS, which is commonly assumed agRa, being a0.14
graphene deposited on substrates with lower digdect nm the bond length in graphene [16].

permittivity, whereas they are efficiently screened The charged-impurity terig, is expressed as [15],
graphene on very higk dielectrics. The lower spread in 2,2.2) 2 2 2

the | values for G-STO is consistent with this scenario. I, (n)= 16K°2 KAh Ve {1+ 9 ] Jm (3)
Nevertheless, the electron mean free path in grapbe 270N, TOV KoK

STO results to be lower than in graphene on SiCcanhyl where h is the Planck’s reduced constant; is the
~1.6 times than in graphene on $iJhis can only be  electron Fermi velocity in graphene (=1%10/s), Z is the
explained considering additional scattering sourcesnet charge of the impurity (assumed to be 1), aisthe
limiting | together with CI. These sources become the average between the permittivity of the substraigand
dominant scattering factors whenever long range the vacuum permittivity&,.=1).

-1
+lg "+

Coulomb potential from Cl is efficiently screeneds Finally, the electron mean free palkp associated to
recentl_y reported by Ni et dl.4], resonant scatterers can scattering by a surface polar phonon mode withggnEr
play this role. is expressed as [17,18]
3 _ | B nvedtk, quve expkoZ,) mn
_ lsppi == 4
10 G-SiO (a) ST E, q’ Fiz Nsppi q @

where Kk=[2E/(hve)]*+n]Y? ¥=10.5, p~0.153x10" eV,

and 2<=0.35 nm the separation between the polar substrate
and graphene. dp; is the SPP phonon occupation
number, given by the Bose-Einstein statistigé. i§ the
Froéhlich coupling constant which gives the magretud

the polarization field and depends on the substrate

permittivity.
S0, | sto | sc
Keib 3.9 330 9.7
E,(meV) 58.9 57

E,(meV) 1564 | 92 | 116.0
F2meV) | 0237 | 067

F,?(meV) 1.612 | 1.082 | 0.734

4 -2 0 2 4
10" cm?)
n ( energy and Frohlich constants of SiSTO and SiC

Table | Dielectric permittivity, surface polar phonons

Fig.3 Electron mean free pathvs the electron density

(open circles) at a fixed position in G-3i@), G-SiC (b) The only fitting parameter used in Fig.3(a), (tz), i6 the

and G-STO (b). Circles represent the experimeraéd,d density of resonant scattererggNwhereas the literature

the solid lines represent the fit. The RS, Cl aPS values for the surface polar phonons modes andhfor

contributions to the electron mean free path aso al ey P P .

reported. Frohlich constants of the three substrates arerteghan
Table 1. In addition to the fit on the experimendakta

In the following, the density of resonant scattersgs at ~ (red line), the individual contributiorkd lcy and kep are
different positions will be extracted by fitting eh  also reported in Fig.3(a), (b) and (c).

behavior ofl vs the carrier density for each curve inthe ~ The same fitting procedure has been repeated ffdheal
array. In Fig.3 open circles represent the meadwedhe  1001-n curves in the array. The SPP scattering has been
electron density at a fixed position in G-$i@), G-SiC assumed independent on the surface position, wherea
(b) and G-STO (b), whereas the solid lines reprtetien Nrs changed for the different curves. The obtainedsmap

3
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of Ngrs values are reported in Fig.4(d), (e) and (f), arsl

on lowk substrates. On the contrary, thand N, map

compared with the electron mean free path maps inare uncorrelated in graphene on STO, while a clear

Fig.4(a), (b) and (c). It is worth noting a clearrelation
between the Bs map (Fig.4(f)) and the electron mean
free path map (Fig.4(c)) in graphene on STO, whenea
correlation can be found between thgskaps and thé
maps in graphene on Si@nd SiC.

(a)

120

1 (nm)

200 nm

(b)

I (nm)

200 nm

I (nm)

173

200 nm

200 nm

Fig.4 Two-dimensional maps of the local electron meas fr
path () for G-SiG, (a), G-SiC (b) and G-STO (c). Maps of
the RS density at the same positions on G,&iQ G-SiC

(e) and G-STO (f).

4. CONCLUSION

In conclusion, we evaluated the local electron mieae
path () in graphene demonstrating that maps with a hig
resolution can be achieved. Such maps reveale
themselves as a groundbreaking instrument to
comprehend the scattering mechanisms limiting the
transport properties in graphene at room tempezaitre
control on such properties is a key topic in thadrdo
applications. By applying the described method welat
obtain information on the different contributiorns the
scattering comparing graphene by mechanical exiofia

of HOPG deposited on different dielectrics sucts5&3,
(G-SIG,), 4H-SIC(0001) (G-SiC) and strontium titanate

correlation is found betweeth and Ns map. This
demonstrates the very efficient dielectric scregrah Cl

in graphene on high-STO and the role of RS as limiting
factor for electron mean free path.
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main source of the lateral inhomogeneityl @i graphene

18] S. Sonde, F. Giannazzo, C. Vecchio, R. Yakimdka,
imini, V. Raineri,Appl. Phys. Lett. 97, 132101(2010)
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ABSTRACT breathing mode of six-atom rings, and the 2D-peak a
2700 cnt, that is the second order of the D-peak. The D-
Graphene has attracted a lot of interest for furetaat peak requires disorder or defects for its activatiwhile
studies as well as for potential applications. Yasi 2D-peak is always present, even when no D-peak is
techniques have been developed to produce gragimehe present. The shape, linewidth and position of 2Bkpere
recently the growth of large area graphene by @#tal commonly used to evaluate the number of graphemeda
Chemical Vapor Deposition (C-CVD) has occupied a [4]. By increasing the number of layers ¥n2) the 2D-
relevant role. In this work, Raman spectroscopy andpeak becomes much broader and up-shifted with cespe
Scanning Electron Microscopy (SEM) measurements areto single-layer (1L) graphene. In CVD graphene, the
carried out on graphene films grown on thin Ni atwl difference in the lineshape of the 2D-peak betwikn
catalyst films by CVD at atmospheric pressure. The and few layer graphene could not so sharp as wliatéd
complementary Raman and SEM characterization showgraphene, due to the lower electronic coupling betw

that films grown on Ni are multilayers, while vetyin layers with not-ordered stacking. A narrow loreateline
graphene flakes (from 1- to 3-layer) are grown an C (~30-40cmt ) can be used to fit the 2D-peak of both 1L
and bilayer (2L) CVD graphene [3]. In unintentidgal
1. INTRODUCTION doped graphene samples, the G to 2D intensity ratio

(Igf/lop) can be used as a qualitative parameter to evidenc

Graphene, single sheet of carbon atoms arranged ithe presence of very few sheets of graphene [3].
hexagonal structure, has attracted great intexsits In this work, we report on the growth of graphene
potential applications in a wide variety of fields. films on Ni and Cu thin fims deposited on SIS
The most Simp|e method for the production of substrates by CVD from a mixture of methane and
graphene is mechanical exfoliation of graphite, g ~ hydrogen. After growth, graphene films were transfe
method can only produce small size samples of thero  t0  SiQ/Si  substrates and analyzed by Raman
of a few tens of microns and is not scalable [1]. spectroscopy, Scanning Electron Microscopy (SEM) an
Recently, graphene growth by Catalytic Chemical Tansmission Electron Microscopy (TEM). The
Vapor Deposition (C-CVD) on metal substrates has complementary Raman and TEM characterization shows
received great attention since large-area film$wigh  that graphene multilayer films are obtained on ikng,
spatial uniformity can be easily grown and transférto ~ While very thin graphene flakes from 1L to 3-lay€8&)
other substrates [2]. Most literature currentlyuses on  are obtained on Cu films.
graphene synthesis using Cu foils as substratereabe
less attention has been dedicated on synthesesimn t 2. EXPERIMENTAL
catalyst films deposited on substrates. In padicul
employment of Si-based substrates allows easierGraphene membranes have been grown by CVD in a hot-
integration in Si-based technology processes, amalyn ~ Wall furnace, resistively heated up to 1000°C. As
in the fabrication of Si-graphene hybrid devicassisas ~ substrates, Ni (700 nm thick) and Cu (300 nm thtbiig)
MEMS. For example, a pre-patterning of the metal films have been e-beam evaporated on,$&50 nm)/Si
substrate can produce graphene patterns of wetiatef  substrates. Different methane (gHractions, ranging
geometries at controlled locations [3]. from 0.3% to 100%, have been used for the graphene
For electronic applications it is imperative to \ro  9growth, using hydrogen and/or argon as a reduciy a
large single crystals of graphene with low defemizss. ~ carrier gases. Processes have been performed at
This requires an accurate optimization of the ghowt atmospheric pressure. The growth stage lasted Gtesin
parameters. In this context Raman spectroscopypéeis and the process was then terminated by means of two
extensively used to evaluate the structural pragerf  different protocols. In the first one, samples haezn
graphene [4,5]. The main features of the Ramantspac rapidly cooled down by a fast extraction of 1-2 atés to
of graphene are the G-peak at ~ 1580'afue to the in- @ furnace zone where the temperature was 300-330°C.
plane bond- stretching of all pairs ofsmarbon atoms in  the second protocol, samples have been freely doole
both rings and chains, the D-peak at ~ 1350 dme to a  down to 600°C using the same gas mixture of the
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deposition step and then further cooled down below
400°C in H/Ar mixture. Final cooling step to room
temperature was performed in Ar for both protocolen
graphene membranes have been transferred on foaktio
substrates for subsequent electrical, morphological
structural characterization by using a standardogm. A
300 nm thick polymethyl-methacrylate (PMMA) layeash
been deposited on the samples and then ;F&El a
FeCkHCI mixture) was used for metal etching and

membrane release. Scooping of the PMMA/graphene

layer was performed with SiBi substrates or C-lacey
grids for TEM analysis. PMMA supporting layer waen
removed by means of acetone vapour.

Transferred membranes have been characterized by

means of field emission Scanning Electron Microscop
(FE-SEM, LEO 1530), and by high-resolution TEM (FEI
TECNAI F20 operating at 120 keV).

The Raman scattering measurements have been

carried out at room temperature with an Instruntest.

Ramanor U1000 double monochromator, equipped with a

microscope Olympus BX40 for micro-Raman sampling
and with an electrically cooled Hamamatsu R943-02
photomultiplier for photon-counting detectiohhe 514.5
nm (2.41 eV) line of an Arion laser (Coherent Innova
70) has been used to excite Raman scattering. Using
X100 objective, the laser beam was focused to metier

of approximately Jum. Care has been taken to minimize
heating or damage of the sample by choosing loerlas
power (below 1 mW at its surface).

3. RESULTSAND DISCUSSION

Figure 1 shows SEM image of graphene grown on Ni at
low CH, concentration(0.35%) after the transfer onto
SiG,/Si substrate. The transferred film appears coatisu
and different contrast regions indicate variationtie
film thickness. The image shows the formation of
graphene wrinkles (white lines in Fig.1). The wiekare
attributed to the different thermal expansion dogfht
between graphene and the underlying metal sub$ghte

61-03-277

Mag = 50.00 KX

Figure 1. SEM image of the graphene sample growNliahin
film at low (0.35%) CH concentration, after the transfer onto
SiO,/Si substrate.

Intensity (arb. un.)

1200 1400 1600 2400 2600 2800
Raman shift (cm™)
Figure 2.Optical image and Raman spectra of grapbem&n

on Ni at low (0.35%) CH concentration ((b) dark-grey zone;
(c) pale-grey zone).

Raman spectroscopy provides a quick structural
characterization of the graphene films. Figure Bwsh
optical image and Raman spectra of the transferred
graphene film grown on Ni at low GHconcentration
(0.35%). As can be seen, the optical image (FigsBajvs
different contrast zones that we indicate as dagk-gone
and pale-grey zone. The Raman spectrum of the grank-
zone (Fig. 2b) shows a G-peak centered at ~ 1585 cm
with a full width at half maximum (FWHM) of ~ 37 ¢h
and a 2D-band centered at ~ 2700"cnith a FWHM of
~ 66 cm'. In addition, D (~ 1350 ct) and D' (~ 1620
cm') peaks are also observed, indicating the presehce
defects in graphene. The pale-grey zone of the same
sample shows (Fig. 2c¢) the absence of D and D'gpeak
narrow G-peak (FWHM~21ch) and a 2D-band similar
in shape to that of graphite. Moving from dark-gtey
pale-grey zone thegll,p intensity ratio undergoes an
increment from 1.2 to 2.6 respectively. These tssul
indicate that the dark-grey zones are graphendlaydts
with high structural disorder, while the pale-graynes
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are graphene multilayers with a very low density of
defects.

Graphene samples grown on Ni at higher methane
concentrations show a greater thickness and lack of
homogeneity.

It has been proposed that CVD growth of graphene
on Ni is due to a C segregation and precipitatimtess
and that fast cooling rate in conjunction with tHilms
are needed to suppress the formation of multiple
graphene layers [6]. However, to date it seems very
difficult to grow uniform graphene films on Ni dte the
polycrystalline nature of the catalyst films ande th
preferential precipitation of C at the grain boumnet [3].
Different treatments will be investigated in ord&r
increase Ni grain size and then graphene uniformity

By using a metal catalyst with low C solubility as
Cu, it is possible improve the quality of graphdiims.
CVD growth of graphene on Cu occurs by a surface
adsorption process and so large-area graphene Wilths
uniform thickness can be obtained [6].

As concern graphene samples grown on Cu films
SEM analysis shows that, at high £ldoncentration
(20%), the transferred films are not continuous ang
not homogeneous in thickness. Moreover, Raman sisaly
shows the presence of nano-crystalline graphite kigh
structural disorder. These results clearly showt tha
graphene synthesis on Cu by CVD at atmospheric . o7
pressure [7] and high GHconcentrations is not a self- thd? edgez of s_mall-5|zed flakes [9] or to misaligninof
limiting process, unlike low pressure synthesiscpss adjacent domains.

[6] y T T

Figure 3 shows SEM image of graphene grown on I (a),
Cu at low (0.35%) CH concentration after the transfer ] G
onto SiQ/Si substrate. The transferred film is not i
continuous and the graphene domains are small-éiz&d
pum), comparable to the diameter of the laser bead ims :
the Raman measurements.

2D

Intensity (arb. un.)

1200 1400 1600 2400 2600 2800
Raman shift (cm™)

Figure 4. Raman spectrum of graphene grown on Cuovat |
(0.35%) CH concentration (center of the sample).

At the periphery of the sample, we observe a
narrowing of the 2D-band (FWHM~49¢h and a
"lowering of /Iy ratio down to 1.1 (Fig. 5a) and 0.9
(Fig.5b) value for two different locations. Ramarestra
with these characteristics are commonly associatdd ,
2L and 3L CVD graphene[3]. The low (Fig5a) or narro
(Fig.5b) D peak is not due to the presence ofrgela
amount of structural defects [8], but it is prolyatile to

Intensity (arb. un.)

G3-03-277 EHT= 500k Date 128 Mar 2011

— WD= 5mm 705t Time 154453
Mag = 21.10KX Contrast= 333% & Scan Speed =1

Figure 3. SEM image of the graphene sample grow@wihin ———— W
film at low CH, concentration (0.35%), after the transfer onto 1200 1400 1600 2400 2600 2800

SiO,/Si substrat ' t
i0,/Si substrate Raman shift (cm™)

The Raman analysis has been performed on both thé-igure 5. Raman spectra of graphene grown on Cliitiria at
center of the sample and its periphery. At the ereot the low CH, concentration (0.35%) taken at two different |omad
sample, the Raman spectrum (Fig.4) consists oftawa N the periphery of the sample.

G-peak (FWHM~20ci) and of a large Lorentzian 2D- , )
band (FWHM~56cm). A g/l ~ 1.8 value is measured. Figure 6 shows TEM images taken on the graphene

The Raman analysis results indicate that the probeo'(iIm grown on Cu thin film at low mgthane concem’tn.a
domains are graphene multilayers. (0.35%) after transfer on a TEM grid. A careful lgses
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of the folded edges of the graphene flake showsttita
analyzed sheet has from 1 to 3 layers, in accosdaiitt
the Raman results.

Figure 6. TEM images of graphene films grown on Ciloe

CH, concentration. The dark fringes, 1 on the leftor? the
center and 3 on the right, indicate that the aralyitakes are
1L, 2L and 3L graphene.

4. CONCLUSIONS

In this work, we have reported preliminary resolts
CVD growth of graphene on Ni and Cu thin films at
atmospheric pressure.

We have evidenced that in CVD graphene the
differences in the lineshape of the 2D-peak between
single-layer and bilayer could not be so sharp ras i
exfoliated graphene, due to the lower electronigptiog
between layers with not-ordered stacking. A narrow
lorentzian line (~30cfh) can be used to fit the 2D-peak
of a CVD-bilayer.

A ld/lyp intensity ratio less than unit is commonly
found in the literature in case of 1L and 2L CVD
graphene. So, without any claim to exactly courg th
number of layers, thesfl,p ratio can be used to evidence
the presence of very few layer graphene.

As concern the results of CVD growth on Cu at
atmospheric pressure, Raman spectroscopy has eeitlen
the growth of multilayer graphene even at low me¢ha
concentrations, confirming that, the CVD growth@un at
atmospheric pressure is not a self-limiting procastike
the low-pressure process.

The use of low Ckconcentration goes in the right
direction to grow few layer graphene. In the nextufe
we plan to optimize the growth parameters to obtain
continuous few layers films at atmospheric pressure
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ABSTRACT occur with ther states, and possibly gives rise to a net
magnetic moment [2]. We investigate here this issitie

Recent years have witnessed an ever growing interes the aim of understanding the irradiation-induced
true two-dimensional materials and, in particular, magnetism experimentally found in carbon based
graphene. Beside the extraordinary optical, meclahni materials, and uncovering potentially interestiragmetic
and electric properties, the latter acquires irstang structures for nanoscale applications.
magnetic properties in the presence of lattice aefehat
may be used for designing and fabricating logic, 2 METHODS
spintronic and magnetic storage devices. Similady

covalently bound adatoms, each carbon atom vacancyye have studied the formation of a carbon vacancy i
creates a midgap state as a consequence of theakoio  gsingle layer graphene with the help dirst principles
ap; orbital from ther-z* electronic systems. However, & ca|culations. Calculations were performed usingidelée
vacancy also introduces low energy states relaieitid  pensity Functional Theory (DFT) with the projector
three dangling bonds left in thenetwork. The question  gyugmented wave (PAW) method in the frozen core
then arises of how the unpaired electrons coupleatdh approximation, as implemented in the Vieraa initio
other f_;\round the defect. Here, we address thidgmoby simulation package suite (VASP) [3]-[8]. The PBE
exploring the energy landscape of the lowest enst@les  [9][10] functional within the generalized gradient
with th_e help of flr_st-prlnuples electronic structure  gpproximation was adopted, within the spin-unretd
calculations, for periodic and cluster models. W@ve  (polarized) framework. Different graphene supegcell
that the ground-state can be mechanically switchedyere considered (from 2x2 to 10x10) and the 6x6 was

between a high-spin, stable configuration andsadpin,  found large enough, yet computationally managedbte,
bi-stable Conf|gu_rat|on, provided 'Spin conversios i the present purposes. The energy cutoff was s60€
allowed by the switcheg.g.an STM tip. eV, and a 6x6x1 k-point mesh was chosen in a way to
include all the special points in the Brillouin zonin
1. INTRODUCTION addition, we performed wavefunction and DFT

calculations on a relatively large carbon clustathw
Graphene, thanks to its extraordinary electronid an hydrogen terminated edges (Polycyclic Aromatic
mechanical properties, is a potential candidate dor Hydrocarbon); the size and the shape of the clustee
number of applications. Being one-atom thick, it is selected with the help of Tight-Binding (TB) calatibns
extremely sensitive to the presence of adsorbedsaamd in such a way to prevent the formation of edge lined
molecules and, more generally, to defects such asstates which could interfere with defect-induceatest at
vacancies, holes and/or substitutional dopants.s Thi the Fermi level. Full and restricted geometry
property, apart from being directly usable in malac optimizations on this cluster were performed at Btk -
sensor devices, can also be employed to tune graphe B3LYP level of theory, and single point calculaiso
electric and magnetic transport properties. were performed at the restricted- and unrestticte
Among defects, lattice vacancies play a speciag,rol Hartree-Fock levels (for both closed and open-shell
which is rather unique in this context. They carehsily situations), as well as at the more accurate multi-
produced by irradiating graphene (or graphite) with configuration Self-Consistent Field level known as
highly energetic particles (either heavy ions ac#bns) Complete Active Space SCF (CASSCF). The latter are
which are able to overcome the ~20 eV thresholdter  still underway, and a detailed analysis of thesults will
C atom displacement. Similarly to adsorbed speciesbe presented in a forthcoming publication.
which form covalent bonds with C atom sites, they

perturb thern electron systems by creating resonant 3. RESULTSAND DISCUSSION
scattering centers for the conduction electrons. [1]

c band right at the Fermi level, where coupling may |attice a three-fold (§) structure is obtained, with three

9



CARBOMAT 2011

dangling bonds on the graphene layer and a “holéhé

n electronic system. The latter is known to give itis a
semi-delocalized state at the Fermi level -appgaais a
sharp peak in the (local) density of state (DOS}he
neighborhood of the vacancy [2][11]- which slowly
decays away from the defect and effectively resioies
one of the two graphene sublattice only [1]. kulesuch

The overall magnetic moment is now 1.4z U
corresponding to a non-pure spin-state, the strecis
still planar and the point group symmetry of thetegn is
C,,. Calculations on the cluster model give similautes,
and show the re-arrangement of the single parislels
occurring upon structural relaxation. This is dég@d in
Fig.1 for the simplest case of the triplet, resticopen

state arises from the presence of the (approximateshell HF solution. Similar results were obtainedthwi

electron-hole symmetry and the creation of a stibéat
imbalance upon vacancy formation, see e.qg. [1].

In general,
coupling in the (bipartite or “alternant®} system, as
nicely shown by Lieb [12], who proved that in the
ground-electronic state any bipartite system hastapin

S given by half the sublattice imbalance (a sointlohd's
rule for imbalanced-induced midgap states). Th&ulte
however, is of little use when considering coupling
(interaction) witho electrons, as we do in the following.

In the ideal, threefold geometry, the three dangling
bonds,i.e. at the Fermi level, span the AE irreducible
representations of thespgroup, and hybridize, forming a
molecular state of lower energy jaand leaving a singly
occupied, doubly degenerate stat® @ne further singly
occupied state is the midgap state mentioned above,
which is of A’ symmetry (a). This gives rise to an
overall doubly degenerate electronic stat& which
undergoes a Jahn-Teller distortion confirmed byDRRE
calculations (see below). Further low-lying elecic
states arise from—o ({..e% configurations) oro—n
electron transfer ({.2 configuration), but only théE
state of the first is doubly-degenerate and coive the
observed distortion. Structural optimization withspin-
polarized Kohn-Sham determinant give substantiticta
reconstruction for any supercell considered, ireagrent
with previous results [2][13], though to differeextent
depending on the supercell size. For reasonablgdsiz
supercells, two of the undercoordinated C sitechyester
to each other, closing a pentagon upon formatica ©fC
bond, while the remaining two electrons sit onGatom
opposite to the pentagon (“lone” C in the following

oS e ; < 8
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Figure 1 DOSs in the & distorted structure, as computed at
the ROHF level on the cluster model, and properbyadened.
Upper and lower panels for spin-up and spin-downoAlsown

a number of representative orbitals.

unrestricted HF both for the triplet and the sihgitate,
though, of course, with a different occupationtd spin-

sublattice imbalance governs the spin-orbitals. On the other hand, restricted HF in theylst

forces the unpaired electrons to be paired in aithyb
molecular orbital which is midway between the damyg!

o and ther-midgap state, with some energy penalty. Thus
we conclude that the structureapen-shellboth for the
triplet and for the singlet states. A more accueatelysis
based on CASSCF calculations is underway and will b
presented in a forthcoming paper. Based on the eabov
results, we consider the above solution obtaineth@
periodic setting as resulting from the “interaction
between two states which have the same open-shell
configuration and differ only for the coupling dfet two
lone electrons.

e—e singlet
e—s iriplet

-1.0 -0.5 0.0

h/ A

0.5 1.0

Figure 2 Energy of the "triplet" and "singlet" states as étion
of the "lone" C atom height, when optimgithe remainin
coordinates. Also shown as dashed lines the resol
magnetization-unconstrained calculations.

To support this interpretation, we performed
magnetization constrained (spin-polarized) caloufes,
where we set the total magnetic moment to be zeto®
Bohr magnetons, approximately corresponding to the
singlet and the triplet states above.

The results are shown in Fig.2 as functions of‘tbee”
C height from the surface, which turns out to e most
important geometrical parameter governing
electronics. Notice that a full geometrical optiatinn on
the remaining coordinates has been performed foh ea
value of the C atom height, and for each possible
magnetization. Fig.2 strongly suggests that the
unconstrained energy curve results from a “mixtupé”
the triplet and singlet states. Such a mixtureoissible in

the adopted DFT setting because allowance is made t

the
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partial occupation of Kohn-Sham single particletesta
Thus, in the following we focus on the “singlet” dan
“triplet” states only.

Again from Fig.2, we see that the triplet state has/‘

essentially a flat geometry, whereas in the singhet

“lone” carbon atom moves out-of-plane, reducing the
overall symmetry to C Two equivalent situations occurs

in this case, with the C atom above or below tleng]

thereby giving rise to i-stable system. The planar

(singlet) configuration is likely to be (accideryal
doubly-degenerate, but this is yet to be investigan
detail. We just notice here that fdr=0 the singlet
geometry is only slightly distorted from the threlef
structure of the “ideal” vacancy and thus an esaknt

double degenerate state may occur either from the

configuration {.e¢'a'} or from {..€%}.

I

Figure 4: Spin density i-surfaces for "triplet” (left) and
"singlet” (right) states. Both have an open-sheltfiguration

4. CONCLUSIONS

To fully understand the geometrical rearrangementyyq reported preliminary results of a detailéidst-

around the vacancy, and possibly exploit the cngssif
the spin manifolds already apparent in Fig.2, we e

most relevant part of the configuration space o th
system, namely the above out-of-plane displacerhent

and a pentagonal distortion coordingte@lesigned to give

the ideal structure fog=0 and the pentagonal one for

g=1. The results of this study are reported in Figtme
the differences between the singlet and tripletrgne
surfaces become more apparent.

Figure 3: Potential energy surfaces for the "trigjland
"singlet" states as a function of the outpdéne displacement
and of the pentagonal distortion coordinate q.

The detailed electronic structure of these two maga
induced states, and the way they change with gegniet
less trivial to analyse and requires a detailesimmgarison
of selected wavefunction calculations which areamay
on the cluster model. Here, we just notice thait
results support the idea that both the triplet tedsinglet
state are always of the (same) open-shell charaettr
one electron in the (localized) danglieg orbital and
one electron in the semi-delocalized (midgap) orbital.
This is made clear in the DFT spin density iso-ates
shown in Fig.4, which show in both cases a nonslang
value. [Note: for the “singlet” this has to be ciolesed an

artifact of the spin-polarization, simply signalling the

presence of an intrinsically “multi-determinantatate as
the open-shell singlet is].

principles study of the electronic and geometrical
structural changes occurring upon formation of at@n
vacancy in graphene. Present results clearly shatithe

two lowest-lying states correspond to a “singletid aa
“triplet” pairing of the two unpaired electrons tlefpon
formation a news C-C bond. The triplet has a single
equilibrium configuration, with the lattice plant#rough
Jahn-Teller distorted. The singlet is slightly heghin
energy but it becomes the ground-state when thee"l€
atom is moved above or below the plane, therebingiv
rise to an interestingi-stable system. Since the energy
gap is at most 0.4 eV in the important region of
configuration space, the exchange coupling can be
estimated to be less than 1 eV in this region.

Overall, these results show that vacancies are more
intriguing than currently believed, and may turrt tube
useful “dots” for a number of nanoscale application
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ABSTRACT

We report our recent study of cyclotron resonance in
graphene, with focus on the many-body effect on the
resonance energies. The genuine many-body corrections
turn out to derive from vacuum polarization, specific
to graphene, which diverges at short wavelengths and
which requires renormalization of velocity and, for bi-
layer graphene, interlayer couplings as well. As a result,
the renormalized velocity and interlayer coupling strengths
run with the magnetic field, and many-body corrections are
uniquely determined from one resonance to another. The-
ory is compared with the experimental data for both mono-
layer and bilayer graphene.

I. INTRODUCTION

Graphene and its multilayer give rise to rich spectra of
cyclotron resonance, with resonance energies varying from
one transition to another within the electron band or the
hole band, and, notably, even between the two bands [1].
This is in sharp contrast to conventional quantum Hall
(QH) systems with a parabolic dispersion, where cyclotron
resonance takes place between adjacent Landau levels,
hence at a single frequency w. = eB/m* which, according
to Kohn’s theorem [2], is unaffected by Coulomb interac-
tions [? ]. The nonparabolic electronic spectra in graphene
evade Kohn’s theorem and offer the challenge of detecting
many-body corrections to cyclotron resonance [3-5].

Experiment has so far verified, via infrared spec-
troscopy, some characteristic features of cyclotron reso-
nance in monolayer [6, 7] and bilayer [8, 9] graphene.
Data generally show no clear sign of the many-body ef-
fect, except for one [6] on monolayer graphene. For bi-
layer graphene only a limited number of data are available
so far. The data show a weak electron-hole asymmetry, and
generally defy a good fit by theory.

In this paper we would like to report our recent study of
many-body corrections to cyclotron resonance in graphene
and its bilayers [10]. We construct an effective theory of
cyclotron resonance within the single-mode approximation
and point out the following:

(1) The genuine nonzero many-body corrections arise
from vacuum polarization, specific to graphene, which di-
verges logarithmically at short wavelengths.

(2) Both intralayer and interlayer coupling strengths re-
quire renormalization, which then allows one to determine
many-body corrections uniquely from one resonance to an-
other. The renormalized velocity vg™ and inter-layer cou-

pling 1" thereby run with the magnetic field B, decreas-
ing gradually with increasing B.

(3) Theory is favorably compared with the experimental
data on graphene.

II. MONOLAYER GRAPHENE

Monolayer graphene supports as charge carriers mass-
less Dirac fermions at two inequivalent valleys (K and K),
and they, in a magnetic field, lead to a tower of unequally-
spaced Landau levels |n, yo) of energy

€n = Spwey/|n| with w. = V2 /L, 2.1

labeled by integers n = +0, +1, +2, .. ., and the center co-
ordinate yo = ¢?p, with the magnetic length £ = 1/v/eB;
s, = sgn[n] — +1; the “light velocity” vy ~ 10° m/s
leads to the basic cyclotron energy w. = V2uvg/l =~
36.3 x vp[10°m/s]y/B[T]meV. Each Landau level is
fourfold degenerate (in spin and valley) when Zeeman cou-
pling is ignored. Supplying a tiny sublattice asymmetry
reveals that the n = 0 level is doubly degenerate and
electron-like with €9 = 0, at one valley while it is hole-
like with ey = —O0 at another valley. See Fig. 1(a).

Let us expand the electron field 1 (x, t) in terms of the
Landau-level eigenmodes v, (yo,¢) and write the charge
density p_p = [ d*xe™P* 1Ty as [11]

oo
P = D 9" R

k,n=—o00

RE = o / dyo U (o) €PT Uu (o), (22)

where 7p = e #C°P"; v = (il28 /8y, o) stands for the
center coordinate. The coefficient matrix gf,” is given by

1 1, |n|— n
0" = 5 eba(fpHMT s M), 23)

where b, = 1 for n 0 and by = V/2; s, = sgn[n] — +1;
I’j” = \/W(—Kp/\/i)k_”Lgﬁn)(%ﬁpz) for

k>mn >0 and f2% = (f*2)% p = p, —ip,. The
Coulomb interaction is written as

ou 1
HC 1:§va S P—p Pp 5 (2.4)
p

where vp = 2mar/(en|p|) with o = €2/ (4meg) ~ 1/137
and the substrate dielectric constant ¢y,.
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FIG. 1: (a) Cyclotron resonance; circularly-polarized light can
distinguish between transitions indicated by different types of
arrows. (b) Rescaled cyclotron-resonance energies as a func-
tion of v/B, with v B=10T ~ 1.13 X 10% m/s and, as a
typical value, V. =~ 12./B[T]meV (e, =~ 5). The exper-
imental data are quoted from Ref. [6] with error bars inferred
from the original data. (c) The same data plotted in units of
We = \/§v6°“| B=10T1/¢ as a function of B. The dotted curve
represents a possible profile of the running of v | 5, normalized
tolat B =10T.

III. CYCLOTRON RESONANCE AND
RENORMALIZATION

Let us note that the charge operator Rf,” in Eq. (2.2) an-
nihilates an electron at the nth level L,, and creates one
at the kth level Li. One may thus associate it with the
inter-Landau-level transition L,, — L, and calculate the
Coulombic corrections to cyclotron resonance using the
single-mode approximation. Actually, the calculation is
done in a purely algebraic manner if one notes that the
charge operators le)” obey the W, algebra.

The result is the following [10]: The cyclotron-
resonance energy for a general L, — L; channel with the
Landau levels filled up to n = n¢ is written as

€y = €, —€q + Aef‘fg,
b<—a _ an |2 bn |2 bb _aa
A€ - § :vP’Yp[ E p‘ _|gp ) 9p 9— :|
n<ng

3.1)

Note that ny = 1,04, —1, —2, —3 correspond to the filling
factors v = 4n¢ + 2 = 6,2, -2, —6, —10, respectively.
The >, ., (l9p" ? — |g* |?) term refers to the change in
quantum ﬂuctuatlons, via the a — b transition, of the filled
states.

For standard QH systems this correction Aeb‘_“ van-
ishes for each transition to the adjacent level, L,, — Ln+1,

according to Kohn’s theorem. Let us consider it for the
0 — 1 transition in graphene. Interestingly, it happens that
19917 = lgp |2 gllj1 9%, = 0 also holds for graphene,
Wlthg =1,9)° = —lp/2and g}} = 1 — (*p*/4. Any
nonzero shift AelHO therefore comes from the quantum
fluctuations of the D1rac sea (valence band) , and actually
diverges logarithmically with the number Ny, of filled Lan-
dau levels in the sea,

k O_varyp Z

—Np<n<-1
Cn (f/8) (log N —1.017),
Ve = af(epf) = (56.1/¢p) v/ B[T] meV. (3.3)

This divergence in Cx derives from short-wavelength
vacuum polarization and is present even for B = 0, i.e.,
in free space [12]. It thus does not make sense to discuss
the magnitude of Cy. The legitimate procedure is to renor-
malize vy by rescaling

12— lgp"*)=VeCn, (3.2)

Q

vo = Zy vyt (3.4

and to put the reference to the cutoff into Z,,.

The renormalized velocity v§™ is defined by referring
to a specific resonance. Let us take the 0 — 1 resonance
and choose to absorb the entire O(V,) correction at some
reference scale (e.g., at magnetic field By) into Z,,, i.e., we
write

611<:8|u=2 =€+ Aﬁi:(()) =20 o B/ = we™ B,
(3.5)
The renormalized velocity then runs with B,
v B = v By — log(B/Bo)7 (3.6)
b
decreasing gradually for B > By. We denote vj™|p as
vg®™ and Wi | g as Wi for short.
The resonance energies eﬁ:g for all other channels, as
illustrated in Fig. 1 (a), are made finite by this renormal-
ization. The resulting corrections o< V. then make sense as

genuine observable corrections. In particular, for several
intraband channels one finds

Aol = ety lim—e=(V2—1){wi— 0.264 V. },
& d]v=10= 61:3(77 lv=—10
= (V3-v2){w"~ 0.358 V. }. 3.7)

Cyclotron resonance in graphene is governed by the se-
lection rule A|n| = =+1, and, as a result, graphene sup-
ports interband cyclotron resonances. Some typical chan-
nels yield

2<— 1‘
v=—2

(V2+1) {wen +0.122V,},

o e = (V241) {w*™ +0.155V, }.
e = (V241) {w™ 4 0.084V, ),

5 =10 = (V2 +V3) {wi™ +0.044 V. }.(3.8)

It is clear from this structure that cyclotron reso-
nance is best analyzed by plotting the rescaled energies
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€222 /1s57/b] — sa+/lal| as a function of /B or B. The
Coulombic many-body effect will be seen as a variation of
the characteristic velocity vj™[1 + O(V,)] from one res-
onance to another, and a deviation of w;*" from the \/E
behavior would indicate the running of vy™" with B.
Actually, experiment by Jiang et al. [6] did observe a
small deviation of the 1 : (1 + v/2) ratio of =) to €;—,
well outside of the experimental errors under magnetic
fields B = (6 ~ 18) T. Such data are included in Fig. 1 (b),
which plots L= and €=, "/(v/2 + 1) as a function of
VB. A small increase of v§e™ in e, ' /(V2 + 1), rel-

ative to e, is roughly consistent with Eq. (3.8) which

suggests a 0.122 V. /wi™ ~ 4% increase in v{*™ (since
Ve/wke™ ~ 0.3).

This feature is more pronounced in Fig. 1 (c), which
plots the same data in units of w, = /2 5| B=10T/{ X
V/B. There a dotted curve represents a possible profile of
the running of v with B, and, especially, the (—1 — 2)
data (with smaller error bars) suggests such running.

The data are thus consistent (in sign and magnitude)
with the present estimate of the many-body effect. In this
connection, let us note that an earlier experiment on thin
epitaxial graphite [13] also observed the same pair of reso-
nances, with apparently no deviation from the 1 : (1++/2)
ratio. This measurement was done under relatively low
magnetic fields B = (0.4 ~ 4) T, and it could be that
a small deviation, under larger error bars, simply escaped
detection, apart from the potential difference between thin
graphite and graphene.

More precise measurements of cyclotron resonance, es-
pecially in the high B domain, would be required to pin
down the many-body effect in graphene. In this respect, the
comparison between interband and intraband resonances
from the same initial state, such as the (—2 — +1) res-
onances and (—3 — =£2) resonances, would provide a
clearer signal for the many-body effect. One would expect

sizable variations in vy™ for such pairs,

AR(~2 — £1) "= 0.34V, /' ~ 10%,

v=

AR(~3 — £2) "= 040V, /w' ~ 12%. (3.9)

IV. CYCLOTRON RESONANCES IN BILAYER
GRAPHENE

In bilayer graphene interlayer coupling v; = va'p ~
0.4 eV modifies the intralayer linear spectra to yield, in
the low-energy branches |e| < 7, quasiparticles with a
parabolic dispersion. They, in a magnetic field, support a
variety of cyclotron resonances, as listed in Fig. 2 (a).

There are some other factors to be considered. Ear-
lier Raman and IR studies [14—-16] of bilayer graphene re-
vealed a weak electron-hole asymmetry due to sublead-
ing intra- and inter-layer couplings A ~ 18 meV and
~Y4/71 ~ 0.04. The SMA formula (3.1) can be properly
generalized to include the effect of such asymmetry pa-
rameters [10]. It turns out that not only v, but also ; and
A undergo infinite renormalization while 4 remains finite,
to O(V) at least. The renormalized excitation spectra are
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FIG. 2: (a) Cyclotron resonance in bilayer graphene. Resonance
energies; (b) electron band and (c) hole band, with vo = 1.1 X
10%m/s, 1 =404 meV, V. =0, A = 18 meV and 4 /1 = 0.04.
The experimental data are reproduced from Ref. [8]. (c) Electron
data, reorganized as €2=¢ /(s — 1) and plotted in units of w, =
V2 v0| p=147 /£2; for clarity the data points are slightly shifted in
B. (d) Theoretical expectation for the running of w;*" with B.

eventually cast in the form
=t = (m — o) (W + A V), (@)

where 7;, are some given functions of v5" /1™ and Ac"®
are uniquely fixed as genuine quantum corrections.

The existing data on cyclotron resonance by Henriksen
et al. [8] show an appreciable electron-hole asymmetry,
and one previously had to employ different values of v to
fit the electron data and hole data separately. With asym-
metry parameters taken into account, one can improve the
theoretical fit to the data considerably, as seen from Fig. 2
(b) and (c), and apparent deviations of the 2 «— 1 reso-
nance suggest that the spectrum of the pseudo-zero-mode
sector of degenerate n = (0, 1) levels, specific to bilayer
graphene, is likely to be modified from the naive one due
to some other sources. Note that the data certainly suggest
nontrivial features of many-body corrections, such as the
running with B; see Fig. 2 (d) and (e).

Interband cyclotron resonance was recently observed by
Orlita et al. [9] in bilayer inclusions in multilayer epitaxial
graphene on the C-face of SiC. They identify some reso-
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FIG. 3: Interband cyclotron resonances in bilayer inclusions in
multilayer epitaxial graphene reported by Orlita e al. Here some
data of Ref. 9 are analyzed in the same way as in Fig. 2 (d), using
vo = 1.02 x 10°m/s and 1 ~ 385 meV for zero asymmetry
A = Y4 = O

nances and obtain, via fitting, vo ~ 1.02 x 10% m/s and
Y1 ~ 385 meV, which are somewhat smaller than those for
bilayer graphene. Some of their data are analyzed accord-
ing to our formula in Fig. 3. The data appear to indicate
slight running of v™*" with B, far slower than in the data of
Fig. 2 on bilayer graphene. This suggests that the Coulomb

interaction could be significantly weaker (or more effi-
ciently screened) in multilayered epitaxial graphene than
in exfoliated bilayer graphene.

V. CONCLUDING REMARKS

In this paper we have studied many-body corrections
to cyclotron resonance in graphene, with emphasis on the
need for renormalization and its consequences. More pre-
cise measurements of cyclotron resonance are highly de-
sired. Of particular interest are experiments that compare
interband and intraband resonances from the same initial
states, which would clarify the many-body effect with min-
imal uncertainties.
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ABSTRACT

We study the effect of uniaxial strain on the transmis-
sion and the conductivity across a strain-induced barrier
in graphene. Here, we consider a smooth barrier, which
should describe more realistic nonuniform strain profiles,
at variance with conventional studies. Our results should
afford a more accurate understanding of the transport prop-
erties in corrugated graphene, especially in view of the sug-
gestion to design graphene-based “origami” nanodevices,
where “foldings” are expected to involve several lattice
spacings.

1. INTRODUCTION

Graphene is a single layer of sp? carbon atoms, arranged as
an honeycomb lattice. Its fabrication in the laboratory [1]
immediately stimulated the interest of both the experimen-
tal and theoretical communities, and many applications,
which initially could only be speculated, now appear feasi-
bile. In particular, electronic quasiparticles in graphene are
characterized by a band structure consisting of two bands,
touching at the Fermi level in a linear, cone-like fashion
at the so-called Dirac points =K, and a linearly vanish-
ing density of states (DOS) at the Fermi level [2, 3]. This
implies in this novel condensed matter system the possi-
bility of Klein tunneling across barriers [4, 5, 6, 7, 8, 9],
i.e. perfect transmission across energy barriers, which was
predicted in the context of quantum electrodynamics at rel-
atively much larger energies.

Graphene, like most carbon compounds, is also character-
ized by quite remarkable mechanical properties. Despite
its reduced dimensionality, graphene possesses a relatively
large tensile strength and stiffness [10], with graphene
sheets being capable to sustain elastic deformations as
large as ~ 20% [11, 12, 13, 14, 15]. Larger strains would
then induce a semimetal-to-semiconductor transition, with
the opening of an energy gap [16, 17, 18, 19, 20, 21, 22].
Recently, it has been suggested that graphene-based elec-
tronic devices might be designed by suitably tailoring
the electronic structure of a graphene sheet under applied
strain (the so-called ‘origami’ nanoelectronics) [23]. In-
deed, a considerable amount of work has been devoted to
the study of the transport properties in graphene across
strain-induced single and multiple barriers [24]. It has

also been suggested that strain may induce relatively high
pseudo-magnetic fields [25], whose effects have actually
been confirmed experimentally in graphene nanobubbles
grown on top of a platinum surface [26]. Indeed, the ef-
fect of the strain-induced displacement of the Dirac points
in reciprocal space can be (formally) described in terms
of the coupling to a gauge field. However, applied strain
also induces a variation of the Fermi velocity, vg. In par-
ticular, uniaxial strain implies a Fermi velocity anisotropy,
while an inhomogeneous strain implies a nonuniform (i.e.
coordinate dependent) velocity profile. This can also be re-
alized in the presence of smooth potential barriers, where
it has been demonstrated that a nonuniform space vari-
ation of the underlying gate potential would result in a
modulation of the Fermi velocity [27, 28, 29]. Moreover,
there is considerable evidence, both experimental [30] and
theoretical [27], that barrier edge effects are also impor-
tant to determine the transport properties across corrugated
graphene.

2. MODEL

Close to the Fermi energy and in the unstrained case, the
electrons dynamics is governed by the linearized Hamilto-
nian

H = hvgo - p, ey
where ¢ = (0, 0y) is a vector of Pauli matrices, associ-
ated with the in-plane spinorial nature of the quasiparticles
in graphene. Eq. (1) can also take into account interval-
ley processes K <« —K, which however can be safely ne-
glected, at sufficiently low energies.
Applied strain is then described by means of the strain ten-
sor [17] € = €[(1 — v)[+ (14 v)A(0)], where A(0) =
0.¢%99 _ Here, ¢ is the strain modulus, 6 the angle along
which strain is applied, and v = 0.14 is the Poisson ratio
for graphene [20, 31, 22, 32]. Starting from a more gen-
eral, tight-binding Hamiltonian [2], and expanding to first
order in the strain modulus, one obtains an anisotropic de-
pendence on the strain angle 6, already at linear order in
the impulses [32]. This can mapped back to a linear Hamil-
tonian as in Eq. (1) [22], where now impulses are reckoned
from the shifted Dirac points, and the Fermi velocity is
anisotropic and possibly coordinate-dependent [32].
We therefore consider a smooth strain barrier, character-
ized by a nonuniform, continuous strain profile € = €(§),
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with

1
1+e<éD)/a> » ()
where & is the coordinate along the strain direction, form-
ing an angle O with the crystallographic x axis. Such a
strain profile is essentially flat for | — D/2| < a, where
€(&) ~ g, and for | — D/2| > a, where €(&) ~ 0. In the
limit a/D — 0, Eq. (2) tends to a sharp barrier. The linear
extent a, over which the strain profile Eq. (2) varies appre-
ciably, is naturally to be compared with the lattice step a,
at the microscopic level, and with the Fermi wavelength
Ar = hvg/(2RE), where E is the energy of the incoming
electron. While a smooth profile can be expected on quite
general grounds, the approximation of a sharp barrier is
expected to hold well whenever a < a < Ap, i.e. at suffi-
ciently large incident energies. On the other hand, the de-
tails of the strain profile come into their own when a ~ Ag.
Single electron tunneling, and thus the majority of the
transport properties of interest, can then be inferred by
solving the stationary Dirac equation associated to Eq. (1),
now including the nonuniform strain, Eq. (2) [32]. For
|€| — oo, the solutions for the scattering problem are there-
fore known analytically [32] (and refs. therein). Integrat-
ing the scattering equations from large positive & back-
wards to large negative &, and comparing with the known
analytical solution, one may extract the reflection coeffi-
cient r, relative to an incident wave with unit amplitude
incoming from & > 0, as the Fourier weight with respect
to its negative frequency component, whence the transmis-
sion T'(E, @) at given incidence energy E follows straight-
forwardly.

& 1
e(6) = tanh(D/4a) (1—|—e5/“ a

3. RESULTS

Fig. 1 (left panel) shows the transmission T(E, @) as a
function of the incidence angle ¢ across strain-induced
sharp and smooth barriers, Eq. (2), with strain applied
along the armchair direction (6 = 7/2). One observes that,
upon increasing the smoothing parameter a/D, the oscilla-
tions, characteristic of Klein tunneling across energy bar-
riers in graphene, get damped, while their envelope (lower
bound) increases. The dependence of the transmission
T(E, @) on the incidence angle ¢ is only apparently asym-
metric, as we are restricting to quasiparticles with momen-
tum centred around a given Dirac cone, say +K. Symme-
try T(E, ) =T(E,—@) would be restored when the effect
from the neighbourhood of both Dirac cones is included.
The conductivity can then be straightforwardly related
to the transmission by means of the Landauer formula
[33, 34], as

E [7/2 do
o(E) = oDy~ [ TEQsoT G

where oy = 4¢> /h is twice the conductance quantum, and
the conserved component of transmitted momentum, i.e.
that parallel to the barrier, has been related to the incidence
angle through k, = E /(hvg) sin @. In Eq. (3), only the prop-
agating modes have been included in the integration. One

is then prompted to define the adimensional conductivity

Ga(E) = G(E)

=—7% "

“

Fig. 1 (right panel) shows the reduced conductivity, Eq. (4),
as a function of incident energy E, for tunneling across
sharp and smooth barriers, Eq. (2). One observes Fabry-
Pérot oscillations, whose amplitude is reduced by increas-
ing smoothing (i.e., increasing a), the barrier then tending
to be a more regular function. Also, the overall increase
of the transmission is reflected in an enhancement of the
conductivity.

4. CONCLUSIONS

In conclusion, we have studied the effect of nonuniform
strain on the conductivity across smooth strain barriers in
graphene. While an increase of smoothing reduces the os-
cillations of the transmission as a function of the incidence
angle, one finds a reduction of the Fabry-Pérot oscillations
and an overall enhancement of the conductivity as a func-
tion of incidence energy. These results should help under-
standing the properties of corrugated graphene.
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ABSTRACT

In this work we present a first-principles studylattice
thermal properties of edge-hydrogen-passivatedhgnag
antidot lattices of different dot shapes. We catrilthe
phononic bandstructure of antidot lattices withdgonal,
triangular and rectangular shapes. Using the Lasrdau
transport formalism and ballistic transport considiens,
we calculate the lattice thermal conductance. Wawsh
that in graphene antidot lattices with 80% filltiaG the
thermal conductance could be drastically reducelb®é-
20% of the pristine graphene value, depending @n th
shape of the dot. The reduction is larger for tlengular
antidots because for the same fill factor, theyehtwe

PhTes SiGe superlattices and other materials [6-8]t tha
resulted in significant improvements in tZ& figure of
merit.

Graphene, a recently discovered form of carbon, has
received significant attention over the last fevargedue
to its excellent electrical, optical, and thermebperties
[9-11]. A method to produce graphene sheets atlarg
scale has also been reported [12]. Specifically for
thermoelectrics, although the electrical conduttivf
graphene is as high as that of copper [13], dutstrpero
bandgap it has a low Seebeck coefficient [14] and
therefore a low power factor. On the other hangessd
schemes for achieving a bandgap have been demeuaistra
[15,16], which places graphene as a potential ckatei

longest boundary and the smallest distance betweerfor thermoelectric applications. For this, howevts high

neighboring antidots. Our results could providedguice
in the design of graphene based thermal
thermoelectric devices.

1. INTRODUCTION

Thermoelectric devices convert heat into elecyrieind
vise versa. The efficiency of thermoelectric desice
depends on th&T figure of merit defined as:
S*GT
T K K, (1)
where S denotes the Seebeck coefficier is the
electrical conductanceT is the temperaturK, and

K are the electrical and the lattice parts of thertia¢

conductance, respectively [1]. A good thermoelectri
material, therefore, should simultaneously haveigh h
Seebeck coefficient, a high electrical conductaace] a
low thermal conductance. The interdependence dfethe
parameters, however, has kefif low. Some of the best
thermoelectric materials such as,B; exhibit ZT ~1
[2], but suffer from high cost, and material abumcka

thermal conductivity (an order of magnitude higktean

andthat of copper [17]), needs to be significantly ueeld.

The high thermal conductance of graphene is malstéy

to the lattice contribution, whereas the electrical
contribution to the thermal conductance is minimal
[17,18]. Therefore, one can design its total thérma

conductance by focusing on phonon transport
engineering.
Recently many theoretical studies have been

performed on the thermal conductivity of graphend a
graphene-based structures such as graphene namwibb
(GNRs). It has been shown that boundaries, edge
roughness, and even strain can strongly reduce the
thermal conductance [19,20]. Vacancies, defeats, a
isotope doping could also have a strong influe2dg22].

In this work, we examine the lattice thermal
properties of graphene antidot lattices with ~80¥o f
factor using first-principle calculations and bstilt
transport considerations. We examine different ehagf
antidots. Consistent with the previous works remprd
different type of graphene lattice modifications ¥ind
that the lattice thermal conductivity is signifitign
reduced with the introduction of antidots in thésgme

Other common and inexpensive materials such as bu"ﬁattice

silicon have a very loZT = Q01[3] because of high
thermal conductivity. Recently, nanostructured
thermoelectric materials have been given significan
attention because of the possibility of indepengent
controlling the parameters that determidé and, thus,
achieving high thermoelectric performance [4-6]lafge
reduction in the lattice part of the thermal cortoiy
has been reported for nanostructures based on SigsB

2. APPROACH

Graphene antidot lattices (GAL) are geometrical
structures as shown in Fig. 1, where antidots enedd
periodically in the graphene lattice [23]. The dots can
have different shapes and sizes and, thus, theloanti
lattices different fill factors. Such structuresthwantidot
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Fig. 1: Geometrical structures of different GALsa) (Pristine Fig. 2: Comparison between (a) density of states(lapd
graphene. (b) Hex(8,96,24). (c) IsoTri (8,90,3@). Rect(8,104,24). transmission of pristine graphene and Hex(8,96,24).

Hydrogen atoms are shown in red color. Transpostraged to be

along the x-direction. . . . .
9 eV/A. Self consistency in the total energy is achit

spacing below 100 nm have been recently experirignta  With a tolerance of less thad0™ Ry. For phonon
realized [24], and have been proposed for ele¢tdnd calculations, the force constant matrix is cala@daby
optical applications [16,23]. Theoretical studiedso  displacing each atom 0.04 Bohr along the coordinate
indicate that by introducing regular array of aatain ~ directions around its equilibrium position and esding

the semi-metallic graphene sheet, it is possiblectieve  the forces exerted by the other atoms.

a direct bandgap [16]. In this paper we investighie Using the phononic bandstructures, the density of
lattice thermal properties of GALs using first-mrijple modes is calculated, and from this the ballistic
calculations. The unit cell of a hydrogen-passista@AL transmissioerh(E) is extracted. In the ballistic limit the

can be described by three parametets, N, N,,), transmission can be extracted from the density odesn
where L is the side length of the hexagon in the units of M ph(E) [28]:
the graphene lattice constant (a=2.46A). is the e h(k)

Ak —L

number of carbon atoms removed from the pristine Ton(E) loaisic= Mph(E):z5(E‘8ph(k)) ok @
I

supercell, andN, is the number of hydrogen atoms that ] ]
. . , whered is the delta functiolk, refers to the wave vector
passivate the edge carbon atoms. In Fig. 1 HeXriso

and Rect represent a hexagonal, iso-triangular, andcomponent perpendicular to the transport direction
rectangular antidot in the hexagonal unit cell, anckjto the wave vector component parallel to the
respectively. We passivate all the dangling bortdthe  transport direction. Once the transmission is oleidj the
edges of the antidots with hydrogen atoms usirgrlaon- transport coefficient is calculated within the flanork of
hydrogen bond of 1.1A length [25]. the ballistic Landauer(tf;eory as:
To study the phononic bandstructure of hydrogen- _1 onlw

passivated GALs the ab-initio simulation package Kp“_Fij“(w)hw aT d(hw)
SIESTA is employed [26]. We use a double zeta
polarized basis set with a mesh cut-off 125 Ry. The
general gradient approximation is used for the argk
correlation potential with a functional proposed by

®)
Where n(w) denotes the Bose-Einstein distribution
function [29].

Perdew et al. [27]. Brillouin zone sampling wasrieat 3. RESULTSAND DISCUSSION

out by al0x10x1 Monkhorst-Pack grid. For structural )

relaxation, the positions of the atoms are changed ~ Figure 2 compares the phonon density of states {DOS
the force acting on each atom becomes smallerGieg: and the transmission of the the pristine graphesaold¢
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GALs in Fig. 3a is of similar magnitude as expectette
Fig. 3: Comparison between (a) phonon density déstand the fill factor is nearly the same. The transmissio
(b) transmission of different GALSs. probabilities, on the other hand, indicate someatians
depending on the shape of the GALs as shown in3&g.

) The Hex(8,96,24) has the highest and IsoTri(8,90t3@
black line) to those of the Hex(8,96,24) GAL (dathe |oyest transmission probabilities through most bé t
blue line). The GAL DOS in Fig. 2a is very simitarthat phonon energy spectrum.

of the pristine graphene. The phonon DOS is mostly  The ifference in the transmission, however is not
related to the number of carbon atoms in the uellt c large. To compare the differences in the transonissif
Since the fill factor of the antidot lattice is 280 no the three different GALs, in Fig. 4 we plot the

drastic changes are observed in the phonon DOSyansmission probabilities of the three GALs noiizead
calculation. The transmission of the antidot lattion the {5 the transmission of the hexagonal GAL, which thes
other hand, is drastically reduced from the préstin pighest transmission. From this figure, it is cléat the
graphene value as shown in Fig. 2b. Introduction of {ransmission of the rectangular GAL is ~10-20% lowe
antidots changes the phonon group velocity andteeisu than that of the hexagonal one in most of the gnerg
phonon reflections or possible localization behaviear spectrum. The transmission of the triangular GAL is
the antidot edges, which reduces the transmission_sqo, jower.

considerably. This signals a drastic change irthieemal There are two possible reasons why the transmission
ponductance as well, as we will .show later on. The of the IsoTri(8,90,30) GAL is smaller compared ke t
important result from this observation, however that Hex(8,96,24) GAL. The first one is geometrical ature.
even small antidots, compared to the filled areahef  Tphe triangular GAL has a larger circumference. The
graphene can have a large effect on the thermakiangular GAL has 30 edge atoms for each antidot,
properties, something which could be proven ustful  \nereas the hexagonal one has 24 edge atoms. In
the design of efficient thermoelectric devices ¥drich addition, the distance between the nearest neighbor

low thermal conductivity is needed. antidots in the triangular antidot case is smallEhis
The reduction in the thermal conductance has alsogqy|q be the reason behind the lowest transmission

some dependence on the exact geometry of the &tido opability for the triangular antidot lattice. Tisecond
The antidot shape, the number of edge atoms, #t@me  o450n s related to the type of the edges than five
between neighboring antidots and the type of thgeed  antidot. In a recent work, Tan et al. theoreticalpwed
(zigzag or armchair) have some effect on the r&®BN  that the phonon dispersion in zigzag edge graphene
probabilities. To investigate the effect of these hanoribbons is more dispersive compared to the grhon
parameters, we compare the thermgl conductance Qf Fispersion in armchair ribbons [30]. Phonons, tfueee
hexagonal, a rectangular, and a triangular GAL With teng to localize more around armchair edges. Vigwin
similar fill-factors of 81%, 80%, and 84%, respeely. each edge in the GALs as the edge of a short ribxos
The phonon DOS and transmission probabilities are g, explain the differences between the thermal

shown in Fig. 3a and 3b respectively. The threfewfit conductances. The phonon dispersion of Hex(8,96,24)
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Table 1. Comparison of the thermal conductancesiftgrent
GALs. The results are normalized to the thermabcmtance ¢
pristine graphene.

Structure Normalized thermal conductance
Pristine Graphene 1

Hex(8, 96, 24) 0.2202
IsoTri(8, 90, 30) 0.1464
Rect(8, 104, 28) 0.1894
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ABSTRACT

Graphene shows
properties which is attracting enormous interestha
materials community. In order to make grapheneah re
technology, a control of its properties is a muistthis
respect, a crucial step for the use of graphergeirnce
fabrication is the deposition onto suitable sulsgaTill

Force Microscopy (AFM) have been the main tools for
the characterization of unstrained and straineglgrae

remarkable electronic and opticalsheets.

In this paper we have studied several graphenerdaye
obtained by mechanical exfoliation and we have otesk
that this method frequently leads to the depositidn
strained sheets because of the mechanical strégseid
during the deposition procedure. The stressed dages

now, micromechanical cleavage of graphite producesrandomly distributed onto the substrate and tharstran

high-quality graphene sheets. The aim of this werto
study the strain effects induced in graphene dutirg
production. This study reveals that the depositr@ihod

randomly produces strained and unstrained graphene

be partially restored by using suitable thermaleating
procedures.

2. EXPERIMENTAL SECTION

sheets, which can be distinguished through Raman

spectroscopy and Atomic Force Microscopy (AFM).

1. INTRODUCTION

Single layer graphene, defined as a two-dimensi(zia)
honeycomb lattice of carbon atoms, has stimulatéat a
of interest because it exhibits exceptionally hagstal
and electronic quality, making it a promising catzde
for applications in many fields such as gas stgrage
microelectronics and photovolatics [1, 2]. One bét
most interesting properties of graphene is reldteds
mechanical behaviour [3]. This fact together with a
controlled variation of the electronic system thgbuhe
introduction of foreign species [4, 5] or induceefatts
[6,7] is of great importance since one atom thick
graphene films represents the ultimate limit in
miniaturization in the previously mentioned appticas.
Because graphene is a single-layer membrane,aitscs
amenable to external perturbations, such as mezddani
deformation. Recent proposals suggest that stvdiigh
arises when a crystal is compressed or stretchéafou
equilibrium, can be used to engineer graphenerelsct
states through the creation of a pseudo-magnetit [8].
Strain is sometimes intentionally applied in order
improve mobility, as in the strained silicon tecloyy,
which is used in modern microelectronics. In angectne
precise determination and monitoring of intentiooal
unintentional stress and strain are an
prerequisite for understanding and tuning the pigar

Mechanical exfoliation of a Highly Oriented Pyratyt
Graphite (HOPG) was employed to transfer singleday
graphene sheets on a Si/gi6ubstrate with an oxide
thickness of 300 nm in order to maximize the optica
contrast of graphene on the substrate [9, 10].

Despite more efficient procedures have been predent
the literature [11, 12], mechanical exfoliation ®@Ens the
best method in order to obtain defect free graphene
layers, furthermore it leads to deposition onto the
substrate surface a large number of randomly diggler
graphene islands with several thickness, from singl
layers to multi-layers graphene sheets.

To provide identification of single layers, the sdes
were investigated with an optical microscope arehthy
SFM, their presence afterwards was confirmed by
performing micro-Raman spectroscopy.

Dynamic SFM was carried out in air using a comnarci
instrument  (MultimodeNanoscope llla, Digital
Instruments, Santa Barbara, California) equippetth \a&i
phase extender apparatus and a Q-box module.
Etched-silicon probes with a pyramidal-shape tipimg

a nominal curvature of 10 nm and a nominal internal
angle of 35° were used. During the scanning, the 12
pum-long cantilever, with a nominal spring constanthe
range of 20-100 N m, oscillated at its resonance
frequency (~330 kHz). Height and phase images were
collected by capturing 512 x 512 points in eachsaad

essentialthe scan rate was maintained below 1 lines pernseco

Phase images have been collected to qualitatively

between the geometrical structure of graphene #&nd i highlight different materials or defects on the p#m
electronic properties. Spectroscopic and microgcopi During the imaging, temperature and humidity were
techniques such as Raman spectroscopy and Atomi@bout 293 K and 40%, respectively
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Raman spectra were acquired with excitation at%hn “
(Ar ion laser) and analyzed by a Jobin Yvon 450 mm ‘
focal length monochromator, equipped with a CCD
camera detector cooled at 77 K. The incident lasam
was focused by a 100x objective and the laser paner
the samples was kept to a minimum to avoid heating.

RIAR RS

C .

¢
Nz <.><>
Raman spectra at 632.8 nm wavelength were cartiéd o o600 2700 - 2800 éi
with a  homemade setup employing a HR460nm -~ % s3%
spectrometer, coupled to an Olympus BX microscope, g A g &
and equipped with a CCD camera, 1 &boled at 77 K. . g <> g
Raman line profiles were acquired at 514.5 nm on a @ %% §
HR800 Raman spectrometer mounting a Physics gl 8
Instruments Piezotable (model P-733.2CD) capable of = g 88
100x100 mrAscan with 0.3 nm resolution. & g4
3. RESULTSAND DISCUSSION o g%

i
/L

Raman spectroscopy is an important , non-destrictiv ) :
tool to study the properties of carbon based nwalteri 1400 1600 _2600 . 2800
[13]. For graphene, Raman spectroscopy has been Raman shift (cm™)
successfully employed to investigate phonon progert ) ,
and electron-phonon coupling, to identify the numbk FLQ'L Zamf?” Speckt]ra forl twc; Ityp'cal sur:jglg layer graphene
", . . obtained after mechanical exfoliation and depasitanto a
graphene Iayers and to provide information aboet th SiO,)/Si substrate. The inset shows a deconvolutiorhefaD
doping gnd disorder. band relative to spectrum (b).
The typical Raman spectrum of a defect-free graphen

layer shows two main features: the so-called G bandmoreover the 2D band in spectrum (b) can be fittétth
appearing at 1582 chand the 2D band (also called G'in wo distinct peaks (see inset fig.1), which we dentoy

some works) at 2700 ¢t When the sample presents 2D | at 2691 cn, and 2D, at 2734 cril according to a
some defects or at the edge of each layer it i8 als potation reported in literature [17].
possible to detect the disorder-induced D-bandbaug
half of the frequency of the 2D band (around 1360c
[14, 15]. The G band originates from in-plane vitma =
of spf carbon atoms. It is a doubly degenerate (TO and
LO) phonon mode (& symmetry) at the Brillouin zone
centre and represents the only band coming froimsa f *©
order Raman scattering process in defect free gramh
The 2D band originates from a two phonon double o
resonance Raman process, involving two TO phonons
near the K point, while the D-band arises from ecpss _
involving one TO phonon and one defect. For a singl *
layer graphene the 2D band at room temperaturéigxhi
a single Lorentian lineshape with a full width alfh
maximum (FWHM) of ~24 cfm. Moreover in single
layer graphene the 2D signal is generally morenisee
than the G one because of a triple resonance modés
these features allow to distinguish graphene froicker ) ] ] ]
fakes 16] S oMk o
:jneglg]éitjé dweg:ggﬁétnéwok;ggrlgal O'E?;::en d Spue:(;rear Ogmglarshown in ¢ and d, showing the_ layer thicknes_sesthemeight
> . ’ ) : of the observed creases (bright contrast in thesehand
conditions as described in the experimental sectiois topographic images).
important to consider that these two layers are

representative of a very common situation randomly |ndication on the morphology and the structural
observed in our production method. Both spectramalo  parameters of the two layers analyzed can be adatdiy
show any relevant D band signal at about 1350' cm AfFM as reported in Fig. 2.

confirming the absence of a significant number of | this figure we show the topographic (a, b) adl we

defects, but we noticed some pronounced differerices  their section analysis (c, d). These revealed lib# the
parthUlar spectrum (a) exhibits the characterifgatures ana]yzed sheets consist in a Sing]e |ayer graphﬂ"]hea

of a single layer graphene as previously describéile  step height of about 0.4 nm in agreement with ditere

spectrum (b) shows an asymmetric and broader 2@ ban gata [18]. The topographic images also showed ttret

and a different 2D/G intensity ratio. morphology of the two layers is markedly differeint,
particular, the flake that have been previously
characterized by Raman spectroscopy and reportigl. in
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1 (a), appears as a flat surface, while the flakég. 2 Fig. 4 reports a sample where a step by step stgcki
(b), whose spectrum is shown in fig. 1 (b), seewnisave from single layer to multilayers is present (a)eféwe
corrugation lines like creases in a tissue. Probéidse performed some Raman spectra as indicated in @jved
folds could induce a stress in the graphene lagdris can see from the spectra labeled 1, 2,3 and £DRheand
the cause of the already discussed differencelseinvo of the single layer is broad and asymmetric andcame
Raman spectra. distinguish the 2 components 2and 2D.

Recently some research groups have reported Raman

studies of the 2D mode of single layer grapheneeund
uniaxial strain, observing an induced modificatafrthe

2D band [17, 19]. In these works graphene layersewe
deposited onto flexible PDMS (polydimethylsiloxane)
substrates and by bending the substrates, the emaph
flakes were subjected to an uniaxial strain. Thisuft in

a 2D band shift toward lower frequencies with a
remarkable response. Moreover it was observed an
asymmetric peak broadening and a clear splittintyim
peaks 2D and 2D. This splitting increases with
increasing the strain value. It was also found et
intensity ratio of the two compongnts_ 2@nd 25 Fig.4: (a) topographic image of a sample prepared b
depends on the angle between the direction ofgpéeal mechanical exfoliation. It is possible to notice foresence of
strain €) and the polarization of the incident light (P) some folds. (b) Raman spectra collected along thwlsa It is
during Raman measurements. In particular the studie clear the splitting of 2D band in two components aad 2D.
showed that when the polarization of the incidégtttlis

parallel to the strain direction, 23 dominant. The three spectra indicated in fig. 4 (b) with thambers
We collected different Raman spectra varying thglen 5,6,7 are similar to the multilayers spectra, thus
between the direction of the straig) (and the direction ~ confirming that we performed the analysis on thekir

of the polarization of the incident light (P). lnch a case  layers showed in the topographic image fig.4 (a).

we are assuming that the strain direction is petipetar
to the folds. CONCLUSIONS

faul

Intensty

From these observations it is clear that the “Sttape”
deposition method accidentally and randomly induces
deformations on the deposited single layer graphene
which can be easily observed by AFM. These
corrugations results in a strain which can be nreasu
using Raman spectroscopy as suggested in literafbee
entity of such a strain, related to the 22D separation,

is reported in Fig. 5.

Intensity (a.u.)

55
50 —A— From literature

W — T
T T T f T T T ;
1350 1500 1650 2500 2600 2700 2800 ® experimental data )
Raman shift (cm™) 454
40+ X
O

Fig.3: Evolution of the 2D modes for the singledagraphene S 354 ?‘/

with folds as a function of the angl@) (between the strain é 30-

direction €) and the polarization of the incident light (P). Q 25 o

Some of the Raman spectra obtained are shown ir8Fig § 2

in this casé is the angle between the polarization of the 157 A

incident light and the direction orthogonal to tieserved 101 . . . . . . .
corrugations in sample (b) as shown in the inséign 3. 05 10 15 20 25 30 35 40
As expected the intensity ratio of the two peak®{and £ (%)

2D *) varies as a function of the angle betw&eande.

Moreover it is noteworthy that the 2D band inténsit Fig.5: Change in the 2D 2D distance as a function of the
P/l ¢ is smaller than the intensity at Pg, in agreement  strain as reported in ref [17]. The figure alsoarpthe splitting
with ref. 17. For the same sample we collected Rama value for the corrugated sample presented in tioiskwbefore
spectra also with the 632.8 nm wavelength, but ide’tl and after a thermal treatment at 300° C in vacuum.

notice any changes in the spectra. o ]
What is remarkable is the fact that every time wpasit ~ Preliminary results have shown that thermal anngait
graphene layers onto a Si/Si€ubstrate with the “Scotch 300°C consistently reduce the strain value as tefdn
tape” technique we randomly obtain corrugated saspl

25



CARBOMAT 2011

the same Fig. 5. Further measures are underwdwgrifyc
the role of temperature in releasing the strain.
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ABSTRACT This lecture will review highlights and illustragv
examples from gas sensing area to give an overofew

Carbon nanotubes and other carbon nanostructures ha applications of carbon-based nanostructures foarchd
been successfully processed and engineered foneglda gas detection and chemical sensing. The final pért

gas microsensors with novel functional propertigseir lecture will be devoted to some current researcjepts
superior gas sensing properties can be enhanced bgn gas sensors based on functional carbon-nants&sac
surface-functionalizations with metal nanoclustérs., and sensor-systems at ENEA in Brindisi ResearcheCen
Pt, Pd, Au, Ag, Ru, etc.) and other foreign materia

(metalloporphyrins, metal oxides, polymers, DNAG. gt 2. SYNTHESISOF CARBON NANOTUBES

including functional groups attached covalentlymnon

covalently to their sidewalls, and nanocompositese, a  primary synthesis methods for single-walled (SWCNTs
review will highlight some illustrative examples @drbon and multi-walled carbon nanotubes (MWCNTs) at the

nanotubes for performancing gas detection apptinati bottom-up approach include arc-discharge, laseatiail,
chemical vapor deposition (CVD), pyrolysis, gasgsha
1. INTRODUCTION catalytic growth from carbon monoxide (HiPco),

electrochemical method49]. These synthesis methods
At the current state-of-art, carbon nanotubes (QNTs provide direct growth of the carbon nanotubes onto
14] and other carbon-based nanostructures have beesubstrates, mainly coated by catalysts. During ndres
successfully processed and studied for innovatige g synthesis, impurities in the form of catalyst pdes,
microsensors with novel functional properties hat level amorphous carbon, non-tubular fullerenes, non-ndreot
of advanced proof-of-concepts and nanoscale pogsty material are also produced. This means that a @tedr
Due to very high surface-to-volume ratio, hollow method for fabrication of carbon nanostructures and
nanostructure, high electron mobility, great swfac nanomaterials does not exist yet. Thus, subsequent
reactivities and high capability of gas adsorpti@NTs purification steps are required to separate namstand
have been investigated as building blocks for fatiig to remove impurities (metals, catalysts, amorphous
novel devices at nanoscale such as high-performgase carbon, etc.) that could suppress the advantageous

sensors and nano-platforms for biosensing. properties of the carbon nanotubes at nanoscath &a
We investigate carbon nanotubes in the format ofthese synthesis techniques has its advantages and
networked layers at multi-walled structure grownRy- disadvantages, which are discussed in the extensive

PECVD and CVD technology onto alumina low-cost literature available on this topid¢§-18§.

substrates for gas sensing applications. In pdaticu The current state-of-the-art of CNTs fabricatiocuses
CNTs have many distinct properties that may beastqa on the direct growth of the nanomaterial onto gatd

to develop the next generation of gas sensors kigh substrates with nano-patterned transition metads o,
sensitivity, broad selectivity, low limit of detéah up to a Ni, etc.). This means that CNTs bundles tend towvgro
ppb level, good stability, low power consumption, perpendicularly to the catalysed surface accordng
repeatability, wireless communication and low-cost. forest-like structure with a dense network of vertically-
The gas sensing properties of the CNTs networkgetda  aligned individual nanotubed 9. However, there is no
can be enhanced by surface-functionalizations migtal convincing approach yet for growing dense CNTs mats
nanoclusters (Pt, Pd, Au, Ag, Ru, et&)7,8,9 and other parallel to the chip surface in two perpendicular
nanostructured functional materials (metalloporptsyr  directions. A controlled approach for horizontal
semiconducting oxides, polymers, DNA, etc.), inahgd alignment of the CNTs can be an electrical fielglzgul
functional groups attached covalently/non-covalend to induce alignment of the CNTs rope or individual
their walls P,4,10,11,18 The functional carbon- nanotube parallel to the electric field. This metHuas
nanostructures can be integrated in a wide pootfofi been successfully applied on silicon substrate with
advanced transducers for innovative gas microssnsorexternal alternating-current electric fiel@0]. Another
such as chemiresistors (CRs), Field Effect Trao8st approach to align CNTs is to apply a surface a@ust
(FETSs), Surface Acoustic Waves (SAWSs), Quartz Glyst wave to a liquid CNTs suspension. The lateral
Microbalances (QCMs), Thin Film Bulk Acoustic piezoelectric field of the standing wave can alidpe
Resonators (TFBARS), optical fibers, etc. carbon nanotubes with a controlled angle with respz

27



CARBOMAT 2011

the direction of the wave propagatior2l]. It is selectively growing the nanotubes where they are
demonstrated also that the dielectrophoretic f¢EeP) required. Moreover, under the right experimental
due to an electrical field can align and orient tagbon conditions, only nanotubes are fabricated and minor
nanotubes for a rapid assembly to build practical unwanted graphitic material.

nanosensors2p]. Smith et al. [23] produced thick films  The general nanotube growth mechanism in a CVD
of aligned SWCNTs and ropes by filtration/depositio process involves the dissociation of hydrocarbon
from suspension in strong magnetic fields. molecules catalyzed by thed transition metal (Co, Fe,
Generally, CNTs are very often used to coat a thacer Ni, etc.), and dissolution and saturation of carlatems

to provide new functionalities. This approach isdzh  in the metal nanoparticles. The precipitation &f ¢arbon
commonly on a CNTs suspension to be deposited ontcatoms from the saturated metal particle leads ® th
planar surfaces, platforms or devices through wario formation of the tubular carbon solids insgtructure.
methods such as spray-coatirg][ solvent-castingd5], The tube formation is favored over other forms loé t
Langmuir-Blodgett thin-film technique2p-27. carbon such as graphitic sheets with open edges.igh

In Table 1, a comparison of processes and convaitio because a tube contains no dangling bonds andfdhere
technologies used to grow CNTs directly onto cataly is in a low-energy form. For MWCNTs growth, most of

coated substrate is reported. the CVD methods employ ethylene or acetylene as the
carbon feedstock and the growth temperature ic#@jlyi
Table 1. Comparison of processes and technologebtos in the range of 550 - 750°C. Iron, nickel or cobalt
grow directly carbon nanotubes onto substrates. nanoparticles are often used as catalyst. At high
SYNTHESIS ~ GROWTH ~ GROWTH CNTSCHARACTERISTICS temperatures, carbon has finite solubility in these
PROCESS TEMPERATURE _ RATE transition metals, which leads to the formatiomutal-

- Few defects of pentagons/heptagons

on walls carbon solutions and therefore the previously meetl

1 mm/min  BY-Products of non-nanotube material growth mechanisms. Extensive literature on CNTsvjto
Arc-discharge 2000 - 3000°C - Length CNTs: 1-30 um; Diameter

(20 V-100 A) "y mechanisms including experimental and theoretical
CNTs: 5-30 nm
- Mass production: 10 g/day (97% yield aspects has been reviewed in various repa8<2f.
" CVD nanotube growth is believed to promise an
- Few defects of pentagons/heptagons .
on walls enhanced control of the fabricated carbon nanotubes

- By-products of non-nanotube material i ~at
Laser-ablation 1000 - 1500°C <1mm/min - Length CNTs: 1-30 pm; Diameter better than the Other teChanueS SUCh as arc dgEhH]d

CNTs: 5-20 nm laser-ablation.
'ﬁxggg"j‘““m 10 g/day (97% yield The choice of the carbon feedstock gas is one eokéy
S, . .
“Many structural defects on walls elements to the growth of high-quality carbon nahes
- Minor bly-products of non-nanotube containing no defects and very-low content of arhors
materia’ .
cvD 400-1100°C  ~0.5 pm/min - Length CNTs: 1-50 pm; Diameter carbon. It was dem_onStrated by H. Dai and .co-wcsrker
CNTs;: 130 nm [30] that the chemical and textural properties of the
e oy ey om0 catalyst materials dictate the yield and quality toé
- High-quality structural SWCNTSs SWCNTs by using methane as feed-gas in the CVD
- Length CNTs: 1-20 pm; Diameter ot H B H
HiPeo §00-1200°C - 5pmimin  CNas: 15 growth. A catalyst conS|st|ng of Fe/Mq blmgtallmneelgs
- Mass production: 1 kg/day (90% yield supported on a sol-gel derived alumina-silica rayér
CNT) material produces individual SWCNTs and bundle of
i -W u wi u
single-walled carbon nanotubes with a surface af@80
2.1. CVD Technology for CNTsgrowth mé/g, grown at 900°C in a quartz-tube furnace. The

. . : . i diameters of the SWCNTSs are dispersed in the rafige
This synthesis technique utilizes metal catalysstelrs in 0.7 - 3 nm with a peak at 1.7 nm. The yield of the

the gas phase or on substrate surfaces to deconaose nsnotubes is up to a value of 45 wt.%: e.g., 1 gafm
carbon containing feedstock gas, such as metharg),(C catalyst yields 0.45 gram of SWCNTSs.

acetylene (gH,), ethylene (GH,), carbon monoxide

(CO), or their combination in a proper gas-mixtufée 2.1.1. CVD-growth of CNTs at ENEA Lab

resulting carbon atoms dissolve in, or are adsommed  \yy-walled carbon nanotubes (MWCNTS) networked
the catalyst particles and are released in the fofre s were grown by chemical vapour deposition (QVD
nanotube starting with a buckyball-type cap whea th echnology B1] onto alumina substrates previously
concentration _exceeds the maximum solubility. The coated with Cobalt (Co) sputtered nanosized catalf/s
nanotube continues to grow as long as carbon AN oming| thickness of 7.5 nm. The substrate sizeSuasn

to be delivered at the right rate and the form atfityst width x 5 mm length x 0.6 mm thickness. A therm#&ICC
does not change. The growth temperature depenéf®on  gh5aratus was used for growing carbon nanotubes. Th
type of nanotube to be grown, the catalyst composit g psirates were placed in a quartz boat and trsemtén
and size, and lies in the range 400 - 1100°C, laWan 14 the center of a 1-inch diameter quartz tubectar
temperatures used in the arc-discharge or lasetiabl o sed in a furnace. The tube was evacuated as@ ba
processes. For th|_s reasons, it is believed thaD CV pressure of 5 x I Torr by a rotative pump. Hence the
nanotubes have a higher density of defects. substrates were heated up to 550°C in,dlitk of 100

The advantage of CVD nanotube production is the goom at a working pressure of 100 Torr. Then, 4eety
possibility of structuring the catalyst particlesdahence, '
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(C,H,) was introduced at a flow rate of 20 sccm added tochamber was evacuated at a base pressure of Ibd®
H, at a flow rate of 80 sccm. The flow rate was coligd by a rotative pump. A two-step procedure was used t
using two separate mass flow controllers. The CNT synthesize a vertically-aligned CNTs film. In stépthe
growth was performed with a total pressure of 1@0rT  Fe-coated substrates were first treated at 600°€ kh
for 30 minutes. After growth, the furnace was cdole plasma at a pressure of 1.5 Torr. Thefldw rate was
room temperature in Hatmosphere. Then, a pair of metal fixed at 100 sccm, and the RF power (13.56 MHZ @0
strips of Cr/Au (20 nm/300 nm) was vacuum sputtered W was supplied for 5 minutes to promote the fororatf
onto CNTs films to serve as electrical contactsaayas catalyst particles and reduce iron oxides to mietatbn.

sensor configured as a two-pole chemiresistor. Jithau In step 2, acetylene ¢8,) was introduced into chamber
electrode sizes were 1 mm width x 5 mm length. G&e at a flow rate of 20 sccm mixed with g flow rate of 80
between two electrodes was 3 mm. sccm. The flow rate was controlled using two sejgara

mass flow controllers. The working pressure and RF
2.2. RF-PECVD Technology for CNTsgrowth power were fixed at 1.5 Torr and 100 W, respedjivet

30 minutes. The parameters of the CNTs growth mce
Another aspect of the CVD technique is its ability are summarized in the Re®][
synthesize aligned arrays of the carbon nanotulits w
controlled diameter and length. The synthesis ofl-we 3 CARBON NANOSTRUCTURES GAS SENSORS
aligned and straight carbon nanotubes on a vaoéty
substrates has been accomplished by the use ohalas One of the most widely studied nanomaterials is the
enhanced chemical vapor deposition (PECVD), whege t  carbon, not as we conventionally know it in thenfoof
plasma is excited by a RF or DC source, or a miak®V  thin-films or bulk materials but in the form of regonal
source. Renet al. [32] have grown aligned carbon |attices of carbon atoms arranged in one-dimensiona
nanotubes onto substrates coated by nickel catblyst nanotubes. Carbon nanotub&s][are effectively rolled
using ammonia as catalytic gas and acetylene @wrar sheets of graphite with a few nanometers in diaraate
source-gas. A DC power generates the required PECVDyp to a tens or hundreds of microns in length.
plasma and a tungsten hot-filament assists thedéaon The exceptional mix of the physical properties boé t
of the reactive gases and supply heat to the subsior ~ CNTs for instance the large surface area as higtoup
the growth of the nanotubes. M. Penea al. [6] 1600 nf g*, the high chemical reactivity of the caps and
demonstrated that RF-PECVD is a valid deposition walls, the bandgap of semiconducting nanotubesrail
system to grow networked films onto alumina sultefa by diameter, the excellent mechanical strengthuittua-
differently coated by catalysts of Co and Fe tonpwte  |ight weight, the high thermal stability, the higtectron
synthesis of dense multi-walled carbon nanotubes fo mobility, the rich electronic properties and baitis
enhanced gas sensing applications. A review oCIN&s  transport characteristics, the high aspect ratiogina
synthesis by PECVD method has been proposed by Mfrom 10 to 1000, the hollow nanostructure with tube
Meyyappanet al. [33]. H. Dai and co-workers3¢] have  diameter of a few nanometers, make CNTs an ideal
grown CVD-based array of aligned carbon nanotubes f pjatform for many chemical micro/nano-sensor system

studying the field emission properties. with capability of real applications.

For the catalytic growth of carbon nanotubes in@wD Generally, a sensor is a device combining a trazesdu
technique, two models have been proposed to exfilein  which converts a physical or chemical quantity iato
experimental observations: thbase-growth and tip- electrical, optical, or other measurable quantifor

growth, which were originally developed for the catalytic example, a chemical sensor, and in particular a gas
growth of the carbon filamen89]. In the case of PECVD  gensor, is intended to determine the compositiod an
growth, the catalytic particles are usually foundhe tip  concentration of the chemical stimulus inputs via a
and explained by thep-growth model. On the contrary, electrical signal output. Figure 1 shows a typ&etieme

the base-growth model has been used to explain the of 3 gas sensor based on adsorbent CNTs as a qfroof-
vertically aligned carbon nanotube growth by thdrma concept for a designed nanosensor.

CVD using iron catalyst. However, the growth ofjakd

carbon nanotubes is possible through both tip-grawid GAS CARBON NANOTUBE
base-growth models, depending on the catalyst and  MOLECULES byw_y ° Ao o
substrate used in the deposition method. {?AOO. p § ELECTRODE

2.2.1. RF-PECVD-growth of CNTs at ENEA Lab

A Radio Frequency-discharge Plasma Enhanced /
Chemical Vapour Deposition (RF-PECVD) apparatus ELECTRODE
was used for the vertically-aligned CNTs growth.eTh

substrates was coated by iron (Fe) catalysts b dilm SIGNAL
deposited by RF magnetron sputtering. The Fe chiste TRANSDUCER :&%ﬁisosr:g

sizes ranged from 10 to 50 nm. The Fe-coated alumin

substrates were placed in a stainless-steel reactio Figure 1. Scheme of a CNT-based gas sensor with
chamber onto a graphite heated electrode. Hence the advanced transducer and electronics.
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3.1. Metal-modified CNTs gas sensor s

The functionalization of the carbon nanotubes is a
powerful strategy to improve gas sensitivity anirieate
selective nanomaterials. Functionalizing the swrfad
these nanostructures offers another route for edipgn
their chemical sensing capability. In fact, the rgea
exchange between an adsorbate and the carbon hasotu
changes the electron density
modifying the carrier density in the nanostructurée
surface-modifications in the nanostructures canaroh
the charge transfer by applying external pertudnati
(electric field, radiation, thermal heating, ulagation),
attachment of functional groups or catalytically
functionalizing sidewalls of carbon nanomaterials.
Recently, gas sensors based on functionalized Cidvs
been proposed capable of detecting small
concentrations with specificity. Nanoclusters ofblgo
metals (Au, Pt, Pd, Ag, Ru, etc.) are used as @#ons
onto sidewalls to enhance gas sensitiviy7[8,9,3] of
CNTs networks, operating at a sensor temperatam fr
20 to 250°C, to detect various gas molecules of;,NO
NH3, H,, CH,, H,S, GHs, and volatile organic solvents.

gas

3.1.1. Networked CNTs layers

M. Penzaet al. [37] demonstrated the impact of the
tailored load of Au nanoclusters functionalizinge th
sidewalls of the MWCNTs networks on gas sensing
properties of a chemiresistor, working at a temjueea
ranging from 20 to 250°C. Au clusters with increasi
size of 5-15 nm, 5-30 nm, and 5-60 nm enhanced ga
response compared to un-modified CNTs-sensors for
various reducing gases (NHH,S) and an oxidizing gas
(NO,), down up to a sub-ppm level of detection limit.
Neglibile responses were recorded to CQONSQ.
Figure 2 shows Au-nanoclusters onto CNTs sidevealts

in the nanomaterial, f

provide clear evidence that metal-functionalized TGN
sensors are excellent candidates for air-pollutsensing.

3.0 ] CNTs:Au-5nm
| B CNTs:Au-100m

250

20 100 150 200

Sensor Temperature (°C)

3
T ‘
Magn EHT WD Signal A
S500kX 20kV 1mm_ InLens

E = . ¥
10 nm Au on CNTs - AFTER (|
o, - . -
p -

CNTs:Au-10nm I
200 pph NO,

}

Electrical Resistance (M£)

Magn EHT WD  Signal A

100 nm m‘
500kX 20KV 1mm _InLens  ———

200°C

b

100 200 300 406 500 600 700 800
Time (min)

Fig. 2. SEM image of the CNTs networks with Au-cérst of
loading 5 nm and 10 nm, after thermal annealing. @oison

of the mean sensitivity for three chemiresistorseldaon un-
modified CNTs, 5 nm and 10 nm loaded-Au modified CNTs
nets, versus temperature. Repeatability of the sersponse to
eight pulses of 200 ppb NGt 200°C. This figure is reprinted
and adapted with permission from Elsevier, by Mn&eet. al,
Sensors Actuators B 140 (2009) .

3.1.2. Vertically-aligned CNTs layers
M. Penzaet al. [9] demonstrated vertically-aligned

MWCNTs layers RF-PECVD synthesized on Fe-coated

alumina substrates &xrest-like nanostructure (see Figure
3). A miniaturized CNT-based gas sensor array was
developed for monitoring landfil gas (LFG) at a
temperature of 150°C. The sensor array was compafsed
4 sensing elements with un-modified CNT, and CNT

the gas sensing performance. The effect of sensofoaded with 5 nm nominally thick sputtered clustef#t,

temperature on gas sensitivity is also reportedopimal
operating temperature for each Au-modified CNTsseen
exposed to N@ gas has been recorded: e.g., the
temperature of maximum NQgas sensitivity for CNTs
loaded with Au nanoclusters of 5 nm was 200°C. Good
repeatability of the electrical response to 200 piad is
also measured, at 200°C.

Moreover, a chemiresistor based on CNTs networks
functionalized with sputtered Pt and Pd nanoclgstdr

Ru and Ag. Chemical analysis of the multicomporgag
mixtures constituted of COCH,, H,, NH;, CO and NGQ

was performed by array sensor responses and pattern
recognition based on Principal Component Analysis
(PCA). PCA results demonstrated that the metal-
decorated and vertically-aligned CNT sensor arsagbie

to discriminate the N@presence in the multicomponent
mixture LFG. The size of metal clusters decoratiigT
top-surface varied in the range of 5-50 nm. Fumetio

nominal thickness of 5 nm has been fabricated by RF characterization based on electrical charge transfe

PECVD technology for sub-ppm gas sensors to addres
chemical detection of hazardous pollutants sucN@s

M. Penza et al. [5 demonstrated that the metal-
functionalized CNTs-sensors provided higher serisiti
compared to un-modified CNTs for significantly
enhanced gas detection of NM,S, NH;, CO up to a
low limit of sub-ppm level. Pt- and Pd-functionaiz

CNTs-sensors exhibited better sensing performances

compared to un-modified CNTs, and especially Pt-
modified CNTs sensor was found to detect,@s in the
range from 100 to 600 ppb at higher sensitivityntiRal-
modified CNTs sensor, working at 200°C. These tssul

sensing mechanisms in the metal-modified CNT-

chemoresistors array demonstrated high sensitivity
providing minimal sub-ppm level detection down up t
100 ppb NQ, at 150°C.

Magn EHT WD
GOKX 20KV 4 mm

Figure 3. Verticall-aligned CNTs for gas sens.
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3.2. Metallopor phyrin-modified CNTs gas sensor s 3.3.1. SAWand QCM sensors

M. Penzaet al. [26,39 demonstrated that highly-sensitive
Macromolecules are used to functionalize the carbonmicroacoustic vapor sensors based on SAW 433 MHz
nanotubes for enhanced gas sensing properties, aven oscillators were able to detect volatile organimpounds
room temperature. Particularly, metalloporphyrins (VOCSs) at room temperature using a nanocomposite fi
(MPPs) are among the functional materials charaeter  of HiPco single-walled carbon nanotubes (SWCNTSs)
by flexible and multiple molecular recognition pespes. embedded in a cadmium arachidate (CdA) amphiphilic
The basic porphyrin ring is an extended aromatstesy organic matrix prepared by the Langmuir-BlodgetB)L
formed by four pyrrolic rings linked by methynicidges. technique with a different weight SWCNTSs filler-¢ent.
This basic structure is turned into a metalloporphy The structural properties and the surface morphofafg
when a transition metal atom (Fe, Co, Ni, Cu, Mo, Z the nanocomposite were examined by X-ray diffraxtio
Mn, etc.) replaces the two hydrogen atoms at tmérale  transmission and scanning electron microscopyhasis
core. Also, other modifications include compountitha in Figure 4. HR-TEM image revealed that the pristas-
lateral positions. Thus, a metalloporphyrin caneofa received SWCNTs were organized in tangled bundles
wide variety of interaction mechanisms that can be with diameters of several tens of nanometers. Hppear
exploited for gas sensing. Recently, M. Pereaal. coated by CdA host-matrix and randomly distributed
[10,12,13 demonstrated the effect of the surface tangled nets of nanotubular chains densely aggrdgat
functionalization of the CNTs networked films witpray The sensing characteristics for acoustic devicdiedted
MPP layer on gas sensitivity. MPP-modified CNTs that sensitivity to polar and nonpolar tested V@ECshe
networks exhibited an increased sensitivity of the SWCNTs-CdA composite increased with SWCNTSs filler
electrical resistance towards concentrations of mom content. In addition, a QCM 10 MHz transducer hasrb
volatile organic compounds of alcohols, amines, coated on both sides for comparison of the gasirggns
aromatics, ketones, and toxic gases {N{Hs), at room properties. The results demonstrate that the SAVicde
temperature. The gas adsorption properties of tRPM is at higher sensitivity than QCM sensor due tdither
functionalized CNTs exhibited broad selectivity drngh resonating frequency.
sensitivity. PCA analysis was performed using tlaes g ' S
response of a sensors array by providing a capaloii
the compounds recognition. These results were
considered very promising for the development ocfys
of CNTs-based gas nanosensors with broad seléesivit
for fingerprinting analysis of gaseous complex skasip

00.0 wt % SWCNTs-in-CdA
I 27.5 wt % SWONTs-in-CdA |
75.0 Wt % SWCNTSs-in-CdA

ol @ SAW 433 MHz

SAW Sensitivity (Hz/ppm)

3.3. CNTs-composites gas sensor s @) oL

FZZ7Z1 00.0 wt % SWCNTs-in-CdA

High attention has been paid to tb@mposite materials

for gas sensing due to their possibility to opeeteoom
temperature. Compared to counterpart metal oxides
sensors, the CNTs-based nanocomposites work at room
temperature and are easy to fabricate. Polymer ositep
materials consist of a polymeric matrix which aatsan
insulating matrix and dispersed particles, e.g.ohaves,

of conducting materials which act as conducting paft

the nanocomposite materials. The gas sensing hehaivi  Fig. 4. (a) SEM image of the SWCNT@A 27.5 wt.% LB
conducting filler-matrix composite materials can be nanocomposite film. (b) TEM image of pristine HIPS&/CNTSs
described by the volumetric change of the matrig th material used as filler in the nanocomposite. (cinBarison o

adsorbed vapor and the accompanving change of th room-temperature sensitivity of nanocomposite SWCRN@A
vap panying 9 T8 film with different weight fillercontent onto SAW 433 MH

percol_ation-type CondUCtiV_ity' This typ_e of compes_i and QCM 10 MHz transduceiThis figure is reprinted ar
material shows a drastic change in the electrical agapted with permission from Elsevier, by M. Pemtaal,

conductivity around a critical composition descdbas Materials Science & Engineering C (2006) 116.

percolation threshold. Usually, it depends on the shape of

the conducting filler. Generally, the composite hwit 3.3.2. TFBAR sensors

higher aspect ratio of the conducting filler shothe M. Penzaet al. [39] demonstrated a Thin Film Bulk
lower threshold and the sharper change in theAcoustic Resonator (TFBAR) based on vibrating
conductivity around the threshold. Therefore, cosil@o  membrane of AIN/SN, fabricated onto silicon substrate
materials equipped with conducting filler of higlempect  and functionally characterized as gas sensor ahagsg
ratio, like carbon nanotubes, are expected to dfigher  frequency of 1.045 GHz. This novel TFBAR-based gas
sensitivities at room temperature. sensor was functionalized by a sensing nanocongposit
CNTs-composites exhibit high gas adsorption cajigbil |ayer, prepared by Langmuir-Blodgett (LB) technigoé
and are very sensitive to mass changes in thegliedoc  single-walled carbon nanotubes (SWCNTs) embedded in
transducers such as SAW, QCM and TFBAR. a host-matrix of organic material of cadmium ardake

I 275 wt % SWCNTs-in-CdA
045 | L5500 75.0 wt % SWCNTs-in-CdA

(b) QCM 10 MHz

QCM Sensitivity (Hz/ppm)
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High-performance gas detection of SWCNTs-coated [12]
TFBAR sensor was reported at room temperature. The
sensing device exhibited high sensitivity (e.g:tace: 12
kHz/ppm; ethylacetate: 17.3 kHz/ppm), fast response[13]
(within 2-3 minutes), slow reversibility (within thour),
good repeatability (variatiog 5%) of response towards [14]
tested organic vapors of acetone, ethylacetatgenel

4. CONCLUSIONS
[15]

CNTs-based gas sensors are reviewed at the state-of
CNTs exhibit a large surface area and outstanding
structural, electrical, optical, thermal, mechahica
properties, which make them exciting nanomaterass
promising candidates for the next generation ofribal
sensors. The future of CNTs gas sensors lookshragiat
in combination to various transducers, but contihue
progress need to overcome the current challengege m
to the development of reliable commercial devices)
lead to a class of chemical sensor nanomateriatls wi
superior sensitivity, reduced sizes, low-cost, Istab
response, selectivity and long lifetimes for a widege
of harsh environments and applications.

[16]
(17]

(18]
(19]
[20]
[21]
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SYNTHESIS, CHARACTERIZATION AND SENSING PROPERTIES OF ELECTROSPUN
CNTYPOLYMER/METAL OXIDESCOMPOSITES
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!Dept. of Mechanics and Materials, University “Megtitanea” of Reggio Calabria, Italy
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E-mail: patrizia.frontera@unirc.it

ABSTRACT during the electrospinning process could help ttaiob
conductive composites suitable for resistive sensor
MWCNTs/polymer/metal oxide composites fibers, where devices, and operating at lower temperature than
polyvinyl acetate (PVAc) is the base polymer anania conventional sensors.
(TiO,) the metal oxide, have been prepared by the Most of the earlier work on MWCNT-filled composite
electrospinning technique. Composite samples withfibers by electrospinning method focuses on their
different MWCNTSs loading were prepared and annealedmechanical properties [4], while electrical propestare
in air at 600 °C. The morphological and microstouat rarely investigated. In the light of these considiens,
properties of spun and annealed samples have beewe initiated a study on the electrical properties o
examined using XRD, TGA and SEM analysis. The MWCNTs/polymer/metal oxides fibers prepared by the
electrical and oxygen sensing characteristics a th electrospinning method with the final aim to deyetew
annealed composites have been evaluated, withrithtba  composite materials for gas sensing applicatiorereH
study the effect of MWCNTSs on the sensing behasiut the preparation and characterization of a series of
develop oxygen sensors with enhanced performances. MWCNTSs/PVAC/TIO, fibers with different MWCNTSs
loading is reported. These composites were apphed
1. INTRODUCTION fabricate resistive-type sensors suitable for oryge
monitoring. Because of their simpler design and

Electrospinning is a technique which offers numerou Manufacturing process, with potential cost redugtio
advantages for obtaining fibers with high surfaceaa resistive oxygen sensors are of great interest amym
suitable for many applications [1]. Recently, fahting ~ applications, such as in the automotive, food pssice
metal oxide fibers through electrospinning hasaated =~ and biomedical field [5-7]. Recent researches are
much attention since electrospinning can generateaddressed to find accurate and reliable oxygeroseifisr
composite polymer/metal oxide fibers with good coht  personal safety devices, to be used, for exampfe, b
of fiber size and morphology. One interesting agilon workers in confined spaces such as mines, subnsarine
might be the preparation of sensing layer for tasiggas  and space shuttles, and for monitoring low oxygen
sensors. Previous reports on the response of @petn ~ concentrations in the food industry.
fibers of several metal oxides, such as Mo®&nGQ and

WO; to different target gases (MONHs, CO, etc) show 2. EXPERIMENTAL
them capable of detecting low concentration of ehes _ _ _
analytes with high sensitivity [2]. Compared withet MWCNTSs/PVAC/TIO, composite nanofiber were

bulk- or film-type gas sensors, the nanofibers mev ~ Obtained by using the electrospinning apparatueriesi
much more surface adsorption sites for gaseousespec in Fig. 1.

because of their high surface-to-volume ratio. This

consequently yields superior sensitivity when trerg

. . Pexiglass
used for sensing materials. Moreover, they are very
promising for applications which have strict reguaients
on sensor size and weight, operating temperatueep Collector lass Syringe
consumption, and flexibility. Metallic Need Syringe Pump
Recently, Yang et al. reported that the additiblow f'
amount of nanotubes into the electrospinning swhuis

advantageous for making MWCNTs/PVAcC/SnO
composite fibers with enhanced properties [3]. The
addition of small quantities of carbon nanotubes to
polymer and metal oxides is known to cause a diamat
increase in the electrical conductivity of the nuarhost,
due to a percolation behavior caused by “bridgithg'se
phases with carbon nanotubes. Then, addition of NT

High-voltage generator

Fig. 1. Electrospinning apparatus.
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The solution for electrospinning was prepared usingis completely oxidized at the temperature of 6@@) °
the following procedure. First;, MWCNTs (Helix while the oxidation of MWCNTs is complete only at
Material, purity >95%, outer diameter: 40—-60 nnmgin: higher temperature.

1-2 um) were functionalized refluxing them with
concentrated HN® In particular, 100 mg MWCNTS in 100]
200 mL of 2.5 M HNQ were sonicated for 30 min in a
round bottom flask to completely disperse the MWGNT 80
into the HNQ solution. The mixture was then refluxed
for 20 h at 110 °C. The MWCNTs were separated by
centrifugation, washed three times with water ament
dispersed in DMF with Cetyltrimetilammoniumbromide
(CTMABT, Aldrich) by sonication for 3 h. Poly (wh
acetate) (PVAc, Mn = 500,000) was added into the
solution with stirring resulting in content of 1%5wveight
respect overall solution. After stirring for 1h,aglal 200 w0 &0 00 1000

acetic and titanium isopropoxide (TIP, 97%), Temperaure T

respectively, were added. The solution was kepteund Fig.2. TGA profiles of MWCNTs and as-spun
stirring for 12 h when the dark viscous solutiorcdree  (2%)MWCNTSs/PVAC/TiIQ composite.

homogeneous. Samples with different MWCNTSs loading

were prepared by varying the nanotubes/TIP ratidhé ) )

range 0-4 wt%. In gccordmg, FT-IR o_f thg composite samples after

The mixture was then subjected to electrospinning@nealing at 600 °C in air showed the complete
using a commercial apparatus (Linari Engineering cOmbustion of the polymer matrix, as indicated bg t
supplied) under an applied voltage of 25 kV andoa f Iac;klng of the characteristic adsorption band ofAeV
rate of 0,35 ml/h. The nanofibers were collectedaon (Fig. 3).
aluminum foil placed 10 cm below the needle tipeTh
electrospun fibers were then calcined up to 60&tQh
with a ramping rate of 10 °C/min.

The morphology of the samples was investigated by annealed at 600 °C

scanning electron microscopy (SEM), using a Jeol 601
scanning electron microscope. X-ray diffractioralgsis as-spun
(XRD) was performed wusing a Philips X-Pert 404

MWCNTs

60

40

TG weight loss (%)

2091 (2%)MWCNTS/PVAC/TIO2

o

80

diffractometer equipped with a CueK radiation.
Diffraction peaks identification was performed omet

Trasmittance(%)
Y

basis of the JCPDS database of reference compounds.

The thermogravimetric (TG) analysis was performgd b -C-H

using a TG/DSC NETZSCH STA 409 instrument. The * ©o =0
analyses were carried out with a heating rate dfClfin 1000 1250 1500 1750 2000
in static air up to 600 °C. wavenumbers(cm®)

The sensing device consists of an alumina substratq:ig 3. FT-IR profiles of as-spun and annealed PViD)
with Pt interdigitated electrodes. The sensing rayas con.1po.site at 600 °C in air.

deposited by screen printing. Gas sensing teste wer
carried out inside a stainless-steel chamber under
controlled atmosphere. Mass flow controllers wesedu Fig. 4 shows the morphology of the electrospun

to adjust desired concentrations of target gasrynatt.  composite samples. A randomly distributed netwofk o
The electrical resistivity measurements and. Sensor fipers was observed on the as spun samples (PigTHa
response were performed using the four point probefipers structure changed during the annealing, nidipg
method, by means of an Agilent 34970A multimeter. 5n the MWCNTSs loading. On low loaded MWCNTs-
Sensors response to oxygen, S, is defined as R R/ composites, the fibers undergo a partial destractidg.
where R is the resistance of the sensor in pure nitrogenp), while at higher loading, they are almost coetedyy
and R the electrical resistance at different cotraénns absents (Fig. 4c). XRD analysis revealed thatfate as-
of 0. spun fibers prior to calcinations were amorphoufierA
calcinations at 600 °C, the crystalline anatases@heas
3. RESULTSAND DISCUSSION found without contamination of other phases (Fi). 4

3.1 Synthesis and characterization
The thermal stability of the as spun composites was

first investigated by thermogravimetric analysisg(R2).
TGA curves of composite materials, indicated thdAP

34



CARBOMAT 2011

2theta (degree)

Fig.4.SEM images of: a) as-sput06%)MWCNTs/PVAC/TIQ;
b)(0.06%)MWCNTs/PVAC/TIQ after calcination at 600 °C; c)
(2%)MWCNTSs/PVAC/TIQ after calcination at 600 °C; d) XRD
of (0.06%)MWCNTs/PVACc/TiQafter calcination at 600 °C.

3.2 Electrical characteristics

In order to assess the potential applicability loé t
composites synthesized in this study to chemicas@es,

140+ 324C

309C
OVERFLOW ®27T

120

100+

80+

60

Resistance (MQ)

MWNCTSs (2%)
404  MWNCTSs (0,06%)

MWCNTS (0 %)
20

T T T
100 200 300 400

Temperature (T)

Fig. 5 Electrical resistance in air vs. temperatfrelectrospun
MWCNTSs/PVAC/TIO, composites as a function of the
MWCNTSs loading.

This finding suggests a percolation behavior caused
by “bridging” of the insulating phase with carbon
nanotubes. That is, at crossing points, the heaght
potential barrier for the conduction is stronglyueed,
and conduction occur through the privileged coniduact
paths provided by the MWCNTs network.

their electrical characteristics and oxygen sensing3-3 Sensing tests

properties were investigated. Because of their high

surface-to-volume ratio, the electrospun fibersvjate
much more surface adsorption sites for gaseousespec
when compared with the bulk- or film-type struetsir
The superior sensitivity of fibers-based sensoas, lieen
largely reported [2, 8].

The device for the electrical and sensing
measurements consists of a ceramic substrate gavid
with interdigited electrodes. Initially we attemgtdo
deposit a layer of spun MWCNTs/PVACc/TiQlirectly
onto the interdigited electrodes. Fiber mats soodiégd
exhibited poor adhesion to the substrate surfadename
easily removed during the successive heat treatment
high temperature. The fabrication process of thesaes
was therefore changed, involving first the collesctiof
composite fibers on an aluminium film collector. €yh
were then detached from the collector surface jroedcat
600 °C and finally deposited on the sensor sutestrg
the screen printing method. In this way adhesiotthto
ceramic substrate was improved, allowing to fabeiche
devices for the electrical and sensing tests.

The baseline resistance in air of some of the @svic
so fabricated is reported in Fig. 5. The high basel
resistance measured (in the mega-ohm
attributed to the grained microstructure and thmost
insulating behavior of titania. Hence, charge-eaurri
pathways are constrained passing through many warro
interparticle contacts or “necks”, which contribtiehigh
resistance values observed. Increasing the tenpertdte
carrier mobility increases, determining a resistan
decrease. It can be observed that the lower tetyperat
which the baseline resistance is within the meddera
range decreases with the loading of MWCNTSs.

range) wa

Preliminary oxygen sensing tests demonstrated the
good performance of the composites-based sensors. |
according with the n-type behaviour of the titanfahas
observed an increase of the electrical resistanciea
addition of Q. The typical dynamic response of the
electrospun (0.06%)MWCNTs/PVAc/Tikbased oxygen
sensor at the temperature of 400 °C is shown indrig

25

20 %

0,
Oxygen pulses 15%

10 %

20

5 %

154

Resistance (MQ)

10 4

N2 backgroung

T T T
1000 1500 2000

Time (sec)

‘Tfig. 6. Dynamic response of (0.06%)MWCNTs/PVACc/TiO

sensor towards oxygen at 400 °C.

At the operating temperature of 400 °C, sensors
display a reversible, and reproducible responseatasy
oxygen in nitrogen. Moreover, they show a quick
response and recovery, which is an advantage for
practical applications. It is worth noting also tththe
sensor responses were very stable and reproducible
repeated testing cycles.
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Results above reported can be explained by aexample, polymer nature, annealing temperature), atcl
mechanism which combines surface phenomena andwill be investigated as well.
oxygen diffusion into the bulk. Briefly, immediayehfter
the exposure to oxygen, adsorbed species at tlf@ceur
compensate surface vacancies, leading to a fasase
of resistance, caused by a widening of the deplietgst
at the external shell of the grains. Later, iongrate into
the bulk compensating oxygen vacancies in the mahter
This diffusion into the bulk is responsible for theng- in air at different temperatures up to 600 °C. Fhasing
term drifts observed after exposing most metal exid results obtained indicate that the methodology psed
films at these temperatures to changes of the oxyge in this work can be used for the preparation of
concentration in nitrogen [9]. On our MWCNTs-loaded MWCNTs/metal oxide composites with potential
sensors, signal reaches the original values adieh brief applications in oxygen sensors.
pulse, indicating a fast dynamics.

The effect of carbon nanotubes on the sensor respon

4. CONCLUSION

MWCNTSs/PVAC/TIO, nanofibers were synthesized
via an electrospinning process. Composite sampléds w
different MWCNTSs loading were prepared and annealed

is reported in Fig. 7a-b. At the addition of MWCNTs
initially the response decrease. However, with dhér
increase of the nanotube loading, a positive effect
registered leading to a very sensitive sensor whei%
of MWCNTSs are present.
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Fig. 7 a) Sensor response to 5 % of oxygen in génoas a
function of MWCNTSs loading; b) Calibration curve fohe
composite samples investigated.

Fig. 7b, shows the calibration curves for the défe
MWCNTs-loaded samples. From the graphs it appears
that the sensors with a MWCNTSs loading of 4% is the
most sensitive, especially at low oxygen conceiatnat
This result is most promising for a future develemtof
low concentration oxygen sensors to be appliedhan t
food industry.

On the basis of the characterization study, insee
that the MWCNTSs loading play a key role in addnegsi
the sensor features. Then, an extensive work ety
underway in order to optimize the sensing layer
formulation. Other parameters are also relevant (fo

36



CARBOMAT 2011

NO, SENSOR BASED ON ULTRA-THIN TITANIA COATING ON CARBON
NANOFIBERS

N. Donatd, M. Latind, G. Neri*, D. Spadar C. Marichy, M.-G. Willinger*®,
N. Pinn&®

'Dept. of Matter Physics and Electronic Engineering, University of Messina, Italy
Dept. of Chemical Science and Technologies, University of Rome Tor Vergata, Italy
3Dept. of Industrial Chemistry and Materials Engineering, University of Messina, Italy
“Dept. of Chemistry, CICECO, University of Aveiro, 3810-193 Aveiro, Portugal
®Dept. of Inorganic Chemistry, Fritz Haber Institute of the Max Planck Society, Berlin, Germany.
®World Class University (WCU) program of Chemical Convergence for Energy & Environment

(C2E2), School of Chemical and Biological Engineering, College of Engineering, Seoul National
University (SNU), Seoul 151-744, Korea.
" E-mail: neri@ingegneria.unime.it

ABSTRACT Moreover, such composites can favor the disperaith
stability of titania structures at nanometer scatebling
The growth of ultra-thin and uniform TOcoating on chemical, physical, photochemical, and surface gnigs
carbon nanofibers (CNFs) by a non-aqueous Atomic quite different from those of the bulk.
Layer Deposition (ALD) approach, as well as their TiOy/carbon nanotubes (CNTs) hybrid composites
structural characterization and electrical propsrti have been already used successfully as gas segdAgors
investigation, have been reported. The,Nfas sensing The sol-gel process appears as the most common
behavior of these titania-coated carbon nanofilvess technique to synthesize titania-CNTs hybrids. Early
studied by fabricating resistive-type sensors andattempts focused on the dispersion of CNTs intmniit
measuring changes in electrical resistance withem@sto films [5]. Furthermore, the sol-gel route has bedso
concentration and time. In contrast to pure CNFRg, t used as a simple route for the deposition of @tani
hybrid sensors responded to NGat near room  particles/films on the CNT walls. Typically, thedkness
temperature, evidencing unprecedented p-typeof the coating can be controlled by various paranset
responsiveness. such as the reaction time, the reaction compositoil
the choice of metal precursor. To enable a more
1. INTRODUCTION homogeneous  coating, the wuse of titanium
tetraisopropoxide was revealed more effective [§jon
Increasing demands for more sensitive chemicalreducing the amount of TiOwith respect to CNTs,
sensors for air-qua”ty control, environmental morihg’ Jitianu et al. obtained a thin but rather irregular and
healthcare, defense and security, and other apipisa  Partial coating of Ti@ on CNTs [7]. However, thickness
have led to an interest in nanostructures based orfontrol to nanometer precision is challenging
semiconducting metal oxides as sensing layer iisthes We recently reported the preparation of ultra-thin
sensor devices [1]. However, they operate at highfilms of metal oxides by means of a non-aqueousgs|
temperature, which is a strong limitation for some Atomic Layer Deposition (ALD) approach for sensing
applications. In order to enhance the sensing@pplications [8,9]. This technique allows the confal
performances at near room temperature and consiyjuen deposition of a metal oxide as a continuous either
reduce the power consumption of the device, anciive amorphous or crystalline film with a controlleddkness.
strategy consists in depositing the metal oxidetmn  Herein, we describe the film growth, the structural
surface of suitable carriers. characterization and electrical properties of tiria
In this paper we describe the film growth, as vesll  TiO. coating on CNFs, by this ALD approach. The
the structural characterization and electrical prips, of ~ Sensing properties towards hl@ave been investigated,
ultra-thin TiQ, coating on carbon nanofibers (CNFs). With the aim to study the sensing properties and to
Titanium dioxide is a wide-band gap semiconductor, develop a gas sensor operating at near room tetopera
well-known as a stable and highly reactive photalgat
and widely used for gas sensors [2, 3]. On therdihad, 2. EXPERIMENTAL
carbon nanotubes/nanofibers are characterized lgha
conductivity, high aspect ratio (>1000) and tubular Titanium dioxide was deposited on functionalized
geometry, providing ready gas access to a largeifspe  carbon nanofibers (Applied Science PR-24-PS). The
surface area and percolation at very low volumetivas. ~ functionalization of the nanofibers was done byatirey
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them with concentrated HNGt 100 °C for 2 h. Titanium  with the surface carboxylic acids on CNTs via ateles
isopropoxide and acetic acid were used as metal anclimination condensation step forming a Jitayer.
oxygen precursors, respectively. The depositionktoo Then, one layer of Ti© has been grown by the
place at 200 °C in an exposure mode reactor. Metalcompletion of one cycle of chemical reactions. By
precursor and carboxylic acid were introduced repeating the latter two steps, TGiQayers can be
subsequently by pneumatic ALD valves from their deposited one per one, in a highly controlled way.
respective reservoirs. The reservoirs were keg0atnd SEM analysis with back scattering electron (BSE)aof
30 °C, respectively. For the deposition, pure girowas  sample prepared applying 65 cycles, with a thegakti
used as a carrier gas at a constant flow ratesotB. Ina  TiO, coating 3.9 nm thick, is shown in Fig. 1. A brighte
typical experiment the valves were opened for Gadar contour in the inner and outer part of the tube
carboxylic acid and 1 s for the metal alkoxide. The demonstrates the coating with a higher electropeitsiy
residence and purging periods were 20 s and 15 smaterial. TEM indicates that the TiOcoating is
respectively. The growth per cycle under these itimms continuous and uniform along the whole surfacehef t
was around 0.06 nm. The morphology of the samplestubes, only a few nanometers thick (3-4 nm) andemts
were investigated by scanning electron microscopythe same thickness in both the inner and outeaserf
(SEM) and transmission electron microscopy (TEM). Moreover, it appears pinhole-free, likely as a lestithe
The sensing device consists of an alumina substrateleposition method, which provide films chemically
with Pt interdigitated electrodes on one, and &dziter bonded to the substrate.
on the other side. The spacing between the Ptreti
measures 200 microns. The active sensing layer was
deposited by screen printing. Gas sensing teste we
carried out inside a stainless-steel chamber under
controlled atmosphere. Mass flow controllers wesedu
to adjust desired concentrations of target gasrynadgt.
The electrical resistivity measurements and thesasn
responses were recorded using the four point probe
method, by means of an Agilent 34970A multimeter.

3. RESULTS AND DISCUSSION

3.1 Synthesis and characterization

ALD has been successfully employed for the
deposition of ultra-thin titania films on variousbstrates
[10]. As the ALD film growth is based on self-linmg
surface reactions, this process enables the de&posit
control at the atomic scale. In particular, ALD pegses
have been proposed to form Tgi@®nonolayer on one
dimensional nanostructures, such as nanotubes Fbt].
example, Gomathét al. used metal chloride precursor to
coat acid-treated CNTs with Tj(J12]. However, the as-
deposited coating consisted predominantly of amauph
hydroxide species; a subsequent calcination of the
samples at 350 °C to form the oxide specie wasimedju
Recently, by a non-hydrolytic ALD approach, the tagz
of carbon nanotubes/nanofibers with crystalline ahet

oxide _films yvithour;c_ ant))/l post- ann?]aling at (;"gfh CNFs or TiQ/CNFs composite deposited on a ceramic
temperature is achievable [13]. Paths required forg oyate provided with interdigited electrodes, as

obtaining the TiQ coating on the nanofiber walls are o of the operating temperature, was firstraied.
described in the followings. The CNTs/CNFs werstfir

functionalized in order to form anchoring species. (-

SU-70 4.0kV 5.0mm x70.0k SE(U,LA100) 500nm

Fig. 1. SEM and HRTEM images of the HIONFs.

3.2 Electrical characteristics
The electrical resistance of thick films made dhei

COOH and -OH) on the surface. Then titanium v“—
isopropoxide will react with the surface carboxydicids Pt “ ‘{4 Pt
\ T

on CNTs/CNFs forming an interfacial Ti-carboxylate
layer. The reaction will stop when all the surface
carboxylic acid groups reacted with titanium preour
Then excess precursor molecules and the byprodact a
purged, and acetic acid vapor is subsequentlydnted
to the system. The new surface carboxylic groupsiéal
are ready to react with titanium precursor molesalgain
in the latter step, where a titanium isopropoxidi neact

Alumina

Fig. 2 Schematic view of the THLNFs sensing layer
deposited on the patterned alumina substrate.

It can be assumed that the three dimensional nktwor
of both single pure and coated fibers depositedaanty

38



CARBOMAT 2011

oriented over the electrodes (see Fig. 2 for arsakie 2
representation) is responsible of electrical pdthisveen 5ppm NO,
the adjacent Pt electrodes. *7

In Fig. 3 is reported the electrical resistanceaimof 20 " "

CNFs and TiQCNFs composite filmsversus the
operating temperature investigated. On the one,hed
resistance of both films decreases as the temperatu
raises, indicating a semiconducting behavior.

ARIR (%)
5
i

5000

T T
50 100 150 200 250

4000 o

Temperature (C)

3000 o

Fig. 4 Effect of the temperature on the FICNFs sensor
response towards 5 ppm of BlO

2000 4

Resistance (Q)

—#—TiO /CNF

—@CNF
1000 4
I S— . . _ The dyna_mic response of the BIONFs sensor to
W @ s w0 m 10 w0 w0 2o 20 nitrogen dioxide at the temperature of 150 °C mvghin
Temperature (°C) Fig. 5a. As previously mentioned, the sensor rascs

_ _ o _ decreases in the presence of NO
Fig. 3 Electrical resistivity in air of pure CNFsdiiO,/CNFs

films versus the operating temperature.
The resistance of the pure CNF film is in the raf@e a) SppmNO,
150 ohm, as a result of the high electrical coridacof !
carbon nanofibers. Instead, a much higher resistanc
value (16-10° ohm) is measured for the TAGNFs film.
On the other hand, the baseline resistance of yheich
film is significantly lower than that registered titania
nanoparticles-based films, suggesting that the Vewny
TiO, film thickness and the high conductivity of the

7004

Resistance (Q)

6007 | air T=150C

carbon nanofiber core are responsible for the @bser

behaviour. Specifically, as CNFs are coaxially edat 10000 10500
with the titania, the shell of TiOshould create high Time(s)

contact resistance at crossing points (see Fig. 2). oo D) = Response Time
However, due to the low TiCthickness, tunneling effect *— ~@— Recovery Time

can help to overcome this limitation reducing tleght

of potential barrier for the conduction at crosspaints,
whereas the CNF core provide a privileged conduactio
path.

1000 o

Time (s)

3.3 Sens ng tests 1004
Preliminary tests carried out with NCGand Q as 5 ppm NO,

target species revealed that pulses of these gasais T T e e 1

decrease the electrical resistance. The, sengoonss to

either nitrogen dioxide or oxygen, S, is definedSas

[(R-Rg)/R]-100 where R is the baseline resistaricthe Fig. 5. a) Dynamic response of TIONFs sensor to 5 ppm of

sensor an_d Rg the electrical rgsistance at differen NO, gas; b) Response and recovery times of the semssar a
concentrations of the target gas. Fig. 4 showsseTsOr  fnction of the operating temperature.

response towards NOas a function of the operating
temperature in air. Sensing tests to N@re performed The values oftes and ., i.e the response and

at a concentration of the target gas equal to 5. hile  yecovery times of the sensor, respectively, asietion of
the sensing behavior of the uncoated CNF film i$ no the operating temperature, are reported in Fig. e
affected by the target gas at any temperaturaeigonse  can clearly observed that both dynamic parametetiseo
of the TiQ/CNFs sensor is strongly influenced by the sensor strongly decrease with the temperature. The
operating temperature. The sensor showed a dekectab response is faster than the recovery and, alseaatroom

response starting from near ambient temperaturé @0 temperature, the sensor responds in less thanutesin
The response increased with the temperature, shoavin

maximum in the range 100-150 °C, then decreased.

Temperature (T)
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3.4 Sensing mechanism TiO,/CNFs hybrid composite was applied to fabricate a
On the basis of the sensing results reported lieee, resistive gas sensor operating at low temperatare f
TiO,/CNFs material behaves as a p-type semiconductormonitoring NQ.
This indicates that upon adsorption of nitrogenxitie The sensor developed has shown unprecedented p-
molecules on titania coating, the electronic chaige type responsiveness. Hypotheses have been formutate
transferred to the adsorbed Néand this in turn causes an order to explain the appearance of p-type conditictiv
effective electronic charge transfer from the carbo and the sensing behavior with Bl@nd Q as target gas.
nanotube towards the titania coating, decreasirg th Based on the results obtained, further studieplamned
overall resistance of the heterostructured seriayey. in order to assess the influence of titania coatfitkness
As NO, behaves as an oxidizing or reducing agent, on the sensing properties and sensor performances.
depending on the temperature and concentrationg [14
this could cause a misinterpretation of the results

Therefore, to prove the p-type conductivity of Hemsing
layer, further experiments were performed with etyags
target gas (Fig. 6).

1180

11604 L

1140

11204

Resistance (Q)

11004

T=150C

fu

1080

T T T
8000 8200 8400
Time (sec)

Fig. 6. Dynamic response of gas sensor to 2Q% @itrogen.

The results obtained can be explained as in the fas
NO,. In order to formulate hypotheses about the beiavi
observed with the TiI@QCNFs composite layer, we would
first consider that pure titania films in the ars#tghase
are generally considered n-type semiconductorsjewnhi
only few reports demonstrated a p-type behaviod.[15
The presence of carbon nanotubes, seems to fagar-th
to p-type transition. Bittencouret al. reported that
multiwalls CNTs/WQ films behave either as p-type or n-
type semiconductors depending on the loading diarar
nanotubes dispersed into the W@atrix [16]. Sanchez et
al. found a reversed J0, — adsorbate direction for the
charge transfer in the interaction of Nwith TiO,/CNTs
[17], which is expected to decrease the resistavite
electron-acceptor adsorbates,
TiO,/CNFs composites in the presence of,NDoxygen.

The behavior on TICNFs hybrid composite can be
also related to the very low thickness of the tadayer.
A further activity is then programmed to investigahis
aspect. Interestingly, previous results obtaineth va
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ABSTRACT

electrodes printed on glossy papers [4,5]. The &ithis
work is to prepare inks based on chemically treated

In this work are reported efforts made about the carbon nanotubes dispersed in a suitable aquedysgo

development of an inkjet deposition system for ibksed

solution. For this scope, a stable aqueous ink of

on water solutions of multiwalled carbon nanotubes MWCNTs in a poly(methacrylic acid) (PMA) solution

(MWCNT) and poly(methacrylic acid) (PMA). The core
of the deposition system consisted of an HP720terin
head, modified to allow the printing of inks onfdient

was used. PMA acts stabilizing the dispersion of
MWCNTSs in water. Furthermore, PMA does not show
any toxic effects and for this reason it may beduse

substrate typologies. The developed system has beemany applications where a bio-compatible matersal |

employed in the deposition of MWCNTs/PMA contacts
on glossy papers and PET transparency sheet fablée
electronics. By varying the printing cycles (i.e.
performing an overprinting) it was possible to miadiel
the thickness of the printed film. The depositidnAg-
doped MWCNT/PMA films on alumina-based sensor
substrates was also investigated with the aim loidate
sensor devices for practical applications.

1. INTRODUCTION

The use of inkjet printing for the deposition ohdaoictive
or semiconducting nanostructured materials is dnibhe
turning points for low cost sensor devices develepm
By means of this technique it is possible to achiev
regular patterns for making electrodes or sensaygrb
for resistive sensors in a more efficient way andiding

the employment of expensive low-vacuum deposition

systems.

On the research of conductive ink, several materiare
studied including metals, conductive polymers,
metallic nanoparticle suspensions [1]. Direct wgtior

and

required.

Stable colloidal suspensions of silvers nanopadicl
(AgNPs) in the cross-linked PMA solution with
controlled size distribution have been also pregare
through a UV irradiation controlled synthesis [E]MA
was used to induce the Ageduction, avoiding metal
clustering. This is due to the intrinsic polymerusture
and, in particular, to the steric effect of the Inybgroups
that favors the metal coordination to the carbaxplarts

of the macromolecule.

Silver nanoparticles have been studied for theigue
sensing properties, in particular by exploiting tyical
properties changes in the presence of suitableytesal
such as ammonia [7,8]. Here, the volatile orgamipor
sensing properties of pure and AgNPs-doped
MWCNT/PMA films deposited by inkjet printing were
studied.

2. EXPERIMENTS

The core of the deposition system is made by a PIC7

drop-on-demand (DOD) technology represents a newinkiet printer, modified by mounting a home-made

method in which conductive inks, are directly peithton
the substrate using inkjet printing technology ahdn
form conducting lines after heat treatment [2]. Adisity
and surface tension are the two most importantgrtms
of general inks. Size, dispersion and stability atgo
crucial for the conductive ink system, becausenibzezle
of the printer would be clogged with larger pad&lor
due to the aggregation of nanoparticles. Thus,sit i
important to synthesize/formulate ink dispersiavith
the required rheological properties [3]. Previoushke

translation mechanics as shown in Figure 1. Thetipg
cycling is controlled by home-made electronic board
based on Atmel ATMega 16 microcontroller and ayela
Array. The microcontroller board is employed to e
the polarity of the DC motors of the printer, aliog the
over writing and the repositioning of the samplasai
more controlled way. The developed electronics eyl
the control signal coming from the printer to teégghe
printing cycles, by means of this solution the
microcontroller board is perfectly added with thénger

used MWCNTs-based inks in the prototyping sensor €lectronics in the printing process. The inkjetnprig

system allows the deposition of water- or —ethdrased
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inks of suspensions of nanostructured materialse Th glossy photopaper. Depositions have been also roade
inkjet printer model was chosen by considering that alumina substrates with platinum electrodes andpdexn
black cartridge of the HP720C is easy to fill, thés no devices as BAW and SAW resonators (not reported).
sponge medium in it, and the printing head of theter In order to investigate the electrical and sensing
is on the cartridge. So by changing the cartridgési  properties of the deposited inks, the fabricatertqiypes
possible to renew the printing head and its nozzZlée were introduced in a stainless-steel test chamtrethie
HP720C has an ink drop size of 33 pL and a bladirco electrical and sensing tests. The experimental théoc
resolution of 600 x 600 dpi. the electrical characterization of the sensorswadtb to
carry out measurements in controlled atmosphere.
Electrical measurements were carried out at room
temperature, under a dry synthetic air or nitrogmtal
stream of 50 sccm, collecting the sensors resistdiata

in the four point mode. Ethanol coming from a bbbl
can be further diluted at a given concentratiorabyass
flow controller array made by Bronkhorst. The
concentration of target gas was varied from 0 509%. A
multimeter data acquisition unit Agilent 34970A and
Keithley 2400 source meter were used for acquitirey
sensor signal. The gas response, S, is defined=aR,&R
where R the baseline resistance and R is the electrical
resistance of the sensor at different ethanol
concentrations.

PC

—F | Modiied > 3.RESULTS
HP720 C

%\ The printing on several substrates it is allowedthey

facilities developed on the inkjet printing system.
Specifically, it is possible to easily set the firig area
Circuit board |+ and the working distance of the nozzles to follthe
substrates topologies, even on packaged devicB&As

on TO39 package. The packaged devices are moumted i
specific sample holders that allow the alignmerd tre
positioning of the sample with respect the printivead,
assuring the repeatable overwriting cycle, if neede

Fig.1 Picture and block diagram of the depositigstem

The ink solution was prepared by first functioniaigz
MWCNTSs by means of a typical procedure described as
follows: MWCNTs were suspended in concentratedamitr
acid (15 M) and refluxed for 18 hours at 110 °C to
modify the MWCNTSs surface, they were then rinsethwi
distilled H,O until the pH of the solution was neutral, and
finally they were dried at 80 °C in vacuum oven.efh
MWCNTs were dispersed in the PMA (30% water
solution of sodium stabilized PMA, Mw = 9500), with
weight ratio MWCNTs/PMA of about 17wt% and
sonicated for four hours at 60 °C. All chemicalsreve
used as received without further purification. Dl
water was used to set the desired dilutions.

Ag NPs/PMA colloids were prepared by a photo-induce
reduction process under UV irradiation of silvetratie
(AgNO;, 98%-pure powder, Sigma—Aldrich) in a dilute Fig.2 Inkjet printi_ng of MWCNT/AgNPs-PMA thin filmsas
solution of PMA used as reducing and capping agent.€léctrodes on flexible substrate.

Then,MWCNTs were dispersed in the AgNPs-PMA

capped, with a weight ratio MWCNTs/AgNPs-PMA of N Fig. 3 are reported SEM micrographs of
about 17wt% and sonicated for four hours at 60 °C. MWCNT/AgNPs-PMA " thin films printed on glossy

The as prepared solutions were used to fill theridge ~ Photo-paper. Top view image shows the network girac
of the deposition system. In Fig. 2 is reportediciupe of the deposited carbon nanotubes embedded in the

showing a patterned electrodes deposited on fiexibl POlymer matrix, forming a film about 500 nm thicke¢
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section view in Fig. 3). A previous TEM analysis
indicated that Ag clusters in the nanometer range a
presents wrapped to the PMA structure.
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Fig.4 Baseline resistance in air of the AgNPs-PMANEINTS
printed sample as a function of deposition cycles

Det WD

TLD 51

In order to characterize the electrical behaviortloé
printed sampled;V cycling tests were performed. In Fig.
5 are reported theV cycles of AQNPs-PMA/MWCNTs
sample on glossy photo paper made by 20 overpgintin
cycles. The linear response in all range of voltegted
indicate an ohmic behavior. Furthermore, it cansben
how increasing the temperature brings to an inangasf
conductance. This electrical behavior vs. tempegatsi
agreement with the presence of MWCNTs acting as a
semiconductor.

0,5

0,4

0,34

0,24

T 70T
R 50 C
= 004 30C
5 )}

S 014
(@] i
-0,2 4

Fig.3 SEM micrographs of MWCNT/AgNPs-PMA thin films 03

printed on flexible glossy paper substrate: topwi@) and o

section view (b). 047
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A complete electrical characterization of the inks
deposited on the various substrates has been #rgac:
out. By varying the printing cycles (i.e. performimn
overprinting) it was possible to modulate the thieks of

the pr inted film. ) The sensing properties of inks prepared and degubsit
In Fig. 4 are reported the resistance measurement§ensing layer on alumina substrates were also

performed on the AgNPs-PMA/MWCNTSs sample printed jestigated. In Fig. 6 are reported the calibraturves
on alumina substrate with 10& spaced platinum  f the pure- and AgNPs-doped inks recorded witarsh
electrodes. It can be noted a decreasing of thelibas 54 target gas. It is noteworthy that, the preseoice
resistance by increasing the number of overprinting MwcCNTs is essential in order to carry out the
cycles. This effect was recorded with all the srtatst measurements, because the resistance of pure-NP2yg

typologies, indicating that the phenomenon obsefiged  goped films is very high and not measurable wita th
related to the film itself and not conditioned bg hature  onventional instrumentation.

of the underlying substrate.

Fig.5 I-V plot as a function of the temperature for eleasod
printed on photo paper with 20 overprinting cycles.
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Fig.6 Comparison of the calibration curves recorded
PMA/MWCNTSs andAgNPs-PMA/MWCNTSs samples.

The mechanism of ethanol detection on these inks re
on the hydrogen bonding established between theGHCO
group on the PMA matrix and the alcoholic group. It
clearly appears from our results as the presencivafr
nanoparticles in the polymer further enhances émsiag
properties of the film towards ethanol.

Further investigation are then in progress in orter
evaluate how the size of the Ag nanoparticles dued t
concentration in the PMA matrix can modulate the
sensing properties of the developed devices.

4. CONCLUSION

In this work were reported the experimental adbeit
regarding the development of an inkjet depositigstesm

for water-inks based on multiwalled carbon nanasube
dispersed in pure- and silver nanoparticles-doped
poly(methacrylic acid). The core of the depositiystem
consisted of an HP720 printer head, modified tovathe
printing of inks on different substrate typologieEhe
developed system has been employed both
reproducible deposition of regular patterns for imgk
electrodes on flexible substrates and the depasitib
sensing layers. The ethanol sensing of these lattee
investigated and the promoter effect of Ag nanaglag
was highlighted.
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ABSTRACT

Functionalization of carbon nanotubes was carried out at
333 K with a mixture of HNO; (67 wt.%) and H,SO,
(98 wt.%). The influence of the nitric to sulphuric acid
volume ratio on the morphology and crystalline quality of
carbon nanotubes, as respectively monitored by
transmission  electron  microscopy and Raman
spectroscopy, was evaluated. The chemical composition
of carbon surface upon different functionalization
conditions, in terms of type and amount of oxygenated
groups originated, was monitored by temperature pro-
grammed desorption. The results showed that, as H,SO,
concentration increases, a strong enhancement of
oxygenated groups occurs, while the tubular structure is
preserved.

1. INTRODUCTION

The use of carbon nanotubes (CNTs) in heterogeneous
catalysis as support for noble metal and/or metal oxides
[1] or as direct catalyst [2,3] is becoming larger owing to
their higher stability under reaction conditions, especially
in oxidation processes.

Regardless the role of CNTs in the catalytic cycle (sup-
port or direct catalyst), their surface chemistry seems to
play an important role in addressing the catalytic behav-
ior. Modification of the surface by addition of oxygen-
ated functional groups can affect the preparation of car-
bon-supported catalysts, in terms of dispersion of metal-
lic phase, due to the modification of acid-base properties
and hydrophylicity [4].

Similarly, the catalytic properties of metal free CNTs are
also influenced by the surface chemistry [3,5-7]; several
studies, indeed, demonstrate that creation of
quinones/carbonyl groups over CNTs surface improves
CNT activity in the case of oxidative dehydrogenation of
ethylbenzene to styrene [2], while a proper tuning of the
acid properties of the surface is of relevance for the cata-
lytic wet air oxidation and ozonation reactions [3,5-7].

In this frame, it clearly appears the importance of modifi-
cation of the surface properties of CNTs and the knowl-
edge of the concentration and distribution of the attached
functional moieties for catalytic applications.

In this study, the variation of the morphology and chemi-
cal properties of the CNT surface upon liquid phase func-
tionalization by HNO; and H,SO, mixture at different
volume ratio is investigated.

The influence of the functionalization conditions on the
CNT morphology and crystalline quality are monitored by
means of transmission electron microscopy (TEM) and Ra-
man spectroscopy (RS). The type and amount of surface
groups are estimated by temperature programmed desorp-
tion (TPD).

2. EXPERIMENTAL
2.1 Materials

CNTs were prepared by chemical vapor deposition of iso-
butane (i-C4H;¢) over 29 wt.% Fe catalyst supported on
AL O;. Details of the preparation procedure are reported
elsewhere [8]. After synthesis, the carbonaceous product
was separated from the catalyst through the following steps:
a first treatment with a solution of NaOH (1 M) at 353 K
followed by a treatment with a solution of HCI (1 M) to
remove support and iron particles, respectively. The purified
sample was finally washed with distilled water and dried at
353 K for 12 hrs.

Functionalization of CNTs in nitric-sulphuric acid mixture
was undertaken in an ultrasonic bath at 333 K for 6hrs. 3 g
of purified CNTs were weighed and added to 300 ml of acid
mixture (67% HNO; and 98% H,SO,) having a proper
volume ratio (3:1, 1:1 and 1:3).

After treatment, carbon material was separated by filtration
through 0.2 pm filter paper, washed with water to neutral
pH and dried at 353 K for 12 hrs.

Catalysts code reported in Table 1 summarizes information
relative CNTs treatment. CNTs-p and CNTs-N:S stands for
pristine and functionalized nanotubes, respectively. N:S
indicates the nitric-sulphuric volume ratio used for the
functionalization.

2.2 Characterization of CNTs
Morphology and dimensions of the CNTs were investigated

by using a TEM JEOL JEM 2010, operating at 200 kV and
equipped with a Gatan 794 Multi-Scan CCD camera.
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Surface area, SA(m?*/g), was determined by adsorption-
desorption of dinitrogen at 77 K, after out-gassing (10™*
mbar) the samples at 353 K for 2 hrs, using surface area
analyzers — Qsurf Series.

Raman scattering was measured, at room temperature, in
the 8003350 cm ' spectral range by using a double mono-
chromator (Jobin Yvon Ramanor U-1000) equipped with a
microscope (Olympus BX40) and a photomultiplier
(Hamamatsu R943-02) operating in photon-counting
mode. An Ar" laser (Coherent Innova 70) operating at 2.41
eV (514.5 nm) excited Raman scattering. Light was fo-
cused onto the sample to a spot of 2 um in diameter
through the X50 microscope objective lens.

A 30 s long acquisition time was used to improve the S/N
ratio. In order to reliably describe the sample bulk, several
different locations of each specimen were sampled on ac-
count of the possible structural non-homogeneity.

After normalisation and averaging, background was
subtracted and Lorentzian bands were used to reproduce the
spectra. The integrated-intensity ratios were then calculated.
Qualitative and quantitative evaluation of the functional
groups introduced over CNTs surface was performed by
means of TPD. Analyses were carried out using a flow
reactor equipped with a quadrupole mass spectrometer
(HPR 20 HIDEN ANALYTICAL instrument). Samples
(30 mg) were placed in a U-shaped quartz tube inside an
electrical furnace and heated at 10 K min™' up to 1373 K
using a constant flow rate of helium (30 sccm). The mass
signals m/z = 28 (CO), 30 (NO), 44 (CO,), and 64 (SO,)
were monitored during the analysis. The amounts of CO,
CO,, NO and SO, were calibrated at the end of each analy-
sis with pure gases. After treatment of the acquired data,
the TPD spectra of CO, CO,, NO and SO, (in pmol g ' s™")
were obtained.

3. RESULTSAND DISCUSSION
3.1 Morphology and crystalline quality of CNTs

Results of TEM analysis, shown in Figure 1, evidence that
CNTs-p look as long carbon filaments (length > Sum), with
external diameter between 5 nm and 20 nm (Figure la).
Higher magnification microphotographs (inset of Figure 1a)
evidence that tube-walls are mainly constituted by smooth
graphene-layers. Upon treatment with nitric-sulphuric mix-
ture, the tubular structure of carbonaceous material is pre-
served (Figure 1b-c), regardless the relative acid volume
ratio

When functionalization is carried out with the poorest sul-
phuric acid mixture (N:S= 3:1), no considerable modifica-
tion of the side graphitic sheets occurs (inset Figure 1b). As
the concentration of sulphuric acid increases, instead, side-
walls appear severely degraded. A thick layer of amorphous
carbon covering the tubes, evidenced by the white arrows in
the inset of Figure 2c, together with an increased number of
edges and steps at external sheets appears. These results
undoubtedly indicate that the use of rich sulphuric acid mix-
tures is more harmful for CNT crystalline structure.

Table 1. Sample code, surface area and results of Raman spec-
tra decomposition.

Code SA IG/ID LC IG’/IG IG’/ID
(m?/g) (nm)

CNTs-p 196 0.56 2.47 0.82 0.46

CNTs-3:1 195 0.54 2.38 0.58 0.31

CNTs-1:1 194 0.48 2.10 0.50 0.24

CNTs-1:3 172 0.47 2.07 0.49 0.23

SA values of functionalized samples, measured by N, ad-
sorption and reported in Table 1, do not significantly vary
with respect to that of un-treated tubes. Very close values
are instead found for CNTs-p, CNTs-3:1 and CNTs-1:1,
while a slight reduction, by 13%, is observed for CNTs-1:3
sample. SA lowering for the most rich sulphuric acid treated
sample could be due to the strongest entanglement of car-
bon nanotubes, as evidenced from the comparison of Figure
la-c, caused by the electrostatic interaction between the
polar functional groups introduced that reduces the tube-
tube distance and, hence, the exposed external surface area.
It is indeed known that a strong CNT agglomeration occurs
upon oxidative treatment [9].

Based on a stronger interaction between tubes and damag-
ing of the tubes evidenced by TEM a larger number of
functional groups should be expected on CNTs-1:3 sample.
The crystalline quality of the CNTs is investigated also by
means of RS.

Raman spectra (not shown for briefness) evidence that all
the samples exhibit similar features: the graphite-like in-
plane optical mode at 1580 cm™ (G-band); the band, at
1350 cm', originating from lattice defects (vacancies, pen-
tagons, heptagons or other defects and by finite size ef-
fects) that break the basic graphene-layer symmetry (D-
band) [10,11]; its overtone at 2700 cm ™ (G’-band) that,
conversely, is detected only in nanotubes constituted by a
sequence of smooth graphene sheets [12]; and the D’-mode
at 1610 cm' that, similar to the D-mode, is a disorder-
activated double resonance Raman feature; the two modes
respectively originate from inter- and intra-valley scattering
processes [13].

After background subtraction, the spectral features are fitted
to Lorentzian bands and the integrated-intensity ratios are
calculated. The extent of structural defects is monitored by
the G/D intensity ratio (I/Ip) that, for fixed excitation en-
ergy, lowers with decreasing in-plane correlation length (i.e.
mean inter-defect distance). Thus, it monitors the average
size of domains with graphitic order (Lc=4.415/Ip) [14].
Instead, the G’/G intensity ratio (Ig/Ig) is generally re-
garded as an indicator of long-range order [12]. Thus, the
overall crystalline quality, which improves with increasing
mean inter-defect distance and/or unundulated tube-wall
number (i.e. with increasing Ig/Ip and/or Ig/Ig, respec-
tively), is pictorially described by the G’/D intensity ratio
(Ig/Ip). The results shown in Table 1 prove that acid attack
increases the density of lattice defects, as signaled by the lower-
ing of I5/Ip, and downgrades the CNT crystalline quality,
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Figure 1. Morphology of CNTs as monitored by TEM. Photos refer to (a) CNTs-p, (b) CNTs-3:1 and (¢) CNTs-1:3

as monitored by the lowering of the Ig/Ip.

The increased amount of lattice defects present in gra-
phene sheets causes L¢ to reduce from 2.47 nm in CNTs-
p to 2.38 nm in CNTs-3:1 and to 2.07 nm in CNTs-1:3,
indicating that decreasing nitric-sulphuric acid volume
ratio is more harmful to the CNT crystallinity. The data
reported in Table 1 allow clarifying the origin of the CNT
crystalline quality downgrade, i.e. the nature of structural
modifications produced by the treatment. Comparing
intensity ratios, it comes into view that Is/Ig (which di-
minishes by even 40%) undergoes a greater variation
than Is/Ip (maximum reduction: 16%). This is because,
although CNTs substantially maintain their structure after
acid treatment, the number of smooth tube-walls becomes
dramatically smaller.

3.2 Chemical composition of CNT surface

The surface chemical characteristics of CNTs are evalu-
ated by means of TPD, a thermal analysis become popu-
lar for the characterization of the oxygen-containing
groups on the surface of carbon materials.

In this technique, all oxygenated surface groups are ther-
mally decomposed releasing CO and/or CO, at different
temperature.

In general, CO, evolution results from removal of car-
boxylic acids at low temperature (423—723 K) and lac-
tones at higher temperature (873-1073 K); carboxylic
anhydrides originate both CO and CO, in equal amount in
the range of temperature 623-923 K; from removal of
phenols and quinones/carbonyl groups CO evolve at
837-1023 K and 973-1223 K, respectively [7].

CNTs-p show a broad and weak CO, peak in the range of
temperature 400-650 K (Figure 2a) and a more intense
contribution in the range 873—1073 K (Figure 2e), which
fairly agree with the removal of carboxylic acid groups
and lactones, respectively [7] and a sharp CO peak at =
1200 K, likely arising from more energy demanding re-
moval of quinones/carbonyl groups [7] (Figure 2e).

As effect of functionalization, CO, and CO evolution
augments with the increasing of sulphuric acid concentra-
tion (Figures 2b-d and f-h), indicating an enhancement of
functional groups introduced onto the CNT surface as the
oxidative condition becomes more aggressive.
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Figure 2. Results of the decomposition of CO, and CO TPD profiles. Data refers to: CNTs-p (a) and (e); CNTs-3:1 (b) and (f);
CNTs-1:1 (c) and (g); CNTs-1:3 (d) and (h). (A TPD experimental data; - - - - individual peaks; —— sum of individual peaks)
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Table 2. Results of decomposition of CO, and CO TPD profiles using multiple Gaussian function
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Carngyhc Carbox.yhc Lactones Phenols Quinones/
acids anhydrides carbonyls
Code
Twm A Tm A Twm A Twm A Tt A
® | (umolg) | (K) (umol/g) ® | molg) | K | (umolg) | (K) | (umol/g)
CNTs-p 535 34 716 15 832 24 855 31 1188 76
CNTs-3:1 567 102 739 82 940 56 986 201 1198 122
CNTs-1:1 565 281 759 175 918 102 970 161 1196 46
CNTs-1:3 443 33 727 307 915 40 836 297 - -
567 344 990 233

The TPD results also allow the identification and quanti-
fication of the functional groups present on the materials
surface by peak assignment, as described elsewhere [7].
The amount of oxygenated groups, such as carboxylic
acids, carboxylic anhydrides, lactones, phenols and
quinones/carbonyl groups, can be obtained by decompo-
sition of the complex TPD profiles. A multiple Gaussian
fitting function is used to reproduce each spectrum ac-
cording to the method proposed by Pereira et al. [15].
The use of Gaussian function is justified by the shape of
TPD peaks, which are a result of continuous random dis-
tribution of binding energies of the surface groups [16].
In the case of carboxylic anhydrides, which decompose
by releasing one CO e one CO, molecule, in the fitting
procedure it was assumed that the related CO and CO,
peaks must have the same shape and equal magnitude.

As shown in Figure 2, the decomposition procedure fitted
the data quite well for CO and CO, TPD profiles of the
samples. Table 2 reports the assignment and the distribu-
tion of the oxygenated groups (Ty is the temperature of
the component peak maximum and A is the concentration
calculated by the integrated peak area).

The results show that as CNTs are treated under more
aggressive conditions, i.e. with enriched sulphuric acid
mixture, carboxylic acids, anhydrides and phenols func-
tionalities progressively increase. The generation of lac-
tones and quinones/carbonyl functionalities is not fa-
vored by the use of the oxidant acid mixture and in the
case of quinones/carbonyl groups their concentration
approaches to zero when the richest sulphuric acid mix-
ture is used.

Besides oxygenated groups directly originated from the
oxidation of carbon onto the surface, TPD analysis dem-
onstrated that evolution of SO, also occurs for all the
functionalized samples in the range of temperature 450—
800 K in agreement with the decomposition of sulphonic
acid groups [17].

The amount of these groups increases from 6 umol/g for
CNTs-3:1 to 182 umol/g for CNTs-1:1, reaching the
highest value (448 pmol/g) for CNTs-3:1 sample.
Nitration of carbon surface is instead negligible being the
amount of NO released from all the oxidized samples in
the range of temperature 400-600 K lower than 4
pmol/g.

4. CONCLUSIONS

Liquid phase functionalization of CNTs by nitric-
sulphuric acid mixture leads to a strong modification of
the chemical composition of the surface with a
progressive enhancement of the concentration of
carboxylic acids, anhydrydes, phenols and sulphonic acid
groups as the concentration of sulphuric acid in the
reaction mixture increases. However, even under the
harshest functional conditions the tubular structure is
preserved.

5. REFERENCES

[1]J.M. Tang, K. Jensen, M. Waje, W. Li, O. Larsen, K. Pauley, Z.
Chen, P. Ramesh, M.E. Itkis, Y. Yan, R.C. Haddon, J. Phys.
Chem. C 111, 17901, (2007).

[2] J.J. Delgado, X. Chen, J. P. Tessonier, M.E. Schuster, E. Del
Rio, R. Schogl, D.S. Su, Catal. Today, 150, 49, (2010).

[3] S.Yang, X.Li, W.Zhu, J.Wang, C.Descorme, Carbon, 46, 445,
(2008).

[4] P. Serp, J.L. Figueiredo, Carbon Materials for Catalysis, Wiley,
New Jersey, 2009.

[5] Z.Q. Liu, J. Ma, Y. H.Cui, B.P.Zhang, Appl. Catal., B, 92, 301,
(2009).

[6] Z.Q. Liu, J. Ma, Y.H. Cui, L. Zhao, B.P. Zhang, Appl. Catal.,
B, 101, 74, (2010).

[7] J.L. Figueiredo, M.F.R. Pereira, Catal. Today, 150, 2, (2010).
[8] M.G. Donato, S. Galvagno, M. Lanza, G. Messina, C. Milone,
E. Piperopoulos, A. Pistone, S. Santangelo, J. Nanosci. Nanotech-
nal., 9, 3815, (2009).

[9] W. Xia, C. Jin, S. Kundu, M. A Muhler, Carbon, 47, 919,
(2009).

[10] A.C. Ferrari, J. Robertson, Phys. Rev. B., 61, 14095, (2000).
[11] Z. Wang, X. Huang, R. Xue, L.J. Chen, Appl. Phys., 84, 227,
(1998).

[12] Y.A. Kim, T. Hayashi, K. Osawa, M.S. Dresselhaus, M. Endo,
Chem. Phys. Lett., 380, 319, (2003).

[13] M.S. Dresselhaus, G. Dresselhaus, R. Saito Jorio, Phys. Rep.,
409, 47, (2005).

[14] F. Tuinstra, J.L. Koening, J. Chem. Phys. 53, 1126, (1970).
[15] A.G. Goncalves, J.L. Figueiredo, J.J.M. Orfio, M.FR.
Pereira, Carbon, 48, 4369, (2010).

[16] J.M. Calo, P.J. Hall Fundamental issues in the control of car-
bon gasification reactivity, Kluwer Academic Publisher,
Dordrecht, 1991.

[17] H.T. Gomes, S.M. Miranda, M.J. Sampaio, A.M. Silva, T. J.L.
Faria, Catal. Today, 151, 153, (2010).

48



CARBOMAT 2011

SINGLE WALL CARBON NANOTUBESDEPOSITED ON STAINLESSSTEEL FOIL AS
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ABSTRACT the TiO, surface [1,2]. When illuminated, the dye
molecules capture the incident photons generating

Dye-sensitized solar cells (DSSCs) have attractadhm  electron/holes pairs. The resultant electrons, xaite
attention due to their good light to electricityneersion states, are immediately injected (within 100 fdpithe
efficiency, simple fabrication and low cost. Theunter conduction band of the TiOand transported to the
electrode employed for the regeneration of eleyteois electron-collecting counter electrode, the cathode.
commonly constituted by a platinum film depositeda  Regeneration of dye molecules is accomplished by
conductive glass. Carbonaceous material, are quitecapturing electrons from a liquid electrolyte
attractive to replace platinum due to a higher @siom (iodidef/iodine solution), sandwiched face-up on the
resistance against iodine, higher catalytic agtivand cathode, that catalyses the reduction of tri-iodide
lower costs. We report on the implementation oihitas Currently, DSSCs cathodes are made of platinumrdaye
steel foils coated with dispersed Single Wall Carbo deposited on transparent glass which are, in toated
Nanotubes as novel, low cost and highly efficiemirter by a conductive layer such as Fluorine doped Tird®©x

electrodes for DSSCs. (FTO) or Indium Tin Oxide (ITO). Furthermore it s
to degrade over time when in contact with an
1. INTRODUCTION iodidef/iodine liquid electrolyte, reducing the oatbr

efficiency of DSSCs [3]. During the last few yeatsong
efforts have been directed towards the replacernént
such elements with low cost and more versatile rizdse
Metal sheets or foils are flexible substrates eitellent
electrical and thermal conductivities suitable mapéoyed

in the cathodes fabrication [4]. On the other hand,
carbonaceous materials feature good catalytic ptiepe

DSSCs (see schematic representation in Fig. 1)
consist of a high porosity nanocrystalline photabmo
made of TiQ semiconductor nanoparticles (15 to 20 nm
diameter, g, = 3.2 eV), deposited on a transparent
conducting oxide (TCO) glass support and sensitizitl
a self-assembled monolayer of dye molecules andhore

Dye Sensitized Solar Cell

- Glass (3-4 mm)

. Transparent conductingoxide {TCO)

O Titanium dioxide {20nm)
® Dyesensitizer
2 Electron flux

D Sealer (surlyn 25 micron)

I\ Electrolyte
Y (lodide/lodine)

. SWCNT

&= Stainless steel (1-3 mm)

Figure 1. Section view of a DSSC with SWNT deposiad stainless-steel substrate as counter electrod
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electronic conductivity, corrosion resistance ta¥gar
iodine, high reactivity, abundance and low cost [5]
1996 Kay et al. [6] demonstrated the importancehef
high surface area introducing carbon black powdter i
graphite counter electrodes to enhance its catalyti
activity. Since then, other research groups havel@rad
different carbonaceous materials such as graptaron
black, activated carbon, fullerene, hard carbonesph

0.045% P, 2% Iyh, 0.08% C as reported from the
American Iron Steel Institute (AISI) and the metall
sheets are classified as AISI 304 (or X8 CN1910
according to UNI 4047).

The synthetic dye cis-di(thiocyanato)-bis-(2,2'-
bipyridyl-4,4'-dicarboxylate) ruthenium (ll), catleN3,
was synthesized and purified following the procedur
reported in the literature [16]. A standard solutiwas

carbon nanotubes (CNTs) and graphene [7-15]. Singleprepared by dissolving 20 mg of the inorganic caxpl

Wall Carbon Nanotubes (SWNTs) are made by rollipg u
a single grapheme sheet with a fullerene like end-
cap[3].Their electronic properties are describedalpair

of integers (n, m), the chiral indices, that defesm
univocally their semiconducting or metallic natukéulti-
Wall nanotubes (MWNTS) consist of multiple concantr
SWNTs with random chirality, making them metallic o

(N3) in 50 mL of ethanol. The photoanodes were
prepared by depositing Tidilms on FTO conducting
glass. First, two edges of the FTO glass plate were
covered with four layers of adhesive tape (3M Madyc
control the thickness of the film and to mask elect
contact strips. Then the Tiaste was spread uniformly
on the substrate by sliding a glass rod along &pe t

average. Carbon nanotubes combine advantages such apacer. The resulting mesoscopic oxide film wasl42—

high electrical conductivity, chemical stability catnigh
surface area with good electrochemistry and catalyt
properties making them suitable for applicationsniany
energy conversion technologies such as catalytimteo
electrode materials in DSSCs. In particular, CNTs a
efficient to catalyze the tri-iodide reduction atias, are
good candidates to replace Platinum in DSSCs [3/5¢.
excellent electrical and thermal conductivity cdistess
steel sheets, combined with the chemical stabdityg
high surface area of SWNTs, make them excellent
candidates as catalytic counter electrodes in DS8Cs
this study we introduce a novel cathode type in O§S

mm thick and transparent, presenting negligiblentlig
scattering. After drying the TiQthe covered glass plates
were sintered in air for 30 min at 480, cooled to about
80°C and soaked in N3 dye solution overnight. Exces
dye was removed by rinsing with ethanol. The
investigated counter electrodes were prepared dicgpr
to the following procedures. Sample P1: the Ptlgstta
T/SP paste was spread on FTO glass and heate@4 45
for 30 min. Sample P2: we used a Pt mirror (350 nm
thick) obtained by thermal vapor deposition (or
sputtering) of Pt onto FTO conducting glass. Sanf3e
analogous to P2 except for the substrate thatisnctise

based on the combination of SWNTs as catalysts ndwas a thin (2 mm) stainless steel sheet. Samplew@&l:

stainless-steel foils as conductive substrates,peoimgy
the solar energy conversion efficiency and other
parameters connected with the current-voltage (I-V)
curve of these cells with the corresponding pararsetf

drop cast bundles of Carbolex SWNTs dispersed temwa
onto a FTO conducting glass substrate. 2 mg of tnes
powder were dispersed in 10 ml of water by
ultrasonication at 200Wfor 2 h. Nanotubes were then

standard cells employing Pt and FTO as catalyst anddropped cast onto the substrate, whose temperat@se

conductive substrate, respectively.

2. EXPERIMENTAL

The conductive glass plates (FTO glass, fluorine-
doped Sn@ sheet resistance 18/cn¥), the Pt catalyst
T/SP and the Ti_nanoxide (T) paste were purchased f
Solaronix SA and used as supplied. All the solvemis
chemicals employed for the experiments were reagent
spectrophotometric grade. CarboLex AP-grade SWNTs
produced by arc discharge were purchased by Aldrich
(part 519308, lot 05224EC). The sample purity is
declared to be 50-70%. Nominal diameters and lsngth
range between dt 1.2-15 nm and L 248,
respectively. For optical characterization, SWNTerev
individualized in water—surfactant solution (Sodium
cholate, Aldrich, Cat: 27,091-1), by ultrasonicatio
followed by ultracentrifugation [5]. For cathode
preparation SWNTs were dispersed in water by
ultrasonication without any further pre-treatmefibe
stainless-steel sheets and foils were purchased fo
shop specializing in metals and sized in our latooya
the chemical composition of the metallic sheethe t
following: 18-20% Cr, 8-12% Ni, 1% Si, 0.030% S,

set to 150 °C. Sample C2: same procedure of sa@tle
but exploiting a thin (2 mm) stainless-steel shast
substrate. Current—Voltage curves were recordeda by
digital Keithley 236 multimeter connected to a P@la
controlled by homemade software. Sunlight irradiati
was provided by a LOT-Oriel solar simulator (Model
LS0100-1000, 300 W Xe Arc lamp powered by LSN251
power supply equipped with AM1.5 filter, 100mWcm-2)

| A

Figure 2. On the left there are the SWCNT cathog® &nd of
Pt sputtered (bottom) while on the right there dhe
corresponding the sensitized photoanode.
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3.RESULTS

For DSSC testing we selected a high corrosionteesie
set of different stainless steel sheets with lovekili
content (< 12%). We did not observe any corrositece
on the stainless steel sheets conductivity aftesir th
immersion in the electrolyte solution. This conférrthat
stainless-steel foils are suitable as substrate®&5Cs.

In Table 1 are reported the parameters obtainet-y
measurements: fill factor (FF), open circuit voligyoc),
short circuit current density (Jsc) and conversoergy
efficiency ). The best solar energy conversion
efficiency f = 4.5%) was achieved with the P3 method
(Pt mirror/stainless steel cathode) and it is caeple to
the one reported by Fang et al. [4] using a métaékas

combining the high surface area of SWNTs with tigh h
conductivity of the metal sheet. This result is panable
to the sample P2 and to the data reported on edrifi
SWNTs by Suzuki et al. [11]

4. CONCLUSIONS

We demonstrated the preparation of a DSSC based on
a novel stainless-steel cathode coated with comalerc
low cost non purified SWNTs. Measurements on 0.52
cm2 test cells showed an efficiency of 3.92%. We
achieved with the SWNTs based cathode on stainless
steel (C2) a solar energy conversion efficiencycihis
higher than the one obtained with Pt-transpare@FT
counter electrodes (P1), and is comparable to tiee o
obtained with Pt mirrors (P2 and P3). Stainleseldtsls

counter electrode. Metallic platinum based counter as substrates coated with commercial low cost SWNTs

electrodes (P2 and P3) act as light reflectors tagtly
efficient conductors, remarkably improving the @gncy
of the solar cells with respect to P1, C1 and CBe T
lower efficiency obtained on P2 with respect toi®8ue
to the higher resistance of the FTO glass substkee

are innovative, original, stable, cheap and higtficient
counter electrodes for DSSCs. Indeed the combimatio
SWNTs and stainless steel opens up new industrial
opportunities for large area, long term stabilityddow
cost DSSCs.

Table 1. Brownian motion of (a) a standard latexrabead (gm diameter), (b) a carbon nanotube and (c) a grapfiake.

Catalyst Substrate

(mA/cm2)

FTO on glass

FTO on glass

FTO on glass

Stainless steel

Stainless steel

argue that the difference in performance betweempkss
P1 and P2 is because in the latter the metallicomacts
as a light reflector. The efficiency differenceseén C1
vs. C2 is related to the different conductivity thfe
employed substrates. However, the catalytic efiafct
SWNTs (C1) is slightly higher than platinum in the

transparent cathode (P1). Concerning the SWNTsdbase

cathode the best value was obtained with the C24RB.

Jsc Voc energy

(VOH) conversion

%
242

11.87 0.65

2.5
3.7

8.20
8.27

0.65
0.66

9.21 0.66 3.92
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ABSTRACT

Thanks to its extreme chemical inertness, optical
transparency, exceptional hardness and minimal toxicity,
diamond is widely considered as one of the most
promising and intriguing materials for a large variety of
bio-applications. The recent progresses in the production
of nanodiamond have now boosted the interest for its
application as a multifunctional bio-technological
material.

In this paper we present some relevant strategies that are
being developed in our labs towards enabling
nanodiamond-based bio-applications.

1. INTRODUCTION

Among the large number of nanoparticles that are
being investigated for their feasibility to interact with
biological entities at the nano-scale, nanodiamond
crystallites are widely considered at present the more
promising. It has been proven that nanodiamond is an
excellent substrate for the adhesion and growth of several
types of cells in vitro, and can advantageously and
selectively bind various biological molecules. Therefore,
the nanodiamond can be considered as an ideal surface
for sensing, detecting, separating and purifying biological
systems. Other remarkable application deals with the
photophysical properties of systems characterized by
bright photoluminescence in the extended red region and
by the absence of photobleaching and photoblinking.

In our labs a variety of different strategies are being
explored to prepare specific platforms based on
nanodiamonds. In particular, we are developing different
methodologies and testing technologies devoted to
possible applications for sensing, imaging, and drug-
delivery.

In such a framework we shortly describe here some
under-developing synthetic strategies dealing with bio-
related applications of nanodiamond are shortly described
in the follow.

2. EXPERIMENTAL

The nanodiamond samples are prepared by CVD from
CH4/H, gas mixtures, or by self-assembling of colloidal

dispersions of nanodiamond particles produced by
dynamical synthesis. In this last case specific protocols
are followed to avoid re-aggregation of the primary
nanoparticles. The decoration by metal nanoparticles is
achieved by electrochemical methods (Au, Ag, Ni ) and
also by electroless procedures (Au).

The surface modifications of the diamond surfaces are
obtained by surface adsorption, electrostatic linking or
covalent bonding.

3. RESULTSAND DISCUSSION

Fluorescent nanodiamond (FND) is emerging as a new
type of nanomaterial that holds great promise for
biological applications. FND exhibits several remarkable
features, including emission of bright photoluminescence
in the extended red region, no photobleaching and
photoblinking, and easiness of surface functionalization
for specific or nonspecific binding with nucleic acids and
proteinsetc. These excellent photophysical properties,
together with the good biocompatibility may open up new
frontier in biosensing.

A technology based on the use of metallic nanostructures
that interact with fluorophores to increase their emission
intensity has long been recognized since its discovery in
1980.

Typically, a 2- to 10-fold enhancement in the
fluorescence intensity is observed for fluorophores with
low quantum vyields. A number of bhiotechnological
applications taking advantage of this so-called metal-
enhanced fluorescence (MEF) have been developed, such
as, to improve the sengtivity of DNA hybridization
assays.

To bring together the appealing advantages of FND and
MEF in our laboratory we prepare nanometric diamonds
in form of particles (Figure 1-a) and films with
fluorescent properties and couple them with plasmonic
metals nanoparticles for the production of interesting
systems for photonic applications.

In this contest we investigated the color centers genereted
by N or by the insertion of semiconductive species, as Si,
inside the diamond lattice that maintained their structural
properties (Figure 2-b) [1].
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FIGURE 1. (@) FE-SEM image of nanocrystalline diamond;
and (b) photoluminescence of silicon colour centre in
nanocrystalline diamond

Figure 2 shows the FE-SEM images of nanodiamond
partcles decorated by Au nanoparticles. These hybrid
samples are prepared for optical sensing of organic and
bio-molecules.

FIGURE 2: HR-TEM image of diamond nanoparticles
decorated with Au particles

As regards the surface modifications of the diamond
phase, the relationship between the conditions of the
chemical processes inducing the various
functionalizations and the optical responses is aso
deeply investigated (Figure 3).
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FIGURE 3: Photoluminescence of nitrogen-vacancy colour
centre Silicon of nanodiamond before (a) and after (b) surface
functionalization with acyl chloride.

A series of differently bonded nanodiamond-molecule
systems are produced in order to test the
chemical/physical interactions and to define the binding
forces acting between functionalized DND surfaces and
linked or adsorbed moieties. These materials represents a
proof-of-principle for the development of drug-delivery
systems. Moreover preparation of materials suitable in
perspective for imaging is addressed by linking
fluorophores to the nanodiamond surfaces (Figure 4).

FIGURE 4: Example of adye-nanodiamond particle conjugate
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Different functionalizations of nanodiamond crystallites
are under consideration for their application to diamond
enhanced thickness shear mode resonator for selective
bio-sensing (Figure 5).

= « = o I.. antigens

nanodiamond

electrods

FIGURE 5: Scheme of a diamond-based enhanced
thickness shear mode resonator

This kind of devices, assembled by nanoparticles or by
differently shaped nanostructures obtained by diamond
films nanosculpuring, can be wused daso for
electrochemical microgravity and  visco-elastic
monitoring of molecule/diamond surface interactions.
Last but not least, nanocomposite layers formed by
nanodiamond grains embedded in conductive polymer
matrices (Figure 6) are being produced for bioelectrodes
and sensors assembling [2].

FIGURE 6: TEM image of a polyaniline-nanodiamond film
composite

4. CONCLUSIONS

The objective of the present research isto extend and
finalize results and competences up-to-now acquired by
our group in the field of carbon nanomaterials to the
redlization of diamond-based devices for bio-related
applications.
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ABSTRACT research. In particular during the last decadesatgr
attention was directed to the preparation of adednc

Blends of carbon nanotubes (CNTs) and polymeric nanocomposites with suitable synthetic polymers and
matrices became common due to their mechanical andjjiers with the purpose to obtain the best phgbiand
physical properties. In particular, the epoxy resiatrix mechanics features.
is an important thermoset polymer widely used fe& t  For example, the use of multi walled carbon nanesub
manufacturing of advanced nanocomposites rangomg fr (MWCNTS) in polymer composites has attracted great
microelectronics to aerospace. attention due to their highly mechanical, thernahd
The uniform dispersion of the CNTs in the epoxyn®at  g|ectrical properties [1-4]. They are widely usedtie
is a crucial point since they tend to cluster aglagerate  manufacturing of advanced nanocomposites in various
as bundles of micrometer sizes losing all the atages  gpplications, from microelectronic to aerospackléie
resulting from the use of a nanoscale filler. Thtt& |t js well known that the carbon nanotubes/polymer
improvement of CNT dispersion in the polymer matsix composites have generally less or only slightlytdset
one of the major still unsolved issues. Beside® th (gsistant than the neat polymer, since the dispersf
capability to create a strong interfacial bond leetw the MWCNTs and /or their adhesion with the matrix are
polymeric matrix and the CNT reinforcement is aeoth \yeqk [5]. The nanotubes tend to cluster or agglateeas
important goal to improve the ultimate mechanical o pyndles of micrometer sizes. For this reason onthef
physical properties in the nanocomposite. bigger difficulties encountered during processinf o
With this aim, in the present paper we studiedefiect — \wCNT-reinforced epoxy composites is the uniform
of improved dispersion of multi-walled CNTs in the dispersion of the MWCNTSs in the epoxy matrix . Yu —
epoxy based nanocomposites. So, pristine, cartwoapi Huan Liao et al. [6] have conducted several expents)
amino functionalized multi-walled CNTs were used as i, order to investigate the factor that could iefice the
nanafillers in the epoxy-based composites. EpoXWEN  cNTs dispersion in an epoxy matrix. Their research
composites were characterized by HRTEM, SEM, regyits have indicated that solvent dilution togetwith
mechanical flexural and Izod resilience tests. sonication are an effective method for improving
These tests were performed both on the neat misteria pywCNTs dispersion and enhancing the mechanical
and on the nanocomposites in order to highlight the yroperties of nanocomposites. First experimentatkwo
CNTs dispersion degree in the composite and/or thefocysing on the interfacial interaction in MWCNT Atia
presence of interfacial bonds between the CNTstaed |55 performed by Cooper et al.: they have found aha
epoxy matrix. Experimental results have shown that  ennancement of the interaction can be achieved by a
presence of chemical groups have improved the CNTschemical modification of the MWCNTS, which could be
dispersion in the polymeric matrix, in particular the jink them directly to the matrix. A reaction betwee
amino ones. As a consequence, the mechanical angnctional groups and matrix enables a stressstean
physical features are higher than the neat epoxth@r  petween the polymer and the CNTs. Various surface

epoxy filled with pristine CNTs treatment techniques have been applied, such datq
in acid solution, dry oxidation in oxygen, anodic
1. INTRODUCTION oxidation, amino functionalized and plasma treatt:ien

[7].
The development of high-quality multifunctional In this paper, we have studied the effects of impdo
materials is the main interest of industrial anddemic  dispersion and the interfacial bonding between imult
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walled CNTs (MWCNTSs) and the epoxy matrix on the
mechanical (flexural and impact) behavior of th@xp
based nanocomposites. With this aim, pristine, @aylic
or amino functionalized MWCNTSs were used to prepare
epoxy-based composites with different loading of
MWCNTs. HRTEM, SEM and FTIR characterizations
were performed in order to highlight a correlatamong

The morphology of MWCNTs was analyzed using an
HRTEM JEOL JEM 2010 analytical transmission
electron microscope (LaBelectron gun) operating at 200
kv and equipped with a Gatan 794 Multi-Scan CCD
camera for digital imaging. HRTEM samples were
prepared by placing a drop of the MWCNTSs dispelised

isopropanol on holey-carbon coated copper gride Th

the chemical-physical properties and the mechanicalformation of the functional groups on MWCNTs was

properties of MWCNTSs/epoxy system.

2. EXPERIMENTAL

Pristine MWCNTs were synthesized by catalytic carbo
vapor deposition (CCVD) from isobutane at 600 °@hgs
Fe/ALO; as catalyst (Fe=29 wt%) according to a
previously reported procedure (purity >95%) [4]isBne
MWCNTs were oxidized with a mixture of sulfuric
acid/nitric acid (molar ratio 1:1 v/v, 98% and 69%
respectively) at 60°C for 6h to obtain carboxylic
MWCNTs. Ammine MWCNTs were synthesized by
heating the carboxylic MWCNTSs in 30 mL of neat gxal
chloride at reflux for 48h in order to obtain the
corresponding acetyl chloride MWCNTs and, ffinally,
were conjugated with 3,6-dioxaoctamethylenediamine.
MWCNTs/epoxy nanocomposites were obtained by
sonication for 2h of pristine, oxide and amino
functionalized MWCNTs (0,4% wt) in an epoxy system
containing DGEBA andGEBF in ratio of 2:1 (Ampreg
26, supplied by Gurit) at 60°C, to make the resssl
viscous (Fig.1a,b).

0 F 0

CH:CH CH0~{())—C—(())-OCH.CHCH:
TN

a)

F=-H; CH;
BADGE, 2,2-his—(4-hydroxyphenyl)propane-his-(2,3-epoxypropyl

BFDGE, diglycidyl ether of bisphenol F

MWCNT nanocomposite

F=-COOH; NH,

Figure 1: (a) Chemical formulation of the epoxy resin
employed; (b) Scheme of formation of the nanoconteesvith
differently functionalized MWCNTs

Then ethanol was added at the mixture that wasated

in an ultrasonic bath for 1h at the same tempegaftinen
the remaining ethanol was pulled out from the nrixtu
putting it under magnetic stirring at 80°C for Zimally
the hardener was added into the mixture in theo rati
33,3:100 by weight and post cured at 50°C for 96h.

verified by Fourier transform infrared spectrophmoéter
(FTIR, ThermoNicolet Nexus 5700) scanning small
amounts of MWCNTs pressed into a pellet with
potassium bromide (KBr). The investigated wave tbng
range was between from 500 to 4000 ‘cnwith a
resolution of 4 cr.

Scanning electron microscope JEOL, JSM 5600 LV was
used to carry out morphological investigations bé t
fracture surfaces. For these tests the resin sampee
coated in vacuum with a very thin gold film to make
them electrically conductive. The electron acceiera
voltage was of 10 kV and the photo magnificatiors wé
100x.
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Figure 2: FTIR spectra of pristine, carboxylic and amino
MWCNTSs in the 1000-2000 cfn(a) and in the 2800-4000 &m
(b) wave length range.

Mechanical flexural tests were carried out at 253Ca
universal testing machine LLOYD LR 10K, with a
crosshead speed of 1,25 mm/min (ASTM D - 790).d1zo
resilience testwas carried out by a CEAST RESIL
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IMPACTOR equipped with a 25J slug (ASTM D - 256 — The amino MWCNTSs are well dispersed and most of the
10 international protocol). Samples have same gaggme nanotubes are shortened (length of MWCNTSs nd

for both mechanical tests: 12.7 mm x 64 mm andwh? (Fig. 3b). The magnified TEM image amino MWCNTs
thickness. The notch for the impact test, 2.5 mm shows that the outer surface is rougher compardtieto
deepness, was performed by a CEAST NOTCHVIS with pristine one as a result of the functionalizaticratment.

a angle of cut of 45°. However, TEM images confirm that the functionaliaat
treatments do not involve significant damages to
3. RESULTS AND DISCUSSION MWCNTSs structure.
The TEM of the oxidized MWCNTs exhibited an
FT-IR analyses intermediate situation among these upper descobéte

FT-IR analyses allowed to obtain qualitative canfition pristine and the amino MWCNTSs.
regarding the occurred functionalization of MWCNTSs.
The weak and broad signals usually obtained inHhe

IR spectra of carbon nanotubes did not allow tdgoer a
deep quantitative investigation, but surely gavefuls
informations about the different kinds of functibna
groups formed on MWCNTSs surface.

Fig. 2 a,b shows the FT-IR spectra of pristine and
functionalized MWCNTSs. For the pristine MWCNTSs the
IR spectrum shows important absorption bands a6 159
cm'® (assigned to conjugated C=C stretching and
associated with the vibration of carbon skeletan3450
cm® and at 1120 crh (corresponding to the presence of
O-H groups due to atmospheric moisture or bland
oxidation occurred during the purification step)gute
also shows that after the oxidation treatments peaks
arose with signals at 1720 ¢nand 1180 ci (assigned

to stretching vibrations of C=0 and C-O groups enés

in carboxylic acids) and at 1400 ¢ndue to O-H bond in Figure 3: Low (a-b) and high magnification (c-d) TEM images
carboxylic group. The results indicate that carbioxy of pristine (sx) and amino (dx) MWCNTS.

groups have been attached to the MWCNTSs.

The FTIR spectrum of the amino MWCNTs sample SEM analyses

shows the appearance of new peak at 1656, evhich
corresponds to amide carbonyl (C=0) stretch.
Furthermore, the presence of band at 2920 cm
(representing the stretching of methylene groupH—¢

of ethoxyethanamine moiety molecules) and the knd
1540 cm' (corresponding to N—H bending) suggests the
presence of amide functional groups (-CONH-) on
MWCNTs. These FT-IR spectra data confirm the I
coupling reaction between the 3,6 =N
dioxaoctamethylenediamine and oxidized MWCNTSs.

_ Pnsi}me CNTs . Amino CNTs

|

HIBQ 100wwm DBEE BB I2 '&t

TEM analyses

The structure and morphology of the treated MWCNTs |
was investigated using HRTEM analységsy. 3 shows
low and high magnification TEM image of the prigtin :
and amino MWCNTSs. The as-synthesized MWCNTs are Figure 4: Fracture surfaces of neat resin (a), of hanocortg®si
held together into bundles due to Van der Waaleefar ~ filled with pristine  (b) carboxylic (c) and aminod)(
The TEM images of pristine MWCNTSid. 3a) shows functionalized MWCNTs.

that the nanotubes are entangled and randomlyteden
their outer surface is smooth with a diameter atehgth
of ~30 nm and 10-20m, respectivelyf(g. 3¢).

0 10 GBRA LB 24 SO

The SEM images ofig.4 show the morphology of the
fracture surfaces of the investigated samples.
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In particular, fig.4a shows that of the neat resin: it Figure 6: Resilience of epoxy based nanocomposites containing
appears smooth, due to the brittle behaviour. Tthero pristine, carboxylic and amino functionalized MWCNTSs

images show the modification of the surface morpbyp! 4. CONCLUSIONS
induced by the presence of the CNFg( 4b) and by the _ _ _ _ _
functional group presence (oxidizeglg. 4c and amino, !N conclusion, in this work we studied nanocompessit

Fig. 4d). The surfaces exhibit a progressive loss oflbritt made by epoxy resin and different kinds of carbon
behaviour and an improvement of ductile behavieur i hanotubes: pristine, carboxylic and amino functieda

the order: pristine < carboxylic < amino. MWCNTSs.
The effect of functionalization was characterizedtigh
Mechanical tests FT — IR and TEM. The analyses have confirmed that

Fig. 5 shows the flexural curves € €) of the different ~ c&rboxylic groups or amino functional groups haeerb
kinds of nanocomposites. The mechanical results@ttached to the MWCNTs. In particular, from the

highlighted that the surface modified MWCNTS impesv observation with the transmission electronic micope

the mechanical features of neat epoxy matrix inotfger: it is verified that the functionalization treatmsrdo not
amino > carboxylic > pristine. involve significant damages to the CNTs structure.
Three point flexure and Izod impact tests wereiedrout
140 . -
—Neatresin on the samples to determinate the mechanical fesatur
120 o =="Pristine CNTs The analyses highlighted that the carbon nanotubes
——CNTs - COOH / . h hanical ist fth t .
100 1 e 2 improve the mechanical resistance of the neat epesin
/ moving from pristine to the amino functionalized T3\

SEM investigation of the fracture surface of the
nanocomposites showed evidence of improvementdan th
dispersion and interfacial interaction of MWCNTsthe
matrix. With the addition of functionalized CNTseth
surfaces exhibit a progressive loss of brittle veha by

Stress [MPa)

Y . é covain 1> i . improvement in mechanical properties.
Figure 5: o-e&curves of epoxy based nanocomposites 5 REFERENCES
containing pristine, carboxylic and amine functilired ’

MWCNTS.
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ABSTRACT

A mixture of polyynes chains of different lengthvaebeen
prepared by laser ablation, in various solvengstisg from
graphite rods. Colloidal solutions are charactelribag the
UV-vis spectroscopy technique. The comparison betwe
the DFT calculated UV-vis spectra of colloids with
experimental one clearly indicates that polyynes the
dominant species produced by the ablation procHss.
optical limiting properties were investigated by th-scan
method, using a nanosecond pulsed |aHee. effect of the
carbon chain length distribution, the solvent pgblaand
acidity was taken into account to explain the retifrthe
optical limiting behaviour.

1. INTRODUCTION

Polyynes represent a unique class of organic congsu
they consists in sp-hybridized carbon chains, arel a
perhaps the simplest apet most intriguing of conjugated
organic oligomers. These one dimensional (1D) riater
deserve special attention as they are consideraplesi
models to build linear molecular conductors duehtair

high = bond conjugation, optical transparency and non-

linear optical properties. To date, formidable betic

2. MATERIAL AND METHODS

2.1. Experimental

Pulsed laser ablation was performed in water, adeie,
methanol and cyclohexane. The target consists in a
graphite rod (99.99% of purity). The ablation wasried

out at room temperature and using the 532 nm prdse

a Nd:YAG laser; each pulse with a power density).&f
Jlent with a repetition rate of 10Hz. The typical
irradiation times of 20 min. A Perkin-Elmer LAMBDZ
spectrophotometer was used to perform the absogbanc
measurements in the 190-900 nm range. To studyahe
linear optical properties of the samples we peréara-
scan measurements [2] using a pulsed Nd:YAG laser (
532 nm, 5 ns pulse duration, 10 Hz repetition raA&er

the nonlinear optical limiting measurements, théicap
absorbance characterization have been again pextoirm
order to test the LCC photo-stability.

2.2. First Principle Approach

The equilibrium geometry of cumulene®H, (3<n<
6) and polyyne HgH (3 < n < 6), monocyano BN
(3<n<5) and dycyano N&GN (4 < n < 5) chains were
calculated, in different solvents, e.g, water, raath,

obstacles have been surpassed and polyynes aracetonitrile and cyclohexane, using the Becke'sdhr

successfully synthesized and their long-term dtghilas
checked [1]. Pulsed laser ablation in a confiniqgit is

parameters exchange functional supplemented wih th
Lee-Yang—Parr correlation functional, B3LYP [3-Zhe

a one step-down procedure to synthesize significantconductor-like Polarizable Continuum Model (CPCM)

quantities of controlled carbon based materialpeatised
in different solvents. In this frame, here we d&cabout
the influence of different solvents with increaspgarity
on the synthesis polyynes (LCC) starting from gitph
rods. In order to identify the species which cdnité to
the linear optical properties, DFT calculations ever
performed to both polyynic series (b8, 3< n< 6) and
cumulenic series (#,H,, 3 < n < 6) in the different
solvents, and monocyano KGN (3 < n < 5) and
dycyano NGN (4 < n < 5) series in acetonitrile.
Therefore, UV-Vis results were correlated with the
nonlinear optical response of produced carbon epeci
Moreover the effect of the solvent polarity anddayi
was taken into account to explain the nature obibtecal
limiting behaviour.

[5] was adopted for calculating the solvent effect.
Ultraviolet-Visible (UV-vis) spectra were investigd by
using the single excitation configuration interans
(CIS) whose results are in good agreement with
experimental data. Eventually, geometry optimizagad
UV-vis spectra were performed by using the 6-311+**
basis set, while D95 (d) basis set was adoptedatuate
atomic charges.

3. RESULTSAND DISCUSSION
3.1. Linear optical properties
In Fig.1 (a,b) are reported the absorption spectra before
and after every Z-scan analysis of the LCCs obthine

water and cyclohexane. Spectra show electronic
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transitions of carbon chains located between 190380
nm. As reported in previous works [6] laser ablatio
water lead to carbon chainsg 8, with mainlyn = 3—4
(seeFig. 1a). Longer chains with n = 6 and n = 445G

that tend to evolve toward spike structures. Moreover,
when laser ablation is carried out in acetonitrile,
addition to H-terminated polyynes, monocyano and
dicyano carbon chains are also present in solutisn

and GH,) produce signals at 200-207 nm and 216-226 already reported by Cataldo [7h this case, for peak

nm, respectively. Methanol (spectra not shown hang)
cyclohexane solution mainly gives longer polyynkains
(from GH, to C,H,), (see Fig.db) with the same chain
length distribution and similar degradation behavio
during Z-scan analysis.

T T T T T T T T
~ Water

- 6 2

4t Z.scan analysis

6 2
-~ - CH,
2" 7_scan analysis
/

L n 1 n 1 n 1 n 1 " 1 n 1 " 1

Absorbance (a.u.)

[ C5H2
st i TG,
1%" Z-scan analysis
/

200 350 550

1
250 300 400

A, nm
.

450 500 600

L Cyclohexane

4t z.scan analysis

2"d 7_scan analysis

Absorbance (a.u.)

400 450 500
A, NM

Fig.1l. Experimental and calculated UV-vis absorption sec

of LCCs produced in water (a) and cyclohexane (dprbeand

after Z- scan analysis. (experimental data arertegan black

continuous line)

350 600

It is necessary to point out that nonlinear optical

measurements require that samples are exposed t

prolonged high density 532 nm irradiations, as a
consequence the UV-vis LCC features little by dittl
disappear. In addition we found that the degradatio
behavior depends on the employed solvent. After
degradation it resulted that cyclohexane and methan
based samples are mainly populated by tkid, @hains
instead water-based sample suffers a gradual dmegea
in intensity of the overall polyyne peaks togethdh a
light red shift. This behaviour can be ascribedthe
degradation products resulting from chain intecai

assignments and for the relative concentrationutation,
were also considered the electronic transitiond®©f,.H

(n = 3,4,5) and NgN (n = 3,4). The LCC in acetonitrile
follows a different behavior: after repeated Z-scan
measures the absorbance features of shorter chain
molecules disappeared and only the fingerprint gHE
and G4H, were detected. All the produced systems fully
degrade after 4-5 cycles of Z-scan measures. Weatea
the relative amount of the different species biynfit the
most intense observed peaks and assuming the same
extinction coefficient for the calculated and expemtal
spectra. As reported ifable 1, the results are in good
agreement with the literature data [7].

Solvents %Hz Cg/ljz C%;()HZ C%;()HZ C%%HZ
Cyclohexane 65 24 8 3 -
Methanol 66 23 7.5 35 -
Water 75 23 traces  traces -
Acetonitrile - 8 9 13 23

Tab.1. Relative abundance of the observed polyyne series in
the different solvents, obtained by fitting the mosntense
peaks and assuming the same extinction coeffidentthe
calculated and experimental spectra.

3.2. First principle calculations

All the calculations were carried out respectivielyvater,
methanol, acetonitrile and cyclohexane but no Siganit
difference is observed among the polar solvents.
Therefore we will henceforth report the data in maebl

(M, polar solvent, 1.70 debye) and cyclohexane (C,
apolar solvent) in order to evidence the effecpolfarity
solvents on LCCs electronic transitions. Atomic rges,
evaluated by means of B3LYP/D95(d), are symmetyical
distributed in all the analyzed systems. It wasmtbthat
the polar solvent increases the negative charggyatue
chain leaving a more marked positive charge onto
hydrogen atoms. The net charge tends to becomeaheut
in the central region of the molecules with inciegsof

the chain length. In cumulenes the net positiveghaf
ﬂydrogen atoms is mainly balanced by the next garbo
atom while in polyynes the two carbon atoms next to
hydrogen are principally involved in the chargeanake.

The Density of States for polyynes and cumulenes is
reported inFig. 2. The gap HOMO-LUMO decreases
when the carbon chain length become lon§eg.2 a,b).

The comparison between polyynes and cumuleRegs2(

¢) show that, in the latter, states move closer rbar
HOMO suggesting a higher electron delocalization fo
this structures. Such features is confirmed bydbon
lengths, here not reported, which tend to beconualaq
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cumulenes, as the number of carbons increase. |@@du
values for the main electronic transitions af,[Polyynes
(zu' — X'zg") and By cumulenes’By, — XA,y are
reported inTable 2 together with the oscillator strength.
Calculated UV-vis spectra in methanol and cyclohexa
show a slightly difference in wavelength absorption
values. Peaks in cumulenes occur at lower frequeritty
respect to polyynes because the energy leveld@serdn
the former, sed@able 2. Such finding is confirmed by the
lower gap values calculated in cumulenes. From
comparison with experimental data, $&g. 1, it results
that HGH (3 < n < 6) are the species mainly present in
solution. The trend of the peaks calculated foyyus is

in strong agreement with the experimental datah suc
values, in fact, differ by a constant from the akpental
ones.

——HC,H (Cyc)
——HC,H (Cyc)

HC, H (Cyc)
——HC_,H (Cyc)

Density of States

-12.5

-100 -75

——H,CH, (Cyc)

——H.C.H, (Cyc)

278 2

H.C. H_ (Cyc)

2710 2

——H.C_H, (Cyc)

2712 2

Density of States

Density of States

i

0 T T T U U T T
50 25 00 25

E (eV)
Fig.2. Density of States (DOS) are reported for polyyf@@sand
cumulenes (b). and their comparison in reporte@)n

5.0

UV-vis spectra of monocyano and dicyano carbonnzhai
are also evaluated in acetonitrile since the pasenf
such species has been detected in this solvent.

For these compounds, calculated absorption wavitleng
are partially in agreement with experimental values

(a) A fealc (b) A fealc
CH,(C) 1938 42 @H,(C) 3133 1.9
CH, (M) 1867 43  @H,(M) 2978 17
CH,(C) 2221 57 @H,(C) 3710 26
CeH, (M) 2136 58 GH,(M) 3524 2.3
CiH»(C) 2485 69 GH,(C) 4264 35
CiHa (M) 2389 7.1  GH,(M) 4019 3.0
CiH,(C) 2484 81 GH,(C) 4784 45
CiH, (M) 2725 80 GH,(M) 4536 4.0

reported by Scemama et al. [8], while differ frdme data
reported by Cataldo [7].

Table 2. Wavelengths (nm) and oscillator strengths of & th
first (*zu* « X!zg") transitions in the HEH series in
methanol (M) and cyclohexane (C) and b) the first,
XlAlg) transitions in the HgH series in methanol (M) and
cyclohexane (C)

3.3. Z-scan analysis

The optical limiting efficiency of the samples was
investigated by means of Z-scan measurements. The
nonlinear mechanism is activated at a fluence &#/6nf,

0.2 Jicm and 0.1 J/cA respectively for the samples
prepared in water/acetonitrile, methanol and cielame.

To exclude any contribution to the optical limiting
performance due to the solvents, we measured their
transmittance and find that it remains unchangedrat

1.A direct correlation seems possible among theéncha
length, the solvent polarity and the nonlinear shred.

The LCC/methanol solution has the longer chain téed
lower nonlinear threshold. LCCs in water and acétite
showed the same threshold fluence. The acetonitrile
solution is populated by longer polyyne chainsrefere

we expected a threshold value comparable to those
obtained for LCC prepared in methanol and cyclohexa
populated by longer chains. However, also the piese

of monocyano and dicyano polyynes and the highest
acetonitrile  polarity strongly affect the nonlinear
response. Fig. 3 shows the normalized transmittance
curves as a function of polyynes sample positiorthim
open and closed/open aperture, respectively. ThésLC
prepared in water, methanol and acetonitrile, stoow
saturable absorption (SA) and self-defocusingetdfe
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Fig. 4. Normalized transmittance as a function of sample
position in the open aperture, after repeated mmeasants.
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Fig. 3. Normalized transmittance as a function of sample

position in (a) open and (b) a closed/open aperture
configuration.

Being the measured; value negative, we can conclude different polarity. A systematic analysis of the DF
that the effect may be easily explained as a lbeating  computed structural and electronic response of both
due to conversion the energy absorbed by the pelyyn polyynic and cumulenic model molecules as a fumctid
into heat and a local increasing of the liquid terature  the solvents with different polarity was also cedriout.
which, in turn, induces a local density reductioithva  The comparison between the calculated UV-vis spectr
refractive index change. The LCC solutions prepared  with experimental one clearly indicates that poBgmvith
cyclohexane show an increased transmittance indgcat different chain length are the dominant speciesipced
saturable absorption (SA) mechanism, both in opeh a by the ablation process. On the overall, we dematest
closed/open aperture configuration. In the focugiorg that both solvents with different polarity and eh&ngth
the high energy density is able to promote the &ion distributions have a driving role in the nonlinesptical
of carbon chain anions,’C[9]. These species absorb in response. Regarding the nonlinear mechanisms, rgeha
the 400-800 nm wavelength range and cannot bewdiber from RSA to SA was observed as function of botivesad
in the UV/VIS optical measurement because of theiy polarity and acidity.
short lifetime, barely limited to the time of thaskr
action. The same effect cannot be observed in the
samples produced in a polar solvent. In this cése,
negative species are promptly neutralized by aoprot
transfer due to the acidity of polar solvent ameyréfore, [1] J. F. Xu, M. Xiao, R. CzerwChem. Phys. LetB89 (2004)
the saturable absorption phenomena cannot takes.plac 247-250.
The nonlinear refraction index,nand the nonlinear [2] E. Fazio, F. Neri, S. Patane, L. D’'Urso, G. Cagpini;
absorption coefficien (which, in turn, gives the real and Carbon49 (2011) 306-310.
the imaginary part of the susceptibility®) were  [3] C. Lee, W.Yang, R.G. ParRhys. Rev. B87 (1988) 785-
estimated frorr_1 th(eS) Z-scan Qata. On the overall,rgese [74%9"5\.& Becke:J. Chem. Phys98 (1993) 5648,
that the resulting values increases from 3Xi’0esy [5] M. Cossi, N. Rega, G. Scalmani, V. Barore: Comp.
for LCCs in polar solvents to 1.0Xtesu for LCCS in chem, 24 (2003) 669-681.
cyclohexane. These values are comparable to onegs] G. Compagnini, V. Mita, R.S. Cataliotti, L. D'Urs®.
reported for single wall carbon nanotubes [10],chtare Puglisi; Carbon45 (2007) 2445-2458
considered good optical limiting materials. Moregve [7] F. Cataldo;Tetrahedron60 (2004) 4265-4274.
after several irradiation, the optical limiting taefour is  [8] A. Scemama, P. Chaquin, M.C. Gazeau, Y. BéniGmem.
still activated, as shown iffig 4. The Z-scan data Phys. Lett361, (2002) 520-524.
remain almost unchanged even if the normalized !9 P- Freivogel, M. Grutter, D. Forney and J.P.yda J.
transmittance values are reduced as well as thealbve Chem. Phys107 (1997), 4468-4472

L . [10] J. Seo, S. Ma, Q. Yang, L. Creekmore, R. Battle,
absqr_bance ones. This indicates a relatively gdusiop Tabibi, S. Jung, and M. Namkung,Phys:Conf Ser 38 (2006)
stability of all the samples under prolonged nanosd 37-40.
laser irradiation. The transmittance decreasingaielr
is obviously ascribed to the decreased LCC conagotr,
independently on the $plegradation products present in
solution

5. REFERENCES

4. CONCLUSIONS

In summary, linear carbon chains were successfully
produced by laser ablation in liquid and thkiear and
Nonlinear optical properties were univocally captliby
UV-vis and Z-scan measures as function of solvents

63



CARBOMAT 2011

INFLUENCE OF THE MICROSTRUCTURE OF CARBON NANOTUBES
ONTHE CATALYTIC WET AIR OXIDATION OF P-COUMARIC ACID

E. Fazio', E. Piperopoulo$, S.H. Abdul Rahinf, M. Lanza®, S. Santangeld
G. Mondio®, F. Neri*, C. Milone?

! Dept. of Matter Physics and Electronic Engineeribigjversity of Messina, Italy
2 Dept. of Mechanics and Materials, University “Metiianea” of Reggio Calabria, Italy
3 CNR, Inst. for Chemical Physical Processes, MesSiction, Italy
* Dept. of Industrial Chemistry and Materials Enggriag, University of Messina, Italy

" E-mail: cmilone@ingegneria.unime.it

ABSTRACT

Chemical composition, bonding configurations anckeh
fold- to fourfold-coordinated carbon bonding ratibpris-
tine and annealed MWCNTSs are investigated by means
X-ray photoemission and reflection electron enelags
spectroscopy in view of their use as catalysts tdsvéhe
degradation of p-coumaric acid. Preliminary resoltheir
catalytic efficiency are also reported.

1. INTRODUCTION

The incessant and rapid increment of human pojulati
causes a continuous increase of fresh water defeeind
industrial and domestic activities, thus calling fine
development of technologies to be used for thertreat
of wastewater and recycling. Olive mill water (OM\¥)
an agro-industrial waste featured by a high organic-
tent [1]. The presence of polyphenols at high caotree
tion leads to a serious concern for OMW direct duidal
treatment. Among the manifold oxidation processes p
posed for the abatement of bio-recalcitrant phermim-

2. EXPERIMENTAL

MWCNTs were prepared by catalytic route. Chemical
vapour deposition (CVD) of isobutane (o) was car-
ried out over AJO; supported Fe catalyst (iron loading:
29wt %). Catalyst (0.5) was placed in a quartz boat
inside a quartz tube located in a horizontal eiedtrr-
nace. It was reduced at 500D under a 1:1 K-He
120sccm flow; after h, the temperature was raised to
600°C, and then the helium was replaced by isobutane.
Synthesis reaction was carried out under a 1:1 i-
C4Hg+H, 120scem flow for 2h.

After synthesis, raw products were cooled to roem-t
perature (RT) under inert (He) atmosphere and subse
guently treated with a solution of NaOHN1) at 80°C to
remove alumina support and with a solution of HOW}

to eliminate residual iron particles.

Purified sample were finally washed with distillecter
and dried at 80C for 12h. A part of it was annealed in
inert (He) environment at 95C for 2h.

Chemical composition and mass density of pristind a
thermally treated MWCNTs (p-CNTs and t-CNTs, re-

pounds present in OMW, the catalytic ones allow SPectively) were investigated by means of XPS and
working under milder oxidation conditions (pressure REELS using a VG ESCALAB vacuum system.

temperature). Recently, we have demonstrated thkim
walled C nanotubes (MWCNTS) are efficient catalysts
the catalytic wet air oxidation (CWAQ) of p-countri
acid [2], a molecule whose chemical structure asely
related to that of bio-recalcitrant polyphenoliadtion
present in the olive oil processing waste wateth Wwet-
ter performances than the widely used activatetbarar
[3]. Here, we report on the characterization oftme

The Al Ka radiation (1486.8V) of a conventional twin
anode Al/Mg ku was used as a source for the XPS meas-
urements. Excited photoelectrons were analysed by
means of a VG Scientific CLAM 100 hemispherical -ana
lyser.

REELS measurements were carried out using a VG
LEG61 electron gun. The primary electron energy was
2.0keV; the incidence angle was always about 40° from

and annealed MWCNTSs catalysts by means of X-raythe normal to the sample surface. The gun curres w
photoemission spectroscopy (XPS) and reflectior-ele about 10nA, while the pass energy of the analyser was

tron energy loss spectroscopy (REELS). Our aimsare
monitor the composition of the carbon-based mdseria
study the specific bonding configurations and téerin
information about the change of the threefold/folaf
carbon coordination ratio. Preliminary results &ie t
measurements of the catalytic efficiency of pristand

set at 2@V. The acceptance angteof the analyser was
approximately 3°. Under these conditions, the diera
energy resolution, as determined from the shape
(FWHM) of the elastic peak of the REELS spectrurasw
approximately 0.@V. During measurements, the analy-
sis-chamber pressure was in the’Ha range.

annealed MWCNTs towards the degradation of p- The crystalline arrangement was investigated bysorea

coumaric acid (PCA) are also reported.

ing Raman scattering excited at 2eAl
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Fig. 2. C 1s, O 1s and Fe 2p XPS spectra of pristine sample.

3. RESULTSAND DISCUSSION
3.1. XPSanalysis

Figure 1 shows the wide-scan spectrum for the ipeist
MWCNT sample. The spectrum of the treated one looks
quite similar.

Figure 2 displays the Cls, Ol1s and Fe2p high-résalu
XPS spectra of the pristine sample. The core IN€ls
peak is located at 284.5+®Y, as in the case of the C
bulk material. The Ols structure exhibits two disti
components centred approximately at 530.2#¥.1land
531.9+0.1eV, ascribed to C-O and O-H bonds,

p-CNTs t-CNTs
From xc (%) 91.1 88.0
XPS Xo (%) 6.3 8.9
Xee (%) 2.6 3.1
From E, (eV) 23.30 24.07
REELS E, (eV) 4.9 4.9
Nyat (CNTY) 3.94.16° 4.20-16°
p (g cn1) 1.765 1.818
Nc (atoms cnt) 8.96-16° 9.2410%
[C-C sp] (%) 0.632 0.592
[C-C sp] (%) 0.368 0.408

respectively. The characteristic components,2pnd
2p1,, located respectively at 710+@Y and 725+0.&V,

are detected in the Fe2p structure.

From the area of the above peaks, by using progesi-s
tivity factors, the concentration of each elemesah be
inferred. The composition of p-CNTs and t-CNTs eerr
spondingly obtained is reported in Tab. 1.

After carbon, oxygen is the most abundant chensipat
cies in both the samples. Moreover, traces of iron
(nanoparticles encapsulated by carbonaceous layers
sucked into the tube channel during CNT extrusiod, a
hence, escaped to the post-growth purification gthpare
detected, in agreement with results of previoudyaea
[2].

As expected, annealing at 98D introduces some
changes in the chemical composition of the MWCNTSs.
Temperature-programmed analysis carried out on the
pristine sample [5] has evidenced the presence\cral
groups (carboxylic acids, carboxylic anhydridesg-la
tones, phenols and quinones/carbonyl groups).ylizat
chored at the defect sites on its surface. Theaadenent
reflects onto an upshift of the Raman G-band from
1576.6cm tin p-CNTs to 1579.6m ™ in t-CNTs (spectra
not shown for briefness). The smaller atomic cotreen
tion of C in t-CNTs (88%vs 91%) is consistent with the
thermal decomposition of these surface functioieslit

Of course, lowering of the C concentration in t-GNT
reflects on increased relative weight of the enatabed
iron (Tab. 1).

Although the O concentration should decrease toagw
to the detachment of oxygenated surface groupspn-an
crease is observed. Inertness of the environmedn u
which annealing is performed, rules out the ocawreeof
iron oxidation during the process. Thus, the ordggibil-

ity is that the increased relative weight of theygen,
contained in carbon-coated (previously oxidiseanr
nanoparticles, masks the expected decrease. This hy
pothesis is fairly compatible with the presencemierly
detected [4], of C-encapsulated ,8¢ nanoparticles
within the purified reaction products.

3.2. REELSanalysis

In its simplest description, the REELS spectrum ban
considered as a linear combination of the bulk sind
face contributions,Im(-1/¢) and Im(-1/(&+1)), ex-
pressed in terms of the complex dielectric constaoft
the analysed material [6].
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Fig. 3. Bulk loss functions of (a) p-CNTs and (b) t-CNTs, as Fig. 4. The real €) and imaginary £) parts of the complex
derived from REELS at a primary energy of 2.0 keV. dielectric constant of t-CNTs as deduced from the BLF of

Fig. 3.
In particular, when the wavelength, of the impinging 9

electrons is much lower than their mean free patn 57
the solid, the surface contribution may be consider
negligible and the measured spectrum can be caeside
as built up exclusively by the bulk response. lasgnt
case, being1=49A and A of the order of 0.24, this
condition is satisfied. Consistently, the intensitio
between surface- and bulk-contribution is evaluatebe
about 1.4%. 14
Figure 3 displays the bulk loss functions (BLF®ddced

by the REELS spectra measured in p-CNTs and t-CNTs 0 : : : : |

for a momentum transfer of 0.182". The main feature ° ® 0 % % 190

. . o energy (eV)

is the plasmon peak, due to collective excitatiohsa-

lence electrons. It is centred at about 2880n case of Fig. 5. The effective numbeng; of electrons involved in inter-

the pristine Sample a.nd at Sl|ght|y hlgl@r(2407eV) in band transitionssthe energy values.

the BLF of the annealed one. The small plasmon peak

upshift in t-CNTs is due to the increased densftya 3.2.2. Dielectric constant and effective electramier

lence electrons. Furthermore, the dielectric constant of the inggztd

The slight slope variation, visible on the loweesy samples has been deduced from the experimental BLF
side of the peak (at ~4€%/), corresponds to the carbon  spectrum, assumed to be coincident witi-1/¢).

resonance. In addition, a weak bump ascribableetisF  After the evaluation oRg-1/£) via a Kramers-Kronig
detected at 8.6V. Arrows point these features in Fig. 3. transform, the values of the complex dielectricstante
Moreover, in both the samples, a strong peak, eéntr have been extracted. Results are shown in Fig. 4.

around 5&V, is detected in correspondence of the Fe3pFrom the values of the dielectric constant, theaie
ionization edge [7]. Its presence suggests thatlitiee numberng of electrons involved in interband transitions
shape of thetandm+c plasmon resonances is probably is then inferred (Fig. 5).

affected by Fe contributions, even if they are gdiby  For pure carbon such a number tends to saturdtelat-

Neff

the low percentage of this metal (not exceeding63.1 trons (C total valence electrons) at high energies
In any case, present results seem to be in a gg@®a (60-100eV). In present case, the saturation approaches
ment with those reported for distant small diameiar higher values sinceg is affected by contributions of O
gle-walled carbon nanotubes and small momentuns{ran and Fe electrons.

fers [8,9].

3.2.3. Mass density and carbon bonding fractions

3.2.1. Valence electron density Following the procedures described in Ref. [6],nfro
After having properly subtracted the elastic peaét the  results of XPS and REELS analyses the mass dewfsity
secondary electron background [10], intrinsic prtips the material, as well as the differently hybridis@®ond-

of the sample can be deduced from the BLF. In@arti  ing fractions, can be evaluated.

lar, under the free electron approximation, knowe t Taking into account the chemical composition of the
main plasmon positiofE,, the valence electron density samples, as resulting from XPS analysis, their miass

Nvai, Can be estimated using the Drude formula, sity (o) is estimated by using the following relationship
N, =ME, /478" = 7250107 E;(eV)- P = (X Pe + X6 Py + XeoPr) /N (XN + X0 + X )

Values ofn,, obtained for p-CNTs and t-CNTs are re- wheren,, represents the valence electron densityle-

ported in Tab. 1. note the percentage concentrations of the threasafg
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indicate their atomic weighty; stands for the number of
valence electrons per atom aNg is the Avogadro num-
ber. The values op obtained, reported in Tab. 1, are
consistent with the different valence electron dgnsf
the two samples.

The fraction [Csf] of threefold coordinated C atoms is
determined from the energy position (abouted/9 of the

7 plasmon, as already reported by other authord)[8,9
via the Drude relationship, considering a statiesning
factor (0.280) ornrrelectrons due to the remainiagones
[6]. Then, the fraction [CSp of fourfold coordinated C
atoms  straight results from the  condition
[Csp’+[Csp?] = 1. The values of [CSpand [Csf] ob-
tained are reported in Tab. 1.

From the analysis it is evident that, after the eating
process, the Spcarbon phase slightly increases at ex-
penses of the $pne.

This change is probably due to the relative in@eas
dandling bonds/pyramidal anchor sites left behipdhe
decomposition of surface functionalities upon afinga
This hypothesis is supported by the indicationsrging
from Raman analysis. The intensity of the D-bandrn
sifies relative to the G-band, signalling the irase of the
defect density in the graphitic tube walls (the DiEen-
sity ratio increases from 1.78 in p-CNTs to 1.83tdin
CNTs). This is not surprising because, as knowr,[11
MWCNT graphitisation by annealing, involving lattic
defect healing, starts at 1500 and completes at much
higher temperatures 200°C).

3.3. Degradation of p-coumaric acid

CWADO of PCA is carried out in an autoclave (Pardelo
4560) at 80C, in air, at a pressure oPa. PCA aque-
ous solution with a concentration 40/, corresponding
to the maximum solubility of PCA in water at 25, is
used. The amount of catalyst (p-CNTs or t-CNTSs)
0.5g. The residence time is fixed ahfs. Further ex-
perimental details on CWAO of PCA can be found else
where [2].

The catalyst efficiency toward the removal of thigamic
carbon is evaluated by measuring the total orgeenibon
(TOC) content in the solution by means of a TOC-ana
lyser (Shimadzu 5050).

Pristine MWCNTs show higher efficiency towards or-
ganic carbon removal. In facATOC(%) obtained after
5hrs with p-CNTs catalyst is 85.3%, while it lowdrs
66.0% over the annealed sample.

This result proves that the elimination from théabest
surface of the carbonyl type groups (whose rolethm
catalytic activity of carbon materials, is due hbeit capa-
bility to generate oxygenated radicals [3]) redudes
~23%, the capacity of the catalyst to degrade dcgan
compounds.

The residual degradation capacity of t-CNTs catalys
might be related to the (intrinsic) curvature ofpnene

is

sheets. In fact, curvature would force the (tripbordi
nated) atoms to deviate from their preferentiajanial
planar sp bonding configurations and to acquire some
pyramidal sp character with partial occupancy of the
fourth sp orbital. Due to this constrain, greater electronic
localisation and, hence, negative region and loomisa-
tion energies are computationally predicted [12fiok
makes these sites the most favoured ones for aktack
electrophiles, such as oxygen.

4. CONCLUSIONS

Pristine and annealed MWCNTSs are evaluated as cata-
lysts towards the degradation of PCA. Preliminasuits
on TOC removal show that the catalytic efficienoyérs
after thermal treatment.

The results of XPS, REELS and Raman analysesgdarri
in order to clarify the origin of the different gemrmance,
evidence a decrease of the C content in t-CNTssison
tent with the elimination of the surface groupsaived in
the catalytic activity, and a slight increase o #p car-
bon phase at expenses of thé epe, likely responsible
for the catalytic activity of the annealed sample.
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ABSTRACT parameters such as electrode size, discharge turren
values, applied voltage and liquid environment tyea

Carbon nanotubes (CNTs) can be produced by severainfluence the structural quality of the nanotubesg.(
techniques, each of them owns its pros and con@n@m presence ofcarbonaceous impurities, innermost tube
them arc discharge in liquids allows to obtain vgopd diameter, number of walls) and a proper combinatibn
structural quality, even though it is still pootyderstood  these parameters allows to control the synthesGNFs
as concerns the process itself and the role adigeharge  and/or CNT-linear C chain hybrid systems [6,7].
parameters on the controlled formation of differkinds
of nanostructures. The control of the propertiesthsf 2. EXPERIMENTAL
produced materials requires a systematic studyhef
arcing process and the role of discharge paraméfées  The discharge apparatus is formed by two high yurit
have investigated the formation and the morpholofly (99.99%) graphite rods, used as anode and cathode,
the C deposit on the cathode, after arc dischagteden submerged in LBl to create an inert ambient and
two graphite electrodes immersed in liquid nitrag€he connected to a DC power supply. Several samples wer
deposit consists of disordered carbon structurethat  produced changing the electrode diameter betwesmd5
bottom and on the external part of the depositniiog 10 mm and, for each case, the current has beeadvari
like a bowl, and a core of randomly oriented mudtiwv  between 15 and 80 A, keeping the voltage at 25 V.
carbon nanotubes (MWCNTSs), aggregated in severalFor another set of samples the arc discharge ferpezd
pillars. In particular, as concerns the MWCNTS, hveve by supplying a voltage between 15-45 V, limitinge th
observed that a suitable choice of the dischargemaximum current value to 80 A. Other details aneeqi
parameters allows to achieve a good control onr thei elsewhere [3-5]
structural properties (innermost and outermost diam The structural characterization of the samples was
number of walls, formation of linear C-chains, pt& performed by scanning electron microscopy (SEM),
comparison between nanostructures produced by ardransmission electron microscopy (TEM) and Raman
discharge in liquid nitrogen and de-ionized water i spectroscopy.
shown.

3. RESULTSAND DISCUSSION
1. INTRODUCTION

A morphological analysis of the C deposit formingthe
Arc discharge in gas environment is commonly used f cathode was performed as a function of voltage and
the synthesis of carbon nanotubes (CNTs), evengthou current values used for the arc discharge. We wbder
the process itself is not fully characterized amel iole of the presence of two different regions: a kind ofvbo
the discharge parameters on the formation of differ consisting mainly of disordered C structures, agpgan
kinds of nanostructures is not well defined, esgcin the colder regions of the cathode surface (Fig; e
the case of arc discharge in liquid. A morphololjica other one made of CNTs, forming in the hotter ragi6
analysis of the carbon deposit formed on the catteath the cathode surface and well packed into pillaig. (Eb).
give some useful indications in order to understahdt The pillars at higher magnification show to benfed by
happens during arcing and how the formation ofedét carbon nanotubes randomly oriented, as reported in
structures and their spatial distribution are iefloed by  Fig.1c. Size and sharpness of the pillars, as aglthe
the process and the plasma conditions. Such asalys CNT structure, depend on the voltage applied td tta
reported in the case of arc discharge in gaseouslectric arc [4,5]. Fig. 1d and Fig. 1e show typica
environments [1,2] some years ago and a qualitativenanotubes obtained applying a voltage of 25V and 45
explanation of the structural differences betwéendore respectively. A statistical distribution study ohet

and the shell of the deposit was given. diameter size obtained by TEM analysis are reported
In this paper we have investigated the case of ibsle  elsewhere [8]. They suggest that amount of CNT# wit
obtained by arc discharge in liquid nitrogen gh,Nand innermost diameter smaller than 1 nm decreases from

correlated our experimental results to experimental 63% to 23.5%, as the voltage is increased from @p\to
parameters. In particular, we have shown [3-5] that45V. At the same time, the number of CNTs with
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outermost tube diameter between 5 nm and 10 nra risesmaller diameters and lower amount of impurities.(F
from 33.3% for a voltage of 25V to 56%, for a disae 2¢).
voltage of 45V.

e (a)

4 —e—rod 5mm
L —a—rod 6mm
| —=—rod 10mm||

0.2 — % L

0.0 T T T T T
10 20 3 40 50 &0 70 80 a0

Current |A)

| - TR

Fig.1: SEM images of (a) a typical C deposit crosstion
obtained for an applied voltage of 25V and a disghaurrent
of 80A, (b) higher magnification of the core of tldeposit
formed by pillars, (c) CNTs randomly oriented insitiee
pillars. TEM images of characteristic nanotubesiigd for an
applied voltage of (d) 25V and (e) 45V.

So, if we compare the two samples, we observe thai
CNTs produced at 45V have, on average, larger
innermost tube diameters and smaller outermost tube
diameters, that means fewer walls than the onesupex Fig. 2: (a) Tr_end of J/lg ratio versus the discharge current
at 25V, as shown in Fig. 1d-e. values, for _dlfferent e_Iectrode couples. SEM imagésthe
However, the kind and the quality of CNTs produced Z?:T\:V%er:(?;a\;v?tidaa&grﬂgf’e?(;OltsggrgInZ:nvdagd mrof S0A
inside the pillars not only depend on the applietiage, () (©

but they are strongly influenced by electrode sirel
discharge current values. We prepared differentpizsnm
for different couples of electrodes changing theesi
between 5 and 10mm and the discharge current betwee
15-80A. The results achieved by Raman spectroscapy
be summarize in the graph reported in Fig. 2a. An
increase in the electrode size and/or in the digeha
current determines a better quality of the nanctuas
shown by the reduction of thg/lg ratio in the Raman
spectra. This trend is evident also in SEM images
showing how, for a fixed current value (e.g. 50#E use

of a small electrodes (5mm diameter each othedsl¢a

the formation of nanotubes with a bamboo-like Strrees

The experimental results obtained are in good ageeé
with the theoretical model proposed by Gamaly ef9l
about the growth of carbon nanostructures by arc
discharge.

Then, an accurate choice of the experimental pamame
and geometrical configuration allows to obtain patst
formed mainly by carbon nanotubes with specific mea
characteristics. In particular experimental cordig,
reported elsewhere [6,7], it is also possible tdaivb
hybrid systems formed by linear C chains inside GNT
The high quality of the structures and the preseoic
high amount of nanotubes with an innermost diameter
. . . smaller than 1 nm has allowed us to observe radial
aﬂd a big amount of impurities (amorphous C stnesl)) breathing modes (RBM) in Raman spectra also for
Fig. 2b. MWCNTSs, due to the vibration modes of innermost

ghte use OIh eI::ctrodt_es W;tu_ Iﬁrger I_diametetr mggmm) tubes. The correlation between one RBM feature dmss
etermines the formation of high quality nanotu the L-band, never observed before in the literature
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permits to point out the formation of linear C ¢fwin
CNTs having a diameter of 0.7 nm, so that the dista
between the atoms in the chain and the inner walfual

to the distance between two graphite planes, asctag

[6].

Another feature extremely important is the choi€¢d¢he
liquid in which arc discharge takes place. The afsde-
ionised water (DI-HO) instead of LN as liquid
environment for arc discharge, causes the formadibn
different structures. In particular, a SEM chareztgion

of the C deposit, not reported here, allows ushseove,
besides tangled MWCNTs and other smaller carbon
nanostructures, the presence of several graphgeesia
that are not produced in such large amount whengis
conducted in liquid nitrogen. In particular MWCNTs
appear bent, tipped and/or with the external wabsned.
TEM observations, reported in Fig. 3, confirm thegk
rate of nanotubes containing several defects (wainl
pentagon and heptagon defects) [#€§ponsible for the
CNT bending, the non-simultaneous capping of the
different tubes belonging to the same MWCNT, arel th
existence of graphene layers.

We believe that hydrogen and oxygen atoms present i
water play an important role in the formation ofedits in
nanotubes. In particular the formation of graphkyers _ _ _ ) o
can be due to hydrogen atoms that contribute to thef!9- 3: TEM images of C deposit obtained by arc fuisge in
saturation of dangling carbon bonds on the bordérs de-ionised water: (a) nanotube containing seveeftals and
graphitic planes, and prevent their rolling and the (b) graphene layers
formation of closed structures [11].
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ABSTRACT electrodes consisting of carbon nanotubes added to
binders, and dispersed into suitable polymer hi@gtdn

The development of nanostructured materials opered such a contest the development of characterization
frontiers in the realization of sensors employednany systems is a key issue in understanding material
fields and applications. Thin and thick films ohsgive properties and in the optimization of sensing filfos
materials are widely employed in the productions of sensors. In this work, it is reported the develeptof a
resistive or capacitive sensors. In this worksitéported  low cost measurement setup for the temperature
about the electrical characterization versus teatpeg of characterization of the sheet resistance of sgadilims.
MWCNTS/PDDAC based sensitive film and about the The system is an useful aid to understand the hetnav
development of a low cost measurement setup for theof sensing materials working at low operating
temperature characterization of the sheet resistaic  temperatures up to 100 °C and for the developmedt a
sensitive films. The system is an useful aid toausthnd characterization of sensors working at room terntpega
the behaviour of sensing materials working at low without any needing of integrated heaters. Here are
operating temperatures up to 100 °C and for thereported preliminary characterization of thin films
development and characterization of sensors working obtained by rubber stamp printing on a glossy paper
room temperature, without any needing of integrated conductive ink developed by dispersing high punitylti
heaters. Here are reported experimental resulerdet walled carbon nanotubes into aqueous solutions of
humidity sensing films fabricated by rubber stamp PDDAC (poly(diallyldimethylammonium chloride)).
printing on a glossy paper substrate of an ink thase

multiwalled carbon nanotubes (MWCNTS) and dispersed 2. EXPERIMENTAL
in a solution of PDDAC (poly(diallyldimethylammoniu
chloride)). The four probe technique is a well-known method fo
the characterization of the sheet resistance of
1. INTRODUCTION semiconductors, but it can be employed in the atadt

characterization of films composed of different ematls
The impact of sensors in the everyday life is well with sensing properties[8]. The developed systeamiall
consolidated, the growing of market of such devicesin line four probe characterization setup, the shee
brings new challenges in developing new materiald a resistance is measured by reading voltage and rtusse
technologies for the fabrication of low cost andvlo described in Figure 1 and by deembedding the sample
power consumption devices. Nanomaterials are widelyshape and dimensions by means of correction factors
employed in the development of gas sensors, theyea !

used in several configurations spanning from thilims O
[1] to nanowires for sensor arrays[2]. PN -
Since their discovery by lijima [3] carbon nanotsbe '@'
(CNTs) have emerged among innovative materials

because of the variety of technological applicatitimey

find, spanning from flexible energy storage devigggo

sensors [5]. For practical uses, self standingctiras or

films based on CNTs can be obtained by direct gnawt SENE S & 0
suitable substrates, using high-temperature chémica ;

vapour deposition. Other approaches are basedjoid li @
phase deposition of surface functionalized CNTsfeg8e X

functionalization has the effect to improve wetlipand

dispersion stability, when CNTs are dispersed inesud

with the aid of surfactants or polymers [6]. Recent Fig. 1. Scheme of “all in line four probes” measueat set-up.
applications in biosensing, use screen-printed CNTs
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By wusing the four-point probe method, the
semiconductor sheet resistance can be calculated:
R =FY

where V is the voltage reading from the voltmeter,
is the current carried by the two current carrypngbes,
and F is a correction factor. This factor can begoted
taking into account the dimensions of the sampldeun
test (for a squared sample the dimension of a sdd)
the probe spacing (i.e. the distance between aepaoll
the closest one). For collinear or in-line probéhwqual
probe spacing, the correction factor F can be ewritds a
product of three separate correction factors:

F = F F,F,deembedding the finite sample thickness,

the finite lateral sample dimensions, and the pteg of
the probes with finite distances from the samplgesd
respectively. For very thin samples with the probemg

far from the sample edgeF, =F;[]1, and the
expression of the semiconductor sheet resistancebea

written as:g_ TV,
In2 |

The temperature is monitored by a PT100 Platinum
resistance sensor and settled by means of an AGi&G31
power supply; an automated switch can change the
supply polarity to the Peltier cells changing tha#/told
configuration of the side in thermal contact withet
sample and consequently achieving a more efficagk
fast temperature stabilization. The feedback isstigped

by a PID (Proportional Integrative Derivative) algom,
both the control and the measurement procedures wer
developed with Agilent Vee development tool and EEE
488.2 protocol. The software is able to handle two
Keithley source meters (2400 and 6487) for medimoh a
high resistance value measurements. A CMOS caditirat
sensor (SHT21 by Sensirion), able to measure atatde
both the temperature and the relative humiditysisd to
check the environmental conditions into the measerg
chamber where is placed the thermal chuck with the
sample holder.

3. RESULTS AND DISCUSSION

The samples under test are made of substratesd\gl

The probes used in this work have a spacing of immpaper with rubber stamp printed films of an ink

and a contact area of 1rimthey are realized by parts of
surface mounting device (SMD) connectors and aan b
contacted with calibrated screws to modulate thetami
pressure on the sample. The software is able tguatem
the right correction factor just by inserting tHendnsions
and the shape of the sample under test.

In Figure 2 is reported the block diagram of the
measurement system, the main part of the thermalkch
is composed of two stacked Peltier cells. By meains
this apparatus it is possible to perform measurésniera
temperature range spanning from -20 °C to 120 8 wi
resolution of 0.2 °C.

PC

IEEE-488 | RS-232

r 3

MULTIMETER
“734401A

v
RS-232

SENSIRION
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AN

METER K2400 u
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L7 \AAA
PT100] TE ST FILM
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I

POWER
SUPPLY 3631A

RN AN

HEATSINK

Fig. 2. Block diagram of the realized system

developed by dispersing high purity MWCNTSs (Baytsibe
C150HP supplied by Bayer) into aqueous solutions of
PDDAC (poly(diallyldimethylammonium chloride)).
They were prepared in 10x10 mm squared shapes and
contacted as described in the previous section. The
electrical characterization of the developed samplas
performed using a Keithley 2400 source meter.

Figure 3 shows the dependence of the sheet neststd

the sensitive film versus temperature and humidity
values; at a fixed temperature value an increasihg
humidity brings to a consequent increasing of thees
resistance, while at a fixed humidity value an @asing

of temperature brings a decreasing of sheet resista

_ -a = RH=50%
g 500 - e RH=40%
3 " . v RH=30%
5{ Cee. . -

480 + L]
g e, =,
8 ®e "a
S 460 - vwv vv "m
o v v -
o v Vv ..- L
o Vv L] -
[} L]
o 440 YVvy .0:'
- Vv [ ] -.
g veitis
< v
0 420 -

T T T
40 60 70

Temperature[°C]

T T
20 30

Fig. 3. Characterization of the sheet resistancéwsidity and
temperature.

When the temperature is fixed, an increase in RH
represents an increase of water vapour partialspres
(absolute humidity). This leads to an increaséhngheet
resistance due to the increased adsorption rateatdr
molecules at surface. To explain the above resudts
would recall the abilty of the hydrophilic
poly(diallyldimethylammonium chloride) and/or carbo
nanotubes to adsorb water molecules when exposed to
humidity [9, 10].
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At fixed RH instead, two effects are involved, ,i.the temperature of the substrate and to control the
increasing temperature and the increase in waigowa  composition of the test atmosphere by means of ssma
partial pressure. As observed in Fig.3, the in@eims  flow controller array and a bubbler. In figure S#n be
temperature brings to a decrease in the sheetaests seen the temperature dependence of the measur@iesam
as expected in a semiconductor. This means that theesistance at dry air conditions. In figure 6 ihdze seen
effect of increasing resistance due to water vapautial the increasing of the resistance value at diffepefges of
pressure increase is dominated by the usual tetopera humidity, temperature value is kept constant. Resul
effect on a semiconductor. To better investigate th obtained are in good agreement, that is the presefic
contributions of both effects (humidity and tempera) humidity increases the bulk resistance of the sgnsi
in figure 4 are reported sheet resistance measumtsé layer.
a more resistive sample at two different operating
conditions.

Figure 4 (a) describes the behaviour of the sheet | PDDAC+MWCNT 120
resistance vs. temperature, the level of humidity the Reference: dry Air
temperature in the test chamber was monitored tlangie o
of a SensirionSHT21 MOS sensor. The effect of the S, — 1%
temperature was investigated at values ranging fbin § E
°C to 80 °C. Considering the small variation of the £ 8 g
humidity, the decreasing of sheet resistance can be 9 so- g
mainly related to sensor temperature conditiongigure x s
4 (b) are reported measurements of the sheetarsesi/s %
relative humidity at 25 °C, by maintaining the 160
temperature value constant by means of the PIDralont : : : 0
150 180 210 240
Time (min)
40
70007 .o (@) Fig. 5. Resistance vs. temperature characterizattodry air
0 e, 1% conditions.
§ 6600 - J30 =
‘5 6400 - —— o %
S ° 425 =
S 62004 ° 5 400
é AAAAAAAAAAOAAA E I ‘ - 50
3 Co freee s P PDDAC+MWCNT
o 5600 ®e, © 3504 1 Reference: dry Air 740
L ] T _ '
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Temperature(<) % 8009 g
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fr; 6000 - Fig. 6. Increasing of resistance in presence ofitlityrpulses at
% - constant temperature values.
5800 4
n
20 3% 4w  so e 70 s 90 This behaviour can be attributed to the presencaudifon
Relative Humidity(%) nanotubes in the sensing layer formulation. However

Fig. 4. Characterization of both effects: (a) shesistance vs.  work is in progress in order to better understand t
temperature_V\_/ith humidity monitoring, (b) sheetistmce vs. properties and conduction phenomena associatedthégth
relative humidity at 25 °C. studied sensing system.

Results obtained show that the sheet resistanceases
with the increasing of relative humidity. In ordéw
understand the observed behaviour we carried out a
preliminary investigation on the PDDAC+carbon
nanotubes sensing layer deposited on alumina sibstr
with interdigitated platinum electrodes utilized in
previous work [11]. The sample were insert in at tes
chamber under controlled flux conditions. The
characterization system allows to set the operating

4. CONCLUSIONS

Here is reported the development of a compact and
low cost setup for the electrical characterizati@nsus
temperature of thin films with sensing propertidhe
realized software can perform several electrical
measurements (IV cycling, two port IV charactetizat
electrical hysteresis measurements) including theets
resistance deembedding, the effects of the shage an
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dimension of the sample under test in a full auticna
way.

The characterization system is able to reproduae th
whole temperature operating range of a sensor, aven
critical ambient conditions, and it can be employethe
optimization of sensing materials. The prelimineggults

of the characterization of films of PDDAC + MWCNTSs
on glossy paper are quite promising for the devalomut

of disposable flexible sensors.
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ABSTRACT In this work, we report on recent results on optica
and Raman trapping of carbon nanotubes and graphene

Raman optical trapping of single-walled carbon [2,5]. We show how optical trapping can be used to
nanotubes (SWNT) and graphene is discussed. Wepbtain information on the Brownian motion of narimu
demonstrate the use of Raman and photoluminescencbundles and graphene flakes [2, 5]. Raman twedmars
tweezers to study the properties of SWNT bundle$ an been used to gain information on bundle compositin
graphene directly in liquid, overcoming the re- means of Raman signature of each chirality). Moeeov
aggregation phenomena taking place on dried samples Raman optical trapping have been used to highligat
addition, the Brownian motion of such nanostrucgure different structural properties of graphene flakbtained

the optical trap is reconstructed. by Density Gradient Ultracentrifugation (DGU).
1. INTRODUCTION 2. EXPERIMENTAL
Optical trapping is emerging as an outstanding fool Optical trapping setups have as central element an

the contactless manipulation of micro- and naneesiz inverted microscope and a high numerical aperture
objects [1-7]. This phenomenon is based on theangd  objective (100x oil immersion, NA=1.3). The trapgin
of momentum between a focused light beam and alaser beam (830 nm) is expanded by a telescope to
particle. If the beam is tightly focussed and theex of overfill the back aperture of the objective in artte have
refraction of the particle is higher than that ¢fet a diffraction limited spot. The sample is loaded an
surrounding medium, a driving force compelling the micro-chamber (approx. 80 microliters) and protedig
particle towards the beam focus arises. A wealth ofa coverslip in order to minimize aging. To stud th
applications has been reported since the firstgaang Brownian motion, the interference pattern in thekba
work of A. Ashkin, ranging from cellular and moléau focal plane of the microscope condenser is imaged b
biology to condensed matter studies and evenmeans of a lens on a Quadrant PhotoDiode (QPDxhwhi
optoelectronics [8]. is a position detector. In this way, the fluctuaticof the
Raman tweezers are a clever evolution of optical position of the trapped particle are obtained a$age
trapping, where the light collected from the traghpe signals. In the case of spherical particles, tkeking
particle is analysed to obtain its Raman spectitins is signals are proportional to the center-of-mass
a very appealing application expecially with regatd displacements, whereas in the case of linear aadapl
the study of single-walled carbon nanotubes (SWNTs)structures the tracking signals encompass both
and graphene flakes. In fact, as grown carbon n@est translational and angular displacements.
experience aggregation phenomena that cause the In the Raman tweezers set-up (Fig. 1) the light
formation of nanotubes bundles, independently eirth scattered by the trapped particle is collected inaek-
electronic  (metallic/semiconducting  character)  or scattering configuration and spectrally analyzedri@aans
structural (chirality) properties. of a monochromator (Triax 190). The 633 nm lasee li
Aiming at sorting on the basis of their characterss of an HeNe laser is used as trapping and exciting
SWNTs have been dispersed in acqueous environmentvavelength. For the Raman signal detection, areachke
with the aid of surfactants [9], but their Ramareapa photodiode is used.
must be recorded on drop-cast samples, and re- SWNT samples are prepared using purified HIPCO
aggregation phenomena cannot be avoided. A similaror CoMoCAT single-wall nanotubes dispersed in water
problem must be faced also for graphene obtained bywith the aid of surfactants such as sodium dodecyl
liquid-phase exfoliation [5]. In this framework, Ran benzene sulfonate (SDBS) or sodium taurodeoxyamolat
tweezers are a viable route to study nanotubedlakels (TDC). Solutions are ultrasonicated and filtereachsure
directly in liquid, avoiding re-aggregation phenarae removal of residual catalyst particles, amorphcadan
and big bundles.
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Lamp zib’ photoluminescece measurements, which give infoomati
on the average bundle population present in thadiq
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Figure 1. Raman tweezers set-up. g
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Graphene samples have been obtained by liquid ' - L : : : :
L . . . 200 250 300 1250 1500 2500 2600 2700
phase exfoliation [5] of graphite powder in dei@uz R Shift (eni
water and a surfactant (sodium deoxycholate dihgdro aman Shift (cni’)
bile salt, SDC). In contrast to linear chain sutdats,i.e.
SDBS, the flat structure of SDC disperses grapmeoiee
efficiently. The graphite-water-surfactant dispersiis
mild ultrasonicated for 120 min in a low power bath
sonicator and pre-ultracentrifugated to remove ketic
graphitic flakes. After these steps, the supermatsn
extracted and used for the DGU. In this procedure,
objects having different densities float also dfedént
heigths in the ultracentrifuge cell, so they carekiacted
with a fractionation method. In our case [5] thefactant
coverage of graphene flakes is exploited for the
separation of graphene flakes with respect the eurab
layers, because the density of the graphene-sarfact ¢
complex increases with the number of graphene sayer 140 160 180 200 220 240 260 280 300 320
Raman shift (cm!)

—~

o

-
J

1

Raman intensity (arb. un.)

3. RESULTS
Figure 3. Optical trapping of SWNT bundles. Micraghs of

Figure 3 shows some of the results obtained bycapti free (a) and trapped (b) SWNT bundle. (c) Charesiferi
vappng of CNT buides. Fgda and b show, e s iauies o raoes ST (@ oot
reSpeCtiV.e'y’ a fre(.e floating and an Opti.ca”y peg CNT trapped SWNTgbundIe. Thge different chiralities grusin the
bundle dispersed in a water/TDC solution. Whengteal sample are also indicated.

the bundle orients itself in the beam propagation

direction. Figure 3c shows the three main featwks
single-walled CNT: the radial breathing modes (RBM)
the 150-320 cih region, the D and G bands (1320 and
1590 cnt) region and the 2D peak at 2620 trThe G
band shape indicates that the trapped bundle islynai
con_stituted of semiconducting SWNTSs, Whereqs thMRB peak (second order of D peak) is particularly iesting,
region shows the presence of nanotubes havingreliffe | o.quse it is a single band in monolayer graphene,
diametersd (akev~1/d), whose chirality is shown in\yhereas it splits in four components in bilayerpgrene,
Figure 3d. Moreover (see Figure 4), the trappind an yefiecting the evolution of band structure [10].uBh its
subsequent photoluminescence analysis of severakhape and, in particularly, its full width at haieximum

bundles show a different chirality fractional corsjtion (FWHM) is a useful indicator of the single-layetura of
of each bundle. Such information is obviously not g trapped graphene flake.

achievable in drop-cast samples nor in standard

In Figure 5, the micrographs of a free floating and
trapped graphene flake and its Raman spectrum are
shown [5]. Besides the well-known D and G peaksckwh
are commonly observed isg-carbon based materials,
several other peaks are observed. Among theseZRhe
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graphene flake. Typical Raman features are alsganeti.

1600 2000 2400 2800 3200

2D

Intensity (arb. un.)
;

Wf/\ﬁﬁw,ﬂwwwm
1200 1400 1600 2500 3000
Raman shift (cm™)

70 : , .

o
=)
>

FWHM (2D)
3
F

2ol l A A | |
s |
30+ 1
110 LI 120 125
Buoyant density (g/cn’)

Figure 6. (Top) Raman spectra measured on trapm@éesfl
belonging to fractions having increasing densitye FWHM of
their 2D peak is compared (bottom) to the corredpan
parameter obtained from Raman spectra of drop-@amples
deposited on Sigsubstrate.

Aiming at improving the single-layer yield of ligui
phase production of graphene, the DGU separatien ha
been used. In Figure 6, the Raman spectra obtained
different fractions, going from low density (f1=9.0
g/cnt) to high density (f22=1.23 g/chn are shown.

It is worth noting as the average 2D peak FWHM
measured on trapped flakes (Fig. 6, bottom) areysw
lower (about 40%) than those measured on drop-cast
samples, supporting the idea that the latter s@ffen re-
aggregation phenomena that hinder the study of
individualized graphene flakes. Moreover, the dasirg
FWHM of 2D peak at lower buoyant density is coresist
also with a higher concentration of single-layetkéls in
these samples, confirming that DGU has a beneficial
effect on the individuation of single layer grapbdiakes.

Finally, the reconstruction of the Brownian motioi
a trapped carbon nanotube and graphene flake in
comparison with the Brownian motion of sphericatroi
beads is shown in Figure 7 [5]. The role of thdedént
dimensionality clearly emerges from the dynamicsuafh
particles in the optical trap. Such measuremerds shat
optical trapping provides an ideal framework forttbo
spectroscopic and mechanical probing of individieali
nanostructures such as carbon nanotubes and geaphen
flakes.
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Figure 7. Brownian motion of (a) a standard lategrotiead (Rm diameter), (b) a carbon nanotube and (c) a grepfiake.

4. CONCLUSIONS [10] A. Ferrari, J.C. Meyer, V. Scardaci, C. Casiragkii.
Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. d&slov, S.

Optical trapping offers a unique opportunity toptra Roth, A. K. GeimPhys. Rev. Let87, 187401 (2007) .
manipulate, probe and characterize  individual [111 P- H. Jones, M. Rashid, M. Makita, O. M. Maragpt.
nanostructures such as carbon nanotubes and gmphen"leztt' 3,\,:" éSaes?ﬂgogg)M Marago. P. H.Jonesuthal of Obtics
The combination with Raman and photoluminescencg'[o‘_guré and App’)lied Oioticlal, 86’5264 ('2009)9“ P
spectroscopy allows on one hand the spectroscopic
investigation of individual nanostructures and, the
other, the improvement of their production processed
dispersion. Further developments of the technique,
involving radially and azimuthally polarized lageeams
[11, 12], are currently under investigation.
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ABSTRACT decompose explosively at 152°C in the TGA leaving a
reduced and finely divided soot. Such a thermal
The recent research work of Actinium laboratoryl i behaviour was already reported in literature fortaie
reviewed. In particular will be reviewed the syrdiseof samples of graphite oxide which also decompose
graphene nanoribbons by oxidation of single wall an explosively under a thermal treatment.
multiwall carbon nanotubes. Graphene nanoribbonsAn original achievement was the oxidation of SWCNT
prepared also by arcing graphite electrodes innoleu using a mixture of nitric and sulphuric acid leaglito
(fuming sulphuric acids) or by neutron bombardmeit graphene nanoribbons which were thoroughly studied
graphite followed by sonication. It will be showis@the infrared and Raman spectroscopy as well as with X5
bottom-up approach used for the synthesis of vargel HRTEM analysis and AFM [8].
PAHs on the way to graphene nanoribbons. Concerning
other carbon nanostructures, topological defects of 3. GRAPHITE EXFOLIATION BY ARCING IN
graphene sheets will be shortly reviewed and coetpar OLEUM
with recent amazing experimental observations. tohe
of carbon nanostructures will involve also the réce Graphite can be swelled in oleum (fuming sulphuwid)ya
achievements in the synthesis of diarylpolyynes very slowly, requiring a number of hours. We hawerfd
As appendix, it will be presented the effects of KAMTs that graphite rods can be swelled and then exéalian
on the mechanical properties of a cured rubber ositg oleum in a couple of minutes by arcing graphite
electrodes in that medium [9]. The morphology o th
1. INTRODUCTION swelled and exfoliated graphite was studied by TEM
analysis and the dispersion of swelled graphitéigies in

Since the discovery of the easy access to graphen®leum by electronic absorption spectroscopy. The
from graphite by mechanical exfoliation of a graphi cathode and anode materials after arcing in olewre w
crystal, a number of papers and reviews have beerfecovered and studied by TGA showing the formatibn
published on the subject leading also to the amgrof  residual compounds of graphite bisulphate. Thekeptd
the Nobel prize to Geim and Novoselov in 2010 1-5 bisulphate was significantly higher by the graptiitem

Graphene is a single layer of carbon atoms arraimged the anode material rather than the anode, reaching
condensed hexagonal rings. Such carbon atoms lagers €omposition of G"HSO,.
staked in an orderly way in graphite and are kegéther
by weak Van der Waals forces. By adequate treasnent 4 THE BOTTOM-UP APPROACH TOWARD
ranging from simple mechanical treatments to playsic GRAPHENE: FROM CORONENE TO
intercalation of molecules between the graphenertago DICORONYLENE AND BEYOND
chemical synthesis, it is possible to prepare @dted . ) ]
graphene sheets and graphene nanoribbons. A similalVe can define the typical synthetic routes to gemeh
approach works also with carbon nanotubes bothlesing Nanoribbons as a top-down approach starting from
and multiwall, which can be chemically unzipped end Ccomplex precursors having already a layered ortgrag-

oxidative or intercalation treatments. based structure. _ _
The bottom-up approach instead involves the use of
2. OXIDATIVE UNZIPPING OF MWCNT AND simple buiIding blocks, for example, simple ponIrixyc
SWCNT aromatic hydrocarbons (PAHs) which are linked thget

to form larger “graphene” fragments with the poignt
The successful oxidative unzipping of MWCNT [6] was advantage to control the dimension of such shéets.
also studied and reproduced in our laboratory [7]. €xample heating coronene in a sealed glass amjaule
MWCNT were oxidized with KMnQ@in acid conditions ~ 550-580°C leads to its dimerization to dicoronyl¢see
leading to graphene nanoribbons which were ideatiiy ~ Fig. 1) [10]. Depending from the reaction condispthe
various techniques including the transmission epect formation of dicoronylene may be accompanied by the
microscopy. The resulting nanoribbons were in an formation of other higher oligomers of coronenénérs,
oxidized state and thermally unstable and wheneeat tetramers) but it is possible to achieve also theplete
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carbonization of the sample. Indeed, typically the In our studies on the bottom-up approach toward
formation of dicoronylene is accompanied by the graphene nanoribbons, we have also used the Scholl
formation of a dark carbonaceous material [10]. reaction in the successful synthesis of quatereyleom

perylene and hexabenzocoronene from

hexaphenylbenzene (see Fig. 3) [11,12].
CyyHy; Coronene ACINaCI \ O O

\ CygHaog Dicoronylene
.

+
AICI3/NaCl

C;zHyg Tricoronylene isomers

CuazHzo  Hexaphenylbenzene
Fig. 1 — Scheme of coronene dimerization and oligyization

0

AIClz/NaCl

o1 oe
Consequently, it is reasonable to assume that easn "G
can be used as a “building block” to produce vengé

CazHis Hexabenzocoronene

PAHs which indeed are already a fraction of a geagh
sheet (see Fig. 2).

CuoHzo Quaterrylene

Fig. 3 — Synthesis of quaterrylene and hexabenpoene
using the Scholl reaction

It is interesting to note that also in the case of
quaterrylene two isomers are obtained simultangousl
through the Scholl reaction: the canonical hexaljpna
bridged dimer of perilene and the “non-alternant”
pentagonally bridged dimer of perylene (Fig. 3).

5.NEUTRON BOMBARDMENT OF GRAPHITE
AND EXFOLIATION BY SONICATION

G yaeHyo Goronana “star” heptamer

Fig.2 - I?ogsible structures formed by using corenen An original approach regarding the access to graphe

as a “building block” on the road toward graphene. nanoribbons may involve the neutron irradiation of
In a<_jdition to the thermal_ treatment of coroneng:,have girsg)lgzt:?r;gR;:;er;tzbv;ﬁ r;?c\)/;sa%cf)pttﬁg ;?gghgggrzarg;tgl
applied the Scholl reaction to coronene obtainingeo g o hite with neutron bombardment. The displaced
again the dicoronylene [11]. However, the Schalct®n 5145 atoms leave vacancies on the graphene sirebts
requires the use of a catalyst and lower tempeatiian 5.0 cojiocated between the graphene layers as @renk
the previous case where coronene was dimerizedyefects, causing an increase of the interlayerisgathe

thermally. The use of a catalyst leads not onltie o 1100 hombarded graphite can be easily exfolided
canonical dicoronylene shown in Fig. 1 with an fgpr@l oo hication while of course this is not the casepigstine
bridge linking two coronene units but also to aeoth virgin graphite sample [14].

dicoronylene isomer with a pentagonal bridge ligkihe
two coronene units (see Fig. 1) [11]. Typically thelar
ratio of the canonical dicoronylene and its pentedo
isomer is 80%/20% respectively [11]. The pentagonal
isomer is instead completely absent in the high
temperature thermal dimerization of coronene. hthfr
work in the attempt to produce a coronene trimer ]3]

we succeeded in the synthesis of an higher coronen
oligomer, presumably a para-trimer shown in Fig. 1
whose structure was deduced on the basis of th
electronic absorption spectrum in trichlorobenzemel
from its radical cation spectrum in oleum [12,13].

6. FULLERENE-LIKE STRUCTURESIN CARBON
MATERIALSLIKE CARBON BLACK

Some years ago, we have proposed that the fullditene
defects are quite common defects in graphene sheets
eespecially in turbostratic materials known as carblack

and such defects may play a key role in the reaifigr
interactions between any polymer matrix and théar
eblack fillers [15]. Recent works have shown that
fullerene-like structures (intended not only as a
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pentagonal defect in a graphene sheet but inteasieahy
kind of defect e.g. heptagonal, octagonal defestsvell
as any other kind of vacancy or interstitial defeate
quite common in radiation treated graphite and rothe
carbon materials [16,17] and now it is more reabtnto
accept the idea that these defects must be présent
carbon black. Consequently, this concept may leatid

different levels can be modelled using a modified
Einstein-Guth equation including terms which regtrel
aspect ratio of the filler [21].
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Fig. 4 - Synthesis scheme of dinaphthylpolyynesngis

diiodoacetylene and the Cadiot-Chodkiewicz reactichZ0].

A mixture of polyynes phenyl- or naphtyl- termingte
have been synthesized, separated by HPLC andfiddnti
by their peculiar electronic absorption spectra.
comparison to the hydrogen-terminated polyynestaed
the cyano-terminated polyynes the phenyl and néphty
terminated polyynes are much more stable in air G

be even isolated from their solutions without any
secondary crosslinking reaction which is well knoten
occur with common hydrogen-terminated polyynes
[19,20].
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ABSTRACT

The production of multi-walled C nanotubes (MWCNTS)
and MWCNT-based nanohybrids by chemical vapour
deposition (CVD) of isobutane is optimised by Tdgisc
robust design method. Processing conditions (caicin

degree of the grown MWCNTSs, a small number (nirfe) o
suitably designed CVD experiments are performed. By
analyzing the results obtained, the influencergmandLc

is ranked of support materidii), calcination- Tc) and
reduction-temperatureg{) of the catalyst and synthesis
temperatureTs). The parameter settings predicted to give

at 450-750°C and reduction at 500-700°C) and stipporoptimal results in terms ofc andLc are critically exam-

material (AbOs;, MgO or Nd-K10) of the Fe-catalyst and

ined, eventually adjusted, and finally tested bydiacting

synthesis temperature (500-700°C) are assumed to beew CVD experiments.

factors controlling yield Yc) of the catalytic process and

graphitisation degree of the grown MWCNTS, as meas-

ured by the average crystallite siZe)( inferred from
Raman spectroscopy. Po% (<9guwentd/Ore) and small

Lc (~15nm) are obtained, on average, in CVD experi-
ments before optimisation. An outstanding improveme
is achieved Yc[B1gwwentdOre @andLc[A5nm) upon opti-
mised conditions.

1. INTRODUCTION

MWCNTs and MWCNT-based nanocomposites are
promising materials for applications in manifold - ad
vanced technology fields [1-3].

The capacity of the worldwide nanotube industried-p
duction (estimated in hundreds of tonnes/year asihg
CVD as the dominant technique [4]) is continuousky
creasing. Current forecasts assign a 25% annualtigro
rate to nanotubes. Indeed, a real race among caorpet
is in progress with frequent announcements by rides-
trial companies of larger and larger new investment
aimed at boosting their production capacity in thsy
profitable sector.

The reasons for CVD being the most used methodaf p
ducing nanotubes on large scale are low set-up easy
of scale-up and high production yield. Besides ulk
yields, obtainment of highly crystallised MWCNTSs as
crucial task of producers. This calls for the ojetion

of the manifold parameters involved in the CVD &sis
process.

Taguchi’'s robust design method is a powerful arfd ef
cient tool for multifactor process optimisation ,[Sthich
has been extensively applied in the most diverdddi

In this work, it is for thdirst timeapplied to the optimisa-
tion of production of MWCNTs and MWCNT-based na-
nohybrids by iron-catalysed CVD ©®iC4Hy,. In order to
maximise yield of the catalytic process and gragdtiion
Tablel. Control factors and levels selected for DoE.

2. EXPERIMENTAL DETAILS
2.1. Design of Experiments (DoE)

Te, Tr, Ts andMg were assumed to be the four factors mostly
controlling the issue of the process in terms tdlgtic yield
and graphitisation degree of the grown MWCNTSs. Tda&
son for this assumption is that the choice of stpgad of
catalyst processing conditiondl{ Tc and Tg) determines
number, size and dispersion of Fe-nanoparticlefahiafor
nanotube growth, while reaction conditiomig for given gas-
flowing setup) essentially rule the rates of supdiffusion
and precipitation of carbon.

Once chosen suited variation ranges, each coattarfwas
varied at three levels as shown in Tab. 1 and fiieet eof
these variations was investigated. AccordinglyL#3")
Taguchi matrix design was selected and nine CVDemxp
ments were carried out under the conditions lisietab. 2.
Two syntheses were further conducted to verifyTiguchi-
derived/adjusted optimum processing conditionsttier se-
lected outputs (Tab. 2).

2.2. Catalysts: Preparation and Characterization

Iron catalysts were prepared by wetting grainslgbA(Sud
Chemie), MgO (Sigma-Aldrich, nanopowders) and-K&0
with an aqueous solution of Fe(RjePH,O (Fluka, 98—
100%) having an amount of iron salt suitably catad to
obtain a nominal metal content of 15wt%. " Md.0 was pre-
viously obtained by dispersing 10g of as-purch&sHal clay
(Aldrich) in 300ml of 1M solution of NaCl to enaltlee ion-
exchange reaction. After calcination in airTa{ catalysts
were reduced for 2h upon 60sccifldw at Tg.

X-ray diffraction measurements (XRD, APD 2000 S#luc-
tures), conducted using Cukadiation source, ascertained
the presence of metallic iron in all the reduced
[ Control factor | Levels |
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1 2 3 (TEM, JEOL JEM-2010 at 200kV).
Tc (°C) 45C 60C 75C The crystalline quality was evaluated by measufag
¥R gg; ggg ggg ;85 man scattering. An Ataser (Coherent Innova 70) operat-
M- ALO; MgO NZ-K10 ing at 2.41eV provided excitation. Spectra wererded

using a microscope (Olympus BX40) coupled to double
monochromator (Jobin Yvon Ramanor U-1000) and pho-
tomultiplier (Hamamatsu R943-02) operating in pimeto
counting mode. In order to obtain sufficient S/Mlaand
prevent annealing effects, 30s acquisition time kvd
laser-power (3mW at the sample surface) were used.
Spectra were averaged, normalised and analysed asin
commercially available spectroscopic analysis sarftw
package. Lorentzian bands, superimposed to a ctnsta
background, were used to fit the spectra.

Further technical details, concerning measurempets
formed and instrumentation utilised, can be foulst-e
where [3,6,7].

catalysts. The mean Fe-particle sigg)(was estimated
from the peak of Peat 2-theta=44.7° by applying the Scher-
rer equationResults obtained are reported in Tab. 2.
Further details on catalyst preparation and charizet-
tion can be found elsewhere [3,6,7].

2.3. Nanohybrids: Synthesis, Purification and Analysis

MWCNT-based nanocomposites were synthesized by
direct CVD growth of MWCNTs on the selected sup-
ports. For this purpose, 0.5g of reduced catabfated in

a quartz boat inside the quartz reactor, was hegted
120sccm 1:1 KiHe flow. As Tg was reached, He was
replaced withi-C4H,q keeping constant flow ratio and 3.RESULTSOF TRIAL CVD EXPERIMENTS

total flow rate. Reaction imn-C4H;o+H, ambient was al- ) ] ) ) )
lowed for 2h. Results obtained in Taguchi-designed trial expemise

After cooling down to room temperature (RT) upon (#1-9) are summarised in Tab. 2. VaryiRg Tg, Ts and
60sccm He flow, raw hybrid products were weighed fo Ms Pproduces very large changes in catalytic yield
catalytic yield evaluation and subsequently putifiy — (0-7-34.6Gawentd/Ore)- _ _

acid treatment before being subjected to routimgmtis- ~ SEM analysis (not shown for briefness) evidencemngt

tic analyses. A solution at 12% of HF at RT remoukzy ~ differences also in the process selectivity. Noany few
support, while 1M solution of NaOH at 80°C was used filamentous structures are observed at the lowe&tam-
for Al,O; removal. A solution at 37% of HCI at RT was Ples #1, 6 and 8) and at the highBs{samples #3 and 9).
able to eliminate both MgO support and residual Fe-Scarce amount of non-tubular structures is obtaorey
particles. in experiment #7. In the remaining cases (samplksi#
The process selectivity was monitored by meansafis ~ and 5) tubes and flakes-like formations (FLFs) cstex
ning electron microscopy (SEM, JEOL JSM-5600LV at TEM (not shown for briefness) reveals that thentie-
20kV). The presence of hollow cavity inside filarteen tous structures observed by SEM are MWCNTs.

was investigated by transmission electron micropcop MWCNTSs exhibit diverse size and crystallinity-degse
The outer tube diameters vary in the range 10—7G@sm,

an effect of the changes @f. (Tab. 2).
Measured Raman spectra of the purified carbonaceous
products are shown in Fig. 1a. Regardless the dewEl

Table1l. Experimental settings of Taguchi-designed trigdeziments (#1—9) and results obtained in termsatdlytic yield ¥c) and
graphitisation degree of the grown MWCNTS, as measby the mean crystallite sidef inferred from intensity ratio of D/G Raman
peaks [p/lg). The mean size of Fe-nanoparticlds), as determined by the variationTf, T andMs is also reported. Experimental
settings of test experiments (#10-11) are alsedjgbgether with results correspondingly obtained.

Expeiment | Control factor System respon
number Catalyst | Carboraceous produc
Trial Tc Tk Ts Ms Ore Ye Io/lg Lc
() (°C) (°C) (nm) (uwentd/Gre) (nm)
#1 45C 50C 50C AlL,O; 13.7 6.3: 1.4 11.2¢
#2 45C 60C 60C MgO 32.1 4.6F 1.4C 11.8¢
#3 45C 70C 70C Na'-K10 [ 26.¢ 5.37 0.5€ 29.64
#4 60C 50C 60C Na'-K10 [ 12.7 9.71 1.24 13.3¢
#5 60C 60C 70C Al,O; 16.4 34.5¢ 1.2t 13.2¢
#6 60C 70C 50C MgO 34.€ 0.7t 1.27 13.0%
#7 75C 50C 70C MgO 29.¢ 9.71 0.97 17.11
#8 75C 60C 50C Na-K10 [ 17.C 0.87 1.6 10.71
#9 75C 70C 60C Al,O; 23.1 5.7¢ 1.62 10.2¢
Tes Tc Tk Ts Ms Oe Yc Io/ls Lc
(C) (°C) (°C) (nm) (vwente/Ore) (nm)
#1C 45C 50C 70C AlL,O; 13.7 50.6¢ 1.5€ 10.6¢
#11 45C 50C 70C Na'-K10 [ 22.4 10.67 0.37 44.87
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(a) Tnial CVD experiments

(b) Test CVD experiments
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Raman spectra of the pure carbonaceous produdisesiged intrial (#1-9) and test (#10-11) CVD experiments. 8pec

are normalized to the G-peak intensity. The samiiceé scale is used for an easier comparison.

Te, Tr, Ts and Mg selected, the spectra exhibit similar
features. The fingerprint of the graphitic crystedl ar-
rangement (G-peak at 1580¢marising the stretching of
all C=C pairs) is detected, together with the “dis”
peak (D-peak at 1350cirendered Raman-active by any
kind of lattice defects relaxing the selection sullerough
the breaking of the basic symmetry of graphenerigye
[7,8].

The intensity ratio of D/G Raman peakg/ks), giving a
measure of the relative amount of ill-organizediédect-
free graphitic sheets, is currently utilised toireate the
average size of graphitic crystallites in nanotulbes
nanographites via the empirical 1dw=560- (o/lc)™E
where E =2.41eV is the laser visible excitation energy
[9,10]. The values of. here obtained (10-29.6nm) are
reported in Tab. 2.

4. RESPONSE ANALYSIS

In order to rank the influence Mg, T, Tr andTs on Ye
andlp/lg (i.e. Lg), the responses obtained in CVD exper-

and 2b the conditions predicted to give maxim{grand
minimumlp/Ig (i.e. maximum_c) can be inferred.

Within the ranges oMs, Tc, Tg and Ts considered, it is
expected that operating CVD at 700°C, over F£Al
catalysts calcined at 450°C and reduced at 500f€, p
vides maximum catalytic yield, whereas graphitsati
degree of the grown MWCNTs, as measured Ly
should be maximum operating CVD at the 700°C, over
Fe/Nd-K10 catalysts calcined at 450°C and reduced at
700°C. Actually, the latter experimental settingrree
sponds to experiment #3, which indeed gives thgekir
Lc value (~30nm) among those of set #1-9.
Configuration predicted to improve yieldsgaighttested
(experiment #10). Instead, configuration predicted
maximise MWCNT graphitisation degree is slightig-
justed trying to improveYc obtainable on Fe/NeK10
catalysts without significant loss &f. SinceTr has the
smallest influence omp/lg (Fig. 2d), experiment #11 is
carried out by settingy at 500°C. This temperature gives
similar S/N ratio as 700°C (Fig. 2b) and is expected to
lead to smalledg, for fixed Tc [13]. The reason of this

iments #1-9 were analysed. This was accomplished bychoice is that the comparison between results etiaon
calculating mean squared deviation (MSD) of theadat the remaining catalysts @=700°C (experiments #5 and

and corresponding signal/noise rat®/N| i.e. response
variability) as follows

S/N(dB) = —10logo(MSD).
The response graphs &N ratio for “larger-is-better”
analysis ofYc and for “smaller-is-better” analysis bf/lg
are shown in Figs. 2a and 2b. They were obtaineseby
ting MSD=%, (1/Y,)?/n and MSD=, (Y,)%n in the former
and latter casen(andYy being the number of levels inves-
tigated and th&™ value of the chosen output [5,11,12],
respectively).
The influence of each factor ofa andlp/lg, calculated as
I =100-4J/Z 4 (4 andZ, 4, being theS/Nvariations due
to the changes of the" factor and of all the factors) is
shown in Figs. 2c and 2ds was found to be the parame-
ter having the greatest influence on bathand Ip/lc.
Instead,Tc andTg were the least influential one in the two
cases, respectively.

5.OPTIMISED CVD EXPERIMENTS

Since the highes$/Nratio indicates the optimal level of
each control factor [11,12], from graphs of Figs. 2

#7) demonstrates that increases adq. decreases as an
effect of the changes i and/orTr.

Results obtained in the new experiments are regone
Tab. 2. As can be seen, they confirm predictiors e
pectations.

SEM analysis (Figs. 3a—3b) shows that after opitiaia the
growth process becomes highly selective towardstubas.
51g of MWCNTSs per gram of Fe are produced in erpent
#10, with large bettering with respect to initdéd values
(Tab. 2). Raman analysis (Fig. 1b) proves thatri@ove-
ment in crystallisation degree of MWCNTSs achievedx-
periment #11 is really outstandingc{#5nm). This is be-
cause, as evidenced by TEM analysis (Fig. 3c), utiA
mised conditions, smooth and straight MWCNTSs foraro
Fe/Nd-K10 catalyst, constituted by perfectly ordered- gra
phene sheets. It is worthwhile noticing that ctifstdion
degree of these MWCNTSs largely exceeds that of Esmp
reported as the best crystallizeder grown over clay-based
catalystslp/lg is only 0.37 against 0.78.99 [14]).

Besides, as expected}, obtained affg=500°C is smaller
than at 700°C and, hence, higher metal disper&ioger
surface available for MWCNT growth and greater
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Fig. 3
image of sample #11 (c).

yield are achieved (compadg, and Y¢ values relative to
sample #3 and #11 in Tab. 2).

6. FURTHER REMAKSAND CONCLUSION

SEM images of samples #10 (a) and #11 (b) and TEM
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ABSTRACT offers the possibility to form coatings with complghape
patterns [10].

Carbon nanotubes (CNTs) have aroused great inguest In this work we investigate a new aspect of EP® th
to their exceptional properties like high curreatrging possibility to adapt this technique not only fopdsition
capacity, high thermal conductivity and reducedrgia on metallic structures but also in a insulatingssidie.
carrier scattering, that are very attractive folvisg the
technological hurdles that the semiconductor imgust 2. EXPERIMENTAL
facing as the circuit scaling continues. The uséath
individual nanotubes and CNT networks have beenlIn our experiments, two different kinds of nanotsip&ere
explored, depending on the specific applications [1 used: (i) CNTs produced by arc discharge in liquid
The physical properties depend on the density of CN nitrogen and oxidized in #, at 30% for 2h in a
layers and the density itself guides the specific ultrasonic bath; (i) CNTs produced by CVD and oxédl

application, from flexible electronics to chemicahd in a concentrate HNQand HSQ, solution (1:1 volume
biological sensors; from optically transparent &tedes ratio) at 60 °C, for 6h in a ultrasonic bath. Thedation
to nanoporous electrodes for energy storages [2]. processes produce a different amount of surfacegeba

Different approaches have been proposed [3-9] tolower in the first case, higher in the second one.
manipulate CNTs and, in particular, to form condwect  Two acetone suspensions with a concentration kgt
networks by means of post-synthesis deposition oasth ~ 1mg/ml were prepared. The choice to use a dilutigisa
Electrophoretic deposition (EPD) [10] is one of ghe allows to have a better control on the depositete rand
methods, and is a very simple technique that offees  allows to get rid of the presence of residual nialgon
possibility to form patterned coatings of substate the sample surface due to the immersion in thetisolu

In particular, our results obtained using CNTs et In this way the effect of the electric fields igtprevalent

by arc discharge and chemical vapour depositiowsho process determining the nanotube deposition.

that a suitable choice of the experimental conditio The electrophoretic deposition was made by supglgin
allows to deposit CNT networks on both conducting a constant DC voltage in the range 5-30 V between two

insulating substrates. electrodes, for times between 3 and 20 min. Thieockst
is a Mo foil 5 mm wide and 0.25 mm thick and theda
1. INTRODUCTION is a SiQ/Si substrate. In particular, we have used three

different kinds of anodes: 700 nm thick $i8 with or
In the last years the synthesis of nanosized C dbase without a metallic pattern on the substrate surfaue 80

materials and the study of their electrical andicdtrral nm thick SiQ/Si. The electrodes were positioned parallel
properties have received great attention due tchtlge each other at a distance of 2.5 mm.
field of applications in technology and microeleciics. The structural characterization of the samples was

In particular, carbon nanotubes show interesting performed by scanning electron microscopy (SEM).
mechanical, electrical and optical properties [1thjat

depend on the technique used for the synthesieckent 3. RESULTSAND DISCUSSION

years, many works have been directed towards

manipulating CNTs because microelectronics andisgns In a EPD process, generally two electrodes are nswade
applications require the capability to produce CNT in a solution containing charged particles. By gy a
networks or ordered arrays [1]. Today, different voltage to the electrodes a migration of the negati
approaches are used: nanotubes dispersion througlpositive) ions to the anode (cathode) is observed.
surfactants [12] and polymers [13], or direct drspan of Oxidative treatment of CNTs have two effects: real@f
pristine or functionalized CNT in organic solvemida impurities and introduction of phenolic, carboxybnd
water [14]; coating methods [15]; inkjet printind]; lactonic groups on the surface of the tubes. Itiqadar,
film transfer [17]; additive and subtractive patieg the presence of carboxylic groups determines ativega
methods [18]. An alternative approach is electooptic surface charge on the CNTs dispersed in soluti®j, [1
deposition (EPD), that represents a very effeatimethod allowing the deposition on the anode.

for its simplicity and cheep equipment requiredd an
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Mag= 1870KX

Fig.1: SEM images of metallic strips on a Si€ubstrate after
EPD, (a) and (b) groups of strips with differenménsion,
space and CNT density; (c) high CNT density.

EPD can therefore be used in orderdepositdense
CNT layers or networks for CNTs-FET application. In
this work we have studied the effects of electiétdf for
different substrates. In Fig. 1 we report a SEMgewof
the surface of the sample Si€ample, 700nm thick, with
metallic pattern, after EPD using a solution camtay
CNTs with low surface charge (type (i), describedhe
Experimental section). In particular the sampléorsned
by two sets of ten Al strips, connected to a mietalad.
The pattern contains Al strips with different siaed
distance from each other. CNTs are deposited rigtam
the metallic strips but also between them.

In Fig.2a we report a simulation of the electrieldi
between two electrodes, according to the experiahent
conditions. Numerical calculations based on thes$toi
equation are performed using the Finite Elementhigieit
in a very large box reproducing the whole systeimene
different materials are considered by means ofptoper
dielectric properties (null field is imposed in theetal
stripes regions). The simulation shows that onstmaple
surface the electric field is more intense in thexpnity
of an isolated strip. In the case of a set of stiifis more
intense near the outer strip. The red and yellovesis

fectric field, norm [V/m]  Arrow Electric field

sssssssss

Electric field, norm [V/m]

@

>

Electric field, norm [V/m]

08

Arc-length «1074

Fig.2: (a) Simulation of the electric field betwean anode,
patterned with strips of different dimensions aistahce, and a
metallic cathode. Red arrows are proportional to ehextric
field intensity, yellow ones to the dielectrophdceforce. The
distance between the electrodes is of 2.5 mm. lgtic field
intensity between the electrodes.

indicate the intensity and the direction of thectrie field
and dielectrophoretic force respectively. Inside dell,
the electric field is very intense near the surfatehe
anode and then it decreases to a constant valgedJs).
Fig. la-1b show that the possibility to connect two
conductive strips by a uniform CNT network depends
dimension and distance of the strips in agreemetft w
electric field simulations. Then, a right choice thie
pattern on the substrate allows to optimize theoditpn.
The thickness of the deposited film depends ontisolu
concentration, electric field, electrophoretic nitypiand
process time [20].

EPD has also been used to deposit CNT thin filmarmon
insulating substrate [21]. But in this case, madilm
was deposited on substrate and it was etched aftgry a
the CNT deposition. Residual of metallic particles
however can be found between the insulating sulestra
and the nanotubes.

Here, we have investigated another opportunity. The
voltage is applied between the Mo foil (cathoded &me
the back side of the Si substrate (anode). Onrtm §ide

of the anode an insulating Si@yer is present. The effect
of the electric field on the charged nanotubes garem
solution is reduced by the presence of an additive
dielectric layer. Therefore, in order to deposé tharged
nanoparticles on the insulating surface it is ne@egs
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Fig.4: SEM image ov70(') nm thick (Dayer on a Si substrate
after EPD using (ii) type CNTSs, applying a voltage10V.

4. CONCLUSION

EPD deposition is a very simple technique to obtain
uniform CNT films deposited on a metallic substratée
have shown that it is possible to obtain CNT neksor
between metallic strips, forming structures useffd
sensing applications. The CNT layers exhibit good
macroscopic homogeneity that depend on solution

Fig.3: SMimages of (a) 80 nm thick Si@yer on a Si C_oncentrat_ion, applied voltage, surface chargecqe®
substrate after EPD using (i) type CNTSs; (b) higher time and kind of substrate.
magnification of the deposit. The CNT surface charge, produced by oxidation

treatment, is fundamental to move CNTs towards the
either an increase of the electric field intensity an anode. Then a correct choice of teplied voltage and
increase of the nanoparticle (nanotube) surfacegehdn the CNT surface charge allows to deposit directly o
Fig. 3a we report the SEM image of a 80 nm thiaR,Si  insulating substrate without intermediate metdéiger.
layer on a Si substrate, after CNT deposition using
solution containing CNTs with high surface chartygpé 11. REFERENCES
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ABSTRACT

The shaping of low-dimensional diamond materials into
desired geometries, and the correlated required capability
to modify and control the topography of diamond-based
systems at the nanoscale, are realy challenging and
complex tasks, of relevant technological interest. Indeed,
ordered arrays of diamond nanowires/nanocylinders are
required for the fabrication of advanced photonic and
electronic devices, such as stable and robust electron
emitters (cold cathodes) able to work in different, and
also hostile, environments.

In the present paper we describe some recent
methodologies settled in our laboratories for the tailoring
of diamond 1-D nanostructures.

1. INTRODUCTION

The outstanding properties, both intrinsic or induced, of
diamond materials make them ideal candidates to play a
major role in advanced electronic and optoelectronic
technologies, for fabrication of sensors, multichip
modules and emitting or photoemitting systems. For many
applications, however, a nanometric control of the
morphological features in terms of size, shape and
orientation of the diamond unitsis strongly required.

The objective of our researches is to define
methodologies for the tailoring of nanosized diamond
materials and their shaping in specific nanoarchitectures .
Presently we are developing procedures for the
fabrication of elongated diamond 1D structures
(nanorods, nanowhiskers, nanopillars, etc) starting from a
variety of diamond-based materials.

Two main methodologies are used to achieve the
controlled sculpturing of diamond.

The first is a multiscale fabrication process that allows us
to produce a variety of self-standing aggregates, up to the
mesoscale, with pre-definite shapes starting from
colloidal suspensions of ultrananocrystalline diamond
powders.

The second process relies on the many new possibilities
offered by recent advances in plasma sources and in

particular by the use of a purpose-designed dual-mode
MW-RF reactor. The room temperature H-etching
processes occurring in the reactor enable the controlled
and reproducible fabrication of 1-D nanostructures.

2. EXPERIMENTAL

Surface assisted self-assembling of ultrananocrystalline
diamond is obtained starting from colloidal suspension of
diamond nanoparticles [1]. For these experiments we use
detonation ultrananocrystalline diamond (primary size: 4-
5 nm) produced and preliminary de-agglutinated by the
Federal Research and Production Center ALTAI (Russia)

(Fig.1).

FIGURE 1: HR-TEM image of diamond particles

In our laboratories the received material is further treated
following already settled protocols in order to obstacle
the re-agglutination processes typical of this class of
nanodiamonds. Such nanodiamond assemblies, as well as
polycrystalline or B-doped single-crystal diamond plates
are used as starting material for the production of
diamond nanowires and nanowhiskers.  These
nanostructures are fabricated by means of the H-induced
etching of the diamond phase, accomplished in a Plasma
Assisted Chemical Vapour Deposition (PACVD) reactor,
where the gas phase is activated by a dual-mode MW/RF
plasma.
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3. RESULTSAND DISCUSSION

Differently shaped nanodiamond assemblies (segments,
slices) can be selectively obtained by a solution phase
method using durries containing different amounts of
dispersed nanodiamonds (Fig.2) [2].

FIGURE 2: Colloidal stable dispersions containing different
typologies of nanodiamond particles and self-assembled
microstructures obtained from the colloidal suspension.

The nanodiamond assemblies can be also used as
templates for diamond growth by CVD. In this case the
coating process preserves the architecture of the pristine
templates with the formation of a high uniform deposit on
all the structures. The coatings are characterized by high
phase purity as indicated by Raman and X-ray diffraction
characterizations [3].
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FIGURE 3: FE-SEM images (above) and Raman and X-ray
diffraction (below) of CVD diamond films grown on self-
assembled 3-D nanodiamond structures
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Fig. 4 shows FE-SEM images acquired before and after
the etching treatment of such close-packed flat layers.

It can be noted as the etching provoked the generation, in
the outermost diamond sheets, of a very complex
structure shaped like an array of verticaly aligned
whiskers resulting from the erosion at the nanoscale of the
pristine deposit [4].

FIGURE 4. FE-SEM images of a sdf-assembled 3-D
nanodiamond structure acquired (a) before and (b) after the
etching treatment.

Nanocolumns and nanopillars are instead obtained
starting from polycrystalline diamond films prepared by
CVD (Fig. 5).

FIGURE 5: FE-SEM images of polycrystalline diamond film
acquired (a) before and (b) after the etching treatment; (c) and
(d) magnifications of the deposit.

The structural characterizations performed on a series of
samples indicate that the etching process induced by H
ions does not modify the lattice parameters of the
diamond phase, that still retains its outstanding properties

(Fig.6) [3].

Transmitted signals

polycrystalline
diamond
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FIGURE 6: Typical Raman spectra and RHEED pattern of
diamond systems subject to etching treatments.

It is worthnoting that the I/V measurements of plasma-
treated diamond samples evidenced that the H-induced
etching process substantially lowersthe resistivity of the
material. Moreover, Field Emission measurements
indicate that the elongated nanocrystalline diamond
deposits are very efficient electron emitters in terms of
reproducibility, current stability under medium vacuum
and lack of arcing (Fi. 7). These nanostructures are highly
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recommended for the assembling of cold cathodes when a
material enduring harsh operation conditionsis required.
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FIGURE 7: Typica I/V data and Fowler-Nordheim plot of the
Field Emission characterizations carried out before and after the
etching process on a diamond sample.

4. CONCLUSIONS

The entire class of nanosized diamond represents
nowadays one of the most promising and exciting field of
research, not only for chalenging technological
applications, but aso for investigation of the
aggregation/etching mechanisms that lead to specific
nanoarchitectures with different dimensionalities.

The room temperature H-etching processes occurring in
our MW-RF reactor enable the reproducible fabrication
of a series of tailored diamond-based devices, where the
location and the shaping of the diamond deposits can be
easily controlled.

These low-dimensional diamond structures represent not
only a viable adlternative for easy and low-cost
manufacturing of diamond micro-and nano-components
for the next-generation devices, but aso for different and
advanced applications in the field of bioscience (as
biosensing and biolabeling) where inert materials and
specifically shaped surfaces are needed.
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ABSTRACT sensitively on the crystallographic orientation ihfe
edges.

Low dimensional carbon based materials are strictly
dependent from the intrinsic property of self-adisimgy.
Three simple and fast methods to unzip Single Wall EXPERIMENTAL

Carbon Nanotubes (SWCNTs) have provided different N )

structural organization of graphite layers, obséry ~ The graphitic nanoplatelets were obtained from
electron microscopy investigations. Our structstatiies ~ disruption of Single Wall Carbon Nanotubes (SWCNTS)
reveal the presence of a deviation from perfecstatyof ~ by Using high-shear mixing and/or treatments in
the graphite aggrega‘[ionS, called turbostratic [g[ap sulfonitric mixtures either at room or hlgh tempaeras.
because of the presence of rotational and/or &tiosal ~ Depending on the process procedures, differentskafd
stacking faults of its hexagonal basal planes. 'e-organization are found to occur, as evidenced by
Furthermore, one more different crystallographiagehof
graphite with an orthorhombic cell and symmetry Ganm

has been experimentally detected by Selected Area hera onzrgzg/fmc“%
Electron Diffraction (SAED) analysis. JCPDS card 41 1457
d - spacing (A) hkl
INTRODUCTION 33756 002
2.1387 100
Chemical approaches and self-assembling procesags m fgg?ﬁ 18;
produce graphitic nanostructures with desired steaymk 16811 004
. . . . . 1.5478 103
dimension for fundamental and practical applicatione 12341 110
of the most feasible methods to produce graphitjeded 1.1604 112
. . . . . ) 1.1208 006
materials is by CNT unzipping, which is a processes  1os67 201 a)
intentionally used to control the self-assembling turbostratic graphite
aggregation of nanoribbons graphitized.

The interesting properties of low-dimensional carbo B n . c
based materials have led to the exploration of maose e
applications such as electronic applications dughto
potential use that these light, stiff and flexilohaterials

can offer for designing building block components i
nanoelectromechanical systems (NEMS). Moreover,
there have been numerous investigations on thenjaite
use of such materials as conducting channel in CMOS
transistors. Unzipping process of CNTs produces 2D
nanostructures, reported in the literature as rtepeg1],
nanoplatelets [2] and also as graphene nanoribbons
(GNR) [3], that are of great interest, in particufar the
nature of edge dislocations and the appearance of
defective dangling bonds in carbon networks. The
electronic structure of such nanostructures depends

b)

Figure 1. a) crystal structural parameters and experimental
diffraction pattern of unzipped SWCNTs graphitized.

b) structural model of the graphene planes in abtstratic
stacked arrangement not perfectly oriented alorgyc-axis
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different and complementary electron diffractiondan produced from SWCNTs [4]. The samples were
microscopy techniques. deposited by drop casting on a Si substrate for SiBEM
The adopted disruption methodology allows indeed to RHEED analyses and by dipping, for a very short time,
obtain samples characterized by very different holey carbon grids in the sulfonitric mixture foEM and
interactions between proximal units. SAED analysis.

Here, we focus our investigation on the structural

characterization of self-assembling graphitic laytat it

has been and it is a long-standing scientific pFobl RESULTSAND DISCUSSIONS

Unlike crystalline system, where long-range ordgris

established by periodic stacking of fundamentaldiru RHEED technique conditions have been used to probe
blocks, known as unit cells, rolled open SWCNTscpss the samples achieved from SWCNTs unzipping by high-
produces graphitic flakes having no long-range shear mixing method (Fig. 1). The electron diffract
translational or orientational order, although some pattern (EDP) evidences that the number of ringsatied
degrees of short- and medium-range order do edist.  is much lower than the expected for graphite. No
used transmission electron microscopy (TEM), selibct diffraction lines were observed from the plard with
area electron diffraction (SAED), scanning electron |£0, with the exception of (002) planes having a slightl
microscopy (SEM), and Reflection High Energy Elentr  broadened ring. Diffraction broadening of the (062y
Diffraction (RHEED) to image graphitic structures and absence of the second-order diffraction (004)

)\, experimental

 d-spacing (&) hkl
346 ooz
2.14 100
2.03 101
1.79 102

1.73

Figure 2.
a) TEM image of unzipped SWCNTs after sulfonitrictumé treatment at room temperature, and b) coroesfing ED pattern.
c¢) and d) bright field TEM image of a folding gragrte layers. e) electron diffraction pattern takeonf image a). f) theoretical
electron diffraction pattern into reciprocal spaemd g) corresponding structural model of orthorhaengraphite with the
electron beam along [9-11] zone axis into real spdt) perspective structural model of bilayer gré@lstacking along the ¢
crystallographic axis.
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graphite ring, let us to consider a loss of peditgialong previously EDP (Fig. 2b). The crystal packing is
the c-axis crystallographic direction of the hexagonal constituted of graphite bilayers covalently bounaéth
lattice (Fig. 1a). The deviations from perfect #ng the hexagonal benzene deformed into a chair
crystal is probably conditionedi)(by an interlayers conformational shape and the bilayers are shifted a
distance not perfectly constant between the hexalgon
planes, if) by rotational and/or translational stacking
faults of thehexagonal basal planes, arid) (by bending

of layers planes.

From the experimental RHEED patterns, the measured
interplanar distance of the basal planes has been
determined to have a value of about 0.343+£0.003 nm.
This value is larger than the interplanar distaaloag the
c-axis of the graphite, but it is similar to the atidered
form called ‘turbostratic graphité [5-7], schematically
drawn in Fig. 1b.

SWCNTs sample were rolled open using sulfonitric
mixtures at room temperature. TEM bright field ireag
observation shows self-aggregation of graphite
nanoribbons with anisotropic bending layers onetiges
depending on the extension area of the flakes @izgpdh
(Fig. 2a). Inset exhibits evident boundary linesnaen
nanoribbons of graphite, forming a nano-mosaic
arrangement with single pieces of several shapesuse

of the different etching directions of the unzipped
process. Transmission electron microscopy alsoatsve
the formation of high-contrast platelets, probatilie to

the graphene layers stacking self-aggregation,déuatbe
rationalized in terms of a minimization of the finge
surface energy (Figs. 2c,d).

Mesoscale EDP of these self-assembled platelets,
obtained from RHEED analysis, evidences the presenc
of polycrystalline material withP63/mmc hexagonal
symmetry (Fig. 2b). The analysis of the fine stuvetis
characterized by perfect superposition of diffractspots
coming from different crystallites randomly oriedte
Since the RHEED resolution in the reciprocal spice
better than in the case of SAED method in trandomss
conditions, accurate observation displayed one more
internal weak ring pattern closer to the directrbedhe
diffraction ring measures a distance spacing ofiab®5

A, indicating the existence of anomalous differeatoon
phase because of the self-assembling evolution of
graphite nanoribbons.

Selected Area-ED analysis probed on wrinkles afdbtb
area display evidences of the presence of highdgred
(single-crystal) flakes with a relatively large is®
thousands of nf) surface (Fig. 2e). Single-crystal,
belongs to the diffraction spots pattern, has been
characterized by EDP simulation. At the start of th
study, we believe a hexagonal superstructure ekiste
the sample and we tried to determine it accordinthe
EDP. The large discrepancy of the position of the
diffraction spots between the experimental and ristizal
patterns led us to attempt another phase of geplth

an orthorhombic cell and symmetr€mma (amcsd
0013979) (Fig. 2f). The ideal crystal-structureiented
with [9-11] zone axis, has the same lattice pararset
(Fig. 2g) proposed by J. Fayos et al. [8], excéptd

stacking lattice parameter increased of 0.2 A, Figure3.
Furthermore, this phase of graphite is recognizgedhbe a) SEM image of unzipped SWCNTs after sulfonitricurex
higher intensity peak of the interplanar spacinglg$ = treatment at high temperature,

5.64 A, that it has been observed and measured into P) bright field TEM image of a folded graphene lsyand
multilayer turbostratic graphite.

c) electron diffraction pattern taken from image d) gjgee
dimensional model of graphite layers randomly otéded.
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with an inter-biplanar distances of about 3.20 & (Bh). The results show that the assembly processes can be
Two experimental broad rings overlapping the single tailored by modulating the disruption treatmentd an
crystal diffraction spots have an interplanar spgaf a choosing a suitable dispersion medium, in order to
very large distances @k, ~ 3.42 A and oflyo:~1.56 A, produce selectively different forms of self-assantl
corresponding to the presence of graphite with realfrom polycrystalline aggregates to highly self-otexd
missed orientations and increased interplanar riistaf mosaic-like structures, evidencing the possibility

the hexagonal graphene layers. In addition, we @x&@in  achieve single-crystal platelets. It is expectedt tthe

the state of the reassembled unzipped SWCNTSs autain identification of cooperative mechanisms actingsuth

after sulfonitric mixtures treatment with the saatgove systems could help in opening innovative crystatlon
procedures, but at high temperature. SEM studiesvsh pathways and give a relevant contribution for
compact graphite powder with particles clusteredaon nanotechnologies.
roughly surface, without evidence of the typicahgrite

platelets aggregations (Fig. 3a). TEM analysis pdobn

a large nano-area shows a high degree of nanotube

opening in multilayers nanoribbons and forming gite )
platelets turbostratically stacked with several esdg (4 (Sz'ovlvg)hlltggtl’z‘]s'R' Reimers, and N.S. Hush, Phys. Re81

scrolled up or folded slightly (Fig. 3b). [2] L. Bin, Z. Wei-Hong, J. Mat. Science 46 (20155.

The use of thermal treatment in annealing stepsvsho [3] M. TerronesNature 458 (2009) 854.

smooth surfaces of graphitic clusters comparedht® t [4] M. Rossi, D. Manno, S. Orlanducci, A. Serra, M.
room temperature treatment. This treatment leadse mo Terranova,Electron diffraction analysis of carbon-based
uniform graphite layers, decreasing the formatiae/®f nanomaterials in Encyclopedia of Nanoscience and
wrinkles around the step edges and defect lingaghjte Nanotechnologyedited by H.S. Nalwa, American Scientific
nanoribbons and increasing the growth surface ef th _ Publisher, 2011, Volume 13, pages 375-425.

graphite islands. [5] z.Q. Li, C.J. Lu, Z.P. Xia, Y. Zhou, and Z. Lu&;arbon 45

Structural characterization has been performed by[6] (MZO%QS?S&L Terranova, S. Piccirillo, V. Ses@and D
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RHEED analysis on a relatively large thickness tad t Manno, Chem. Phys. Lett. 402 (2005) 340.
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of ‘reference’ graphite reported in Fig. la. Hypaitbal
3D-view of a disordered self-assembling of graghiti
nanoribbons is sketched in Fig. 3d.

As a result of the thermal-stress induced proctss,
bilayer of orthorhombic graphite phases was reghiate

a structural phase transition into the classicaiagenal
graphite phase, during annealing and recrystalinat
treatments

Overall, the analysis of the EDPs indicates tha th
platelets are ‘expanded’ graphite, with a largégrplanar
distance between successive graphene layers and
coherent slightly reduced interplanar distances tfa
transversal planes. It is worth to noticing that gignal

of un-processed SWCNTs has not been detected fiyto a
electron diffraction pattern collected with the eppances

of equatorial oscillation or lines, or short diffteon lines
located in the vertical or horizontal direction, or
diffraction lines with arc shapes.

In all examined samples we were able to detect the
different layer form of conventional graphite arthyers

of orthorhombic graphite. One most important firglis
derived from the electron diffraction technique by
reflection and transmission methods. The last casgy
clearly confirms that EDPs are very sensitive toalkm
variations in periodic structure or lattice impetfen and

to investigate phase transition phenomena. In otder
resolve the fundamental problem of how is thick iie
dimensional structures, TEM analysis of the flakiges
must be coupled with electron diffraction pattetudes.

CONLUSIONS
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ABSTRACT

Laser ablation in liquid is emerging as a simplal an
reproducible way to generate a large number of
nanometric structures. This method assisted bytradec
field allows to obtain the deposition of carbon
nanostructures at the electrodes during the ahlatio
carbon target in water. In this work we report fhst
observation of the germination and growth of carbon
nanowalls at the electrode’s surface during Eleaki
field-assisted Laser Ablation in Liquids (ELAL). &h
samples were characterized by scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), Raman spectroscopy and X-Ray photoelectron
spectroscopy.

Fig.1 Schematic of experimental setup used to pr@@NWs

1. INTRODUCTION with various shapes which has been collected froen t
colloidal suspensions [6].

The discovery of graphene has stimulated enormous |n this work we demonstrated that during the ELAL
interest on 2D carbon nanostructure in view of rthei process, CNWs are deposited on the electrode’acirf
extraordinary properties and potential applicatifijs In The samples are characterized by scanning electron
this frame, a challenge has always been to ideatifygh ~ microscopy (SEM), transmission electron microscopy
yield production which can give graphene or graghen (TEM), Raman spectroscopy and X-Ray photoelectron
like structures without collateral structural damag spectroscopy.
coupled with the possibility to manipulate the lesye
individually or collectively, in order to have artaular 2. MATERIALSAND METHODS
arrangement and position for given applications [2]

Alternative to single layer graphenes, the so dalle |n our experiments we have used a Nd:YAG laser beam
carbon nanowalls (CNWs) has been discovered and(5 nsec pulse duration, 532 nm radiation wavelenifh
synthesized by Plasma-Enhanced Chemical VapourHz repetition rate) focused onto a polycrystallimaphite
Deposition in a variety of different configuratiof]. target (5 J/cd) which has been previously fixed at the
They consist of aligned graphene sheets tradingaon bottom of a flask and submerged by a few centirsatfe
substrate with large surface areas and sharp edges. Millipore grade distilled water. Details such a pedure
thickness of the CNWs ranges from a few nm to someis reported elsewhere [7]. During the ablation t\OPG
tens of nm. CNWs are expected to be good catalystelectrodes have been immersed in the liquid in saich
support structures for fuel cells, electron fielohiters way to face their basal planes (see Fig.1).
and negative electrodes for lithium ion batteries. The two electrodes have been charged by applyB@y\a
Moreover its has been recently observed that CNWspotential and, between them, the plume has be¢rdef
amplify the signals during surface-enhanced Ramandevelop during the ablation.
experiments [4] and promise high toxicity against
bacteria [5]. _ _ 3. RESUL TS AND DISCUSSION
So far, research groups have explored differenthegis
methods of CNWs essentially based on plasma-entance pfiar the synthesis the samples were charactertged

chemical vapour deposition approaches. SEM and TEM analysis. Fig.2 shows some electron

Electrical-field-assisted Laser Ablation in Liquids microscopy images (SEM and TEM) taken on the
(ELAL) has been recently proposed as a new apprmch itive electrode, after 20 min. and 2 hours abfat

controllably fabricate oxide micro- and nanopaetcl These images are related to the HOPG surface foing
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A
) c=C

Fig.2 (a) SEM image of CNWs after 20 min. of PLA) @EM
image of CNWs after 2 h of PLA, (c) SEM image of the
borderline of immersion for the positive electrodd) TEM
image of CNWs.

ignited plasma plume and reveal that the electrizde
uniformly covered by nanowalls (Fig.2a). By increas
the ablation time, the deposit continues to grow. |
particular Fig.2b reports the situation after Zokation.

The carbon foils, just geminated after 20 min, aosv

more evident and f_orm a un_lform forest on top _Cé th Fig.3 A) Cls XPS spectra obtained on the deposhe®CNWs
HOPG surfaces. This uniformity has been also ewiéeén  ager 2h of PLA, B) Ols XPS spectra obtained ondgosit of
at low magnification in Fig.2c. Here the borderliné the CNWs after 2h of PLA

immersion for the positive electrode is clearly efved

since the bright area represents the CNWSs deposit.

Finally, Fig.2d displays a high resolution TEM ineagf 3.1 M echanism of for mation

the walls showing the stacking of few high quality

graphene layers. We want now comment on the possible mechanism of
The chemical state and the structure of the narltswa formation and deposition of the CNWs in such an
have been investigated by X-ray Photoelectron electric-field assisted laser ablation in waterahhian be
Spectroscopy (XPS) and Raman spectroscopy. Thealso useful for general considerations on the dnoeft
results are reported in Fig.3. CNWs using different deposition methods.

The C1s and Ol1s XPS spectra are shown in Fig.3dA an we start considering that the formation of exotichon

B. Curve fitting of the Cls and Ols spectra was species during the ablation of a graphite target ligquid
performed using a Gaussian-Lorentzian peak shape af environment has been extensively reported by many
performing a Shirley background correction. Thediig authors in the last few years.

energy of the C-C is assigned at 284-284.5 eV andwhen the ablation is conducted in water the magcigs
chemical shifts of +1 and +2 are typically asejio  detected are hydrogen capped polyynes [9] whilatiipi
C—OH and C=0 functional groups respectively [5]e3&  in organic solvents leads also to the observatibn o
data reveals that CNWs are mostly reduced with polyynes together with polycyclic aromatic hydrdwams
negligible oxidation. Moreover the analysis of @égion and related structure [10].

indicates the presence of adsorbe®Hprobably trapped  As a matter of fact polyyne chains (generally staimly
inside the walls. for few hours) are considered as precursors ofrgela
The structure of the deposit is well representedti®y  number of carbon nanomaterials such as fullerends a
Raman spectrum reported in Fig.4 This has beennanotubes. Moreover it is well known that nanoptes
compared with a spectrum on bare HOPG. As alreadyand nanostructures produced by laser ablationginids
reported by Kurita et al. [8], the Raman spectr€NWs  are electronically charged either because of their
exhibit G and D bands at 1580 and 1350"cwith a  generation or because of salvation processes vgfivels
bandwidth relatively narrow, even when the/ld  to the particles a certain z-potential [11]. Fostémce it
intensity ratio is significantly high. This featurss  has been reported that oxidized CNT colloids are
distinguished from those of typical graphite likérlwons  negatively charged and are attracted by the pesitiv
and suggests that the nanowalls are composed df smaelectrode. It is then plausible that negatively rged

536 535 534 533 532 531 530 529
Bnding Enargy (8Y)

crystallites with a large degree of graphitization. polyynes migrate at the anode and start to buildaup
complex structure such as that observed by electron
microscopy.
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Fig.4 Raman Spectra obtained on the CNWs. The figise
reports the spectra relative to HOPG.

As in the case of nanotubes growth during arc disy

a key parameter is the presence of an electrid fiel
associated to the plasma. This has been widelysked

by Wu et al. [12], following Plasma Enhanced Chehic
Vapour Deposition experiments. In those cases the
presence of a plasma coupled with a CVD process
enables the formation of carbon radicals similathimse
which are assumed to initiate the growth of either
polyynes and carbon nanotubes during laser ablatiah
arc discharge experiments [13]. We are actually
investigating on the role of the electric fieldestgth and
geometry on such a kind of experiments.

4. CONCLUSION

In summary we have combined the production of
carbon units at the atomic/molecular level and the
transport efficiency typical of electrophoretic eximents
in a unique manner in order to obtain CNW material
under atmospheric conditions. Here we demonsttete t
the exotic carbon species formed during the aladice
able to reach the electrodes and form an uniforits fo
carpet.
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ABSTRACT
2. GUEST CHAIN MOLECULES

We review recent computational results on carbainsh
and carotene molecules encapsulated in carbonuiz@®t As guest molecules two kinds were discussed: linear
and chemically attached molecules to carbon naestub carbon chains and carotene molecules inside carbon
Modeling reproduces relevant resonant Ramannanotubes. The guest carbon chain molecules undergo
frequencies and provide geometric and conformaltiona strong Peierls distortion leading to a large boedgth
information on the encapsulates. Chemically agdch alternation, large band gap, and characteristic &am
molecules induce relaxations in the carbon nanotubebands.[2] Fig. 2. illustrates the Peierls distortfor an
structure that can be interpreted using Clar VB ef®d infinite linear carbon chain.
Site preferences for a second chemically attacdedrad

are found.
B=e e i ESS:oE =
1. INTRODUCTION " .1—2-
Guest molecules encapsulated in carbon nanotulgs an ¥ —cceece- sescce
molecules chemically attached to carbon nanotubes
display a number of fascinating properties withque! ;
BLA

challenges for theoretical modeling. These enviremis
provide unique nano-spaces for the study of modéscul
and their interactions with nanotubes. The strestuf
single wall carbon nanotubes (SWCNTSs) are well kmow
The effects of encapsulation range from weak van de
Waals (vdW) interactions through small amount crge
transfer (CT) to covalent bond formation betweerstho
and guests. The talk provided an overview of quantu
mechanical (QM) and combined force field QM

Cumuienic[non—_aiternating]form ¥

Fig. 2. Schematic illustration of the energy ofireear carbon
chain as a function of bond length alternation, BIBLA is

defined as the difference between the longer (s)rayhd shorter
(triple) bonds. The orbitals are also indicated tfog distorted
(alternating) form. The energy of the highest odéedporbital

decreases when |BLA| increases from 0 (the nornalieg

form) which drive the Peierls distortion toward alternating
form. Thetrorbitals are oriented perpendicular to the chzi) (
axis leading to a degenerate pairedrbitals andzbands.

computations in modeling these complex systems [1].

Key experimental information on these encapsulated
systems comes from high-resolution transmissioctien
microscopy and resonant Raman spectroscopy.[3] We
reviewed the results of recent quantum mechan@i)(
modeling from our laboratory and others on obtajnin
structural information on carbon chain molecules in
SWCNTSs. The main conclusion of these modeling studi
is that there is a good agreement between the Reiman
band frequency and polarization by assuming that th
chains are long (>100 carbon atoms) consistent thith
HRSTM observations.[3] Also, the main Raman bands
are resonantly enhanced at the laser energy ie thothe
Two kinds of problems are reviewed: Guest moleculesbandgap of the carbon chain. This in turn enfortbes

Fig. 1. lllustration of a carbon chain (in red)ide a double
wall carbon nanotube. Two segments are shown défey are
joined.

encapsulated within the nanotubes and moleculashest!
covalently to the tube. The two problems are sigffitty
different to require different approaches.

consistency of the picture that very long chains ar
incorporated into the nanotube. Another conclusion
relates to the properties of the very long carbbairts
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themselves.
alternating geometry consistent with the Peierssadtion
picture [4]. (Fig. 2.)

The Raman active band around 1850ceould in
principle correspond to short carbon chains. Howethe
investigation of the potential energy surface iasitie

confined quasi one dimensional spaces of nanotubes

shows that aggregation of these chains is highly
exothermic proceeding via a barrier that can becorae

at the high temperatures of the synthesis. Figsh®ws
that aggregation is energetically favorable at clihin
lengths considered [4].
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Fig. 3 Calculated total energy per carbon of lin@arclusters.
B3LYP/6-31G*

Second, careful extrapolation of the Raman actptécal

Long carbon chains assume a bond
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Fig, 3. The longitudinal optical mode frequencies @,
clusters as a function of 1/2m (B3LYP/6-31G*). Theb are to
guide the eye. The filled circle on the verticalsaepresents the
LO mode frequency of infinite polyyne at 1870 trnom our
scaled calculations. The triangles on the righhefintersecting
trends have cumulenic structures (non-alternatingmddly
alternating) while the points on the left represstrtongly
alternating polyynic structures. Arrow indicatée tfrequency
extrapolated to infinite chain length.

Likely these shifts are related to individualities the
encapsulating nanotubes and small charge tranfBégrs
that occur between the tube and the encapsulaje 4Fi
illustrates the Raman shifts estimated by periodic
commensurate DFT modeling. The red arrow indicates
that a downshift of about 40 €mis consistent with a
charge transfer of only 0.01 e/unit cell = 0.008aebon
atom. Such a small charge transfer can be obtaiteah

mode that corresponds to the CC stretching mode thathe tube and chain are treated together [9].

alternates throughout the chain (called also thplitude
mode) has been predicted to occur at 1870-1877[6in
These calculations were based on a special forforoé
constant scaling and on quantum mechanical caicota

at the B3LYP level. This is as good as any vibrslo
frequency prediction can be done and it is muclebet
than ordinary DFT predictions that cover the foliogv
values (name of computer code followed by the DFT
employed) (S. Yang, unpublished):

PWSCF (LDA) 1393 cth
VASP (LDA) 1422 crl
Gaussian 98 (GGA, PBE)  1277tm
PWSCF (GGA, PBE) 1256 ¢m

None of these methods provide anything even closleet
experiment. However, based on the 1870-1877" cm

frequency values we concluded that the model of

alternating long carbon chains inside the nanotishe
confirmed by the Raman spectroscopy.

Remaining challenge is to quantitatively interpthe
small frequency shifts of this band as it has besserved
under different experimental circumstances.[3, 6-8]

4n
<+t

)

-1

Kreq. shift (cm

160

-0.05 -0.03 -0.01 0.01 0.03 0.05

Charge on polyyne, |e|/u.c.

Fig. 4. Raman shift of the optical CC stretching mauen

infinite carbon chain as a function of charge tfans

Another key argument is that the intensity of theran
band grows very rapidly as a function of the carbbain
size [9a]. Hence the spectra should be dominatethdy
long chains even if some shorter chains are pre#eist
also possible that the finite chains have a somelekaer
frequency than the infinite chains. However, linilths
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in the experiments do not indicate a wide distidu{3,
6-8].

A combination of experimental Raman spectroscopg da
with force field and QM modeling can unravel the
conformation of carotene molecules inside carbon
nanotubes. [10] The process obtaining this infoiomat
includes developing two surfaces: one is the piaknt
energy surface of the encapsulate (carotene) andthter

is the deviation of the predicted and experimental
frequencies as a function of conformation of anaism
carotene molecule [11]. The process of minimizatién
the latter produced two conformations that are #so
energy in terms of the total energy of the systéime

success of the modeling indicated that the separate

treatment of the vibrational spectra of carotene is
justified. Accordingly, the main effect of the
encapsulation is to impose a conformation thawistie
lowest energy for the isolated carotene. Howevdrerw
we estimated the van der Waals interaction betvken

tube and the encapsulate, we found that there is a

significant driving force toward the conformatiotizat
attach the carotene to the inner wall of the tubee
estimated van der Waals interactions more
compensate for the loss of conformational energthef
encapsulate leading to an overall energy gainefbitider
of 10 kcal/mol. Thus:

Conformational information can be obtained for
encapsulated molecule using a combination of
Raman data and modeling that includes QM and
MM elements.

vdW interactions drive to conformations that are
not the lowest energy for the molecule that is not
in the constrained environment of the inside of
the tube.

Fig, 5. One of two low energy conformation of actane
molecule inside a single wall carbon nanotube.

3. CHEMICAL FUNCTIONALIZATION

A variety of SWCT covalent functionalizations wexso
reviewed: inner (endo-) and outer (exo-) additions,
additions into bonds that are at various orientetiwith
respect to the tube axis [12]. A variety of QM nueth
are being applied in the literature to this prob[@imn

than

Clar valence bond (VB) representations of pristamel
functionalized carbon nanotubes can provide useful
insights into the substitution patterns and theeesve
relaxation of the carbon nanotubes. This obsemaito
particularly useful when analyzing the effects and
substitutional preferences of multiple substitusiavhich
also show a “collective effect” in the sense tlegré are
preferential locations for a second substitutiomridus
methodologies have been used by various groups; a
statistics of the recent literature [13-24] is emed
below [1]. Number of papers in the different ovpdang
categories are in parentheses:

DFT (26) |ONIOM (6)
Periodic (15) |Clusters (16)
Periodicand| (3) |Chiralities (3)
clusters other than
(m,m)or
(m,0)
Semi (2) |Green (2)
empirical function
Size 30 -130 carbons
Substituents |O, CH,, CH,, SiH,, phenyl,
C-Cqq, C(NO,),, COOH,
CH,N,, NH, CH3, C,H,,
C3Hg, C4Hg etc.

These calculations provided a variety of insights ithe
reactivities of carbon nanotubes. Here we focusooa
aspect. Certain reactions lead to the breaking and
interruption of therrconjugated network of the carbon
nanotube. Functionalization with carbenes is paldity
interesting. The molecular analogy with the subssd
1,6-methano[10]annulenes [25] illustrates the [l
as shown in Fig. 6. Two stable forms exist: thealized”
form with 8 Teelectrons and a-bond connecting the
substitution sites, and an “aromatic” form with 1©
electrons in which such a connection has been edver
Fig. 6. shows a few substituents and the respedtye
distances.

Substituted carbon nanotubes display both types of
situations according to the quantum mechanical DFT
calculations.

The reason that this is important is because in the
aromatic form the number oftelectrons remains the
same as before the substitution. Consequently, the
perturbation relative to the unsubstituted systentess
severe. Applying this idea to carbon nanotubes, one
expects that the aromatic form retains its high
conductivity. This expectation was verified by Maizet

al. in their DFT calculations [17,21].
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Localized Aromatic
R A
S = ] —>
1 2
R= lor2observed?  dyg (in A) Fig. 7. The addition of a second exohedral carbenea
functionalized carbon nanotube with the first eresfiral
C(CN), 1 1.543 carbene. The first site is orthogonal (O) to theetaxis. The

i second substitution occurs at both O and S (slaustesb.
C(CH;), 1 &2 (fluxional) 1.770,1.826

CH, 2 2.235 )
US), Prof. J. Kurti (Budapest U., Hungary), Dr.Yang

CFy 2 2.269 (Argonne National Lab.), Dr. V. Zolyomi (Lancaster
UK).
Fig. 6. Selected 1,6-methano[l0]annulenes  withiouar
substituents and the respectivdy s distances. Shortd, g
corresponds structurd while long corresponds t@. An
intermediate case designated as “fluxional” existeen the 4. REFERENCES
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ABSTRACT overlying graphene films. The electronic interagtidn
the interface impose significant electron doping have
We study within a density functional theory frameko a negative influence in the conduction propertieshe
the electronic properties of hydrogen, germaniund an heterosystem with respect to the sif@posited case (e.g.
lithium-intercalated epitaxial graphene systemsagron in terms of reduced mean-free paths [2]). Typical
the (0001) surface of SiC substrates. A particular graphene-like characteristics (e.g. the fractianantum
structural characteristic of all these systemsé tvhen hall effect) are recovered by the application ofjae
the intercalating element diffuses into the grahsiC voltage that lowers the Fermi level around the ®paint
interface, the first, strongly-bound graphitic laythat or by the decoupling of the buffer layer from thibstrate
grows on the SiC surface gets detached from imifoy a via intercalation with functional adatoms [3-5]. Gime
quasi-freestanding graphene film. However, the ¢b@m  other hand, electrical measurements of C-face xaita
and electrostatic interactions remain distinct &ach graphene films have shown higher mobilities witbpect
intercalating element. Hence, we find that covdyent to the (0001) case and the typical half-integerntua
intercalated epitaxial graphene is subject to dastite hall effect at low temperatures [6,7]. Ideally, thee of C-
symmetry-breaking electronic interference that yrégd face epitaxial graphene for the fabrication of rdewices
the Dirac point. Moreover, in terms of effectivepit, could outscore the respective Si-face one [8]. Hane
H-intercalation leaves a neutral interface whilee th growth on the C-face results faster and less cballe
presence of Ge dangling bonds slightly shifts teerit than its Si-face counterpart and graphene mondiaaer
level above the Dirac cone. On the other handptign too difficult to be obtained. Hence, Si-face growth
of the highn-type doping in the case of Li-intercalation acquires a particular importance and a post-pratgss
lies in a non-uniform redistribution of Li chargé®esults intercalation treatment with functional elementsn ca
bring to discussion the versatility of substratgieeering partially resolve the problem of the active intedfaby
in tailoring the physical properties of epitaxiabghene  means of passivation and detachment of the busdfger|
on SiC. from the substrate. The aim of this extended atisisato
investigate the fundamental structural and eleatron
1. INTRODUCTION properties of H, Li and Ge-intercalated epitaxiaghene
structures from a theoretical perspective and disc¢he
During the last years, epitaxial graphene growthSid results with respect to recent experimental fingding
substrates has emerged as one of the principal
technologies for a controlled synthesis of high ligpa
graphene films [1], being only limited by the siakthe 2. METHODOLOGY
originating SIC wafer. The process is based on the
evaporation of the Si surface atoms from SiC byrtta¢ ~ We perform  Density Functional Theory (DFT)
annealing up to temperatures that range within 1200 calculations using the SIESTA code [9] within the
2000°C. The remaining C surface atoms bind to form Perdew-Burke-Ernzerhof [10] flavor of the generadiz
energetically favored thin graphite films. By finening ~ 9radient approximation. Structurally, we build a-8kC
the grovv'[h parameters (eg temperature’ preseme, substrate with four SiC bilayers, paSSivated witlatHhe
growth of single graphene layers is possible diyemt a bottom of the slab, over which an ideal graphenerla
semi-insulating substrate. The combination of lagales ~ Stands. We choose the computationally affordable
and high quality, in conjunction with the absenépast- ~ (¥3xV3)R30° model that can reproduce some basic
growth material transfer processes make epitaxialattributes of the graphene/SiC interface when coetpeo
graphene an ideal candidate for post-Si carbonebase the actual (63x6V3)R30° reconstruction [11]. We use
nanoelectronics. the following mixed set of basis parameters thillfthe
The electronic and transport properties of epifaxia convergence criterion: a douhlgDZ) localized basis set
graphene strongly depend on the polarization of3i@  Of Sankey-type pseudoatomic orbitals for C and H an
surface. Hence, Si-face epitaxial graphene is respective doublé-plus polarization (DZP) set for Si, Ge
characterized by the formation of a first carbamri and Li. We post-process the SIESTA electronic
interface layer (buffer layer) with a {Bx6Y3)R30° Hamiltonian in order to calculate the single cdmitions

surface reconstruction that acts as a precursor‘tl’fer of the localized atomic orbitals in the total bastclicture
of the system. The ionic cores are statically medelith
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Figure 1: Relaxed intercalated epitaxial graphene structuresrgon 4H-SiC(0001) in the case of (a) hydroge litbium and (c)
germanium intercalation. The minimum energy configion for the intercalated elements are on topghef Si surface atoms for
hydrogen, at the hollow positions of the first Siyer for lithium and at the T4 position for genniam.

norm-conserving Troulier-Martins pseudopotentia®][
that have been tested to reproduce the main bantiige
properties of SiC and graphene. The electronicitieiss
minimized at momentum space with a 7x7x1 Monkhorst
Pack grid, while a 400 Ry cutoff energy has beguoised
for real-space integrals. Structures relax untités are
less than 0.04 eV/A. We model three different syste
i.e. hydrogen, lithium and germanium-intercalated
epitaxial graphene considering a full and uniform
coverage of the substrate by the intercalated cangbin
the form of a monolayer.

3. STRUCTURAL AND ELECTRONIC
PROPERTIESOF INTERCALATED EPITAXIAL
GRAPHENE SYSTEM S

The SiC(0001)-{3xV3)R30° cell contains three substrate
atoms per atomic plain, over which eight grapheaoena
are positioned, corresponding to an 8%-stretche®)(2

sublattice symmetry breaking effect due to a noifeum
coupling with the substrate and, in this case,sitan
artifact of the small computational cell. In fact,
calculations in intercalated systems (in contrat won-
intercalated ones where the manifestation of tfieceis
stronger) have shown that these gaps tend to disapp
with the use of larger cells and are not to be nmneakin
experimental conditions [13]. A further orbital-odged
analysis of the electronic structure shows thatDRirac
point lies ~ 0.3 eV above the valence band of the SiC
substrate. The designation of the charge neutrpbint

of the intercalated system falls exactly on theitpos of

the Dirac cone and shows that H-intercalated gnaghe
should be ideally neutral.

We thereon model Li-intercalated epitaxial graphene
systems, considering a similar to hydrogen complete
coverage of the SiC substrate (i.e. an 1 monol@yie)
coverage). Structurally, also in this case the dyuliiyer
relaxes into a flat graphene sheet with a vertiistance

of 2.37 A from the Li-adlayer and 4.41 A from the S

graphene supercell. In an absence of an interchlate atoms of the substrate [Fig. 1(b)]. However, asrst f

element, structural relaxation gives rise to a zwder
buffer layer, whose properties have been extensivel
studied in the literature [11]. Hydrogen has bdenfirst
element experimentally used to passivate this fanter
Here, we model H-intercalated epitaxial graphenth &i
geometrical configuration that assigns a singletdtnaon
top of each Si atom of the substrate's surfaces Thi
geometry gives rise to the calculated minimum eynerg
configuration and has been experimentally confirrbgd
infrared absorption spectroscopy [2]. Upon relamtiH
atoms covalently bind with the interface Si atonmsl a
restore the ideadp® hybridization of the substrate. As a
result, the structurally disordered buffer layentuiinto a
flat graphene sheet with a distance of 2.39 A ftbenH-
interface layer and 3.92 A from the substrate ®mat
[Fig. 1(a)]. The electronic band structure of thistem
shows the (2 x2) folded graphene bands and confinms
minimal interaction with the SiC substrate [Fig.aR(
However a small perturbation appears at the Diotp
that opens a small band gap. It is interestinggouss the
origin of this interference: it can be attributed &

difference with respect to the hydrogen case, ne tihat
the minimum-energy configuration for the relaxatafrii
atoms is at the hollow positions of the first sudist
bilayer, confirming the prevalence of metallic-typends
between the Li adatoms and the substrate.

The electronic band structure obtained by this esgst
[Fig. 2(b)] shows some highly-concentrated bands
throughout the hole region of the spectrum that are
difficult to interpret. In this sense an orbitabodved
analysis is necessary for the determination of Itieal
contributions in the total electronic structurenSidering
therefore the contribution of th2p, orbitals originating
from the graphene layer, we obtain a band stru¢hatis
equal to that of ideal graphene for a large eneagge
around the Dirac point. This result denotes tha th
detachment from the substrate also in the casei-of L
intercalation is almost complete, while unlike thk
intercalated case we do not obtain any interferetidbe
Dirac point due to a better screening of the sabstirom
the Li cores. The important aspect though is thmat t
graphene sheet is highly electron-doped fat.3 eV,
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Figure 2: Electronic band structure of the intercalated 48-&pitaxial graphene system in the case of (ajdgeh, (b) lithium and
(c) germanium intercalation. The blue circle indiésathe position of the Dirac cone in the casétloiim intercalation.

resulting in a good agreement between theory andGe-adlayer and 5.38 A from the Si surface atombast
experiment also in this case (see the angle-redolve to be noted here that Ge intercalation gives ris¢he

photoemission measurements of Ref. [4]). The orafin
such high effective doping lies in the delocaliaatof the
valence electrons of the Li atoms towards the satestA
careful analysis of the difference in the pseudwato
charge densitylp shows that an important increase of the
electronic charge takes place between the firstybil of
the SiC substrate and the Li adlayer, originatiragnf the
positions of the Li ionic cores. This non-uniformacge
redistribution gives rise to a shift of the grapbdrands
within the valence band region of the SiC substrate
making the whole system electrically active atvtoinity

of the Dirac point.

Finally, we also model Ge-intercalated epitaxiamirene
[14]. In the simplest case of Ge chemisorptionjngle
Ge adatom occupies one of the high-symmetry pasitio
of the SiC(0001) surface (corresponding to an 113d¥l
coverage). Simulations have shown that out of igh-h
symmetry surface positions, the T4 configuratiorthis

biggest vertical distance between graphene and the
substrate with respect to the previously studiesnehts.
Detachment is also electronic, as the charge derssit
almost zero at the Ge-adlayer/graphene interfacge,H
The system prefers to maintain a Ge dangling bond
perpendicular to the graphene plain rather tham fGe-
graphene bonds. This aspect reflects the weakrigbg o
Ge-C bond with respect to the C-C one and indictiais

the energy loss in the case of the breaking of sfife
planarity of the graphene sheet is higher thandhia
from the formation of a covalent Ge-C bond. The
adsorption energy of graphene on the Ge-covered SiC
surface is only 19meV per C atom, justifying therte
“quasi-freestanding”. The band structure of theeysis
characterized by the presence of the typical Daae
which lies within the SiC bandgap [Fig. 2(c)].
Interestingly though, the system is electron-dopéih

the Fermi level lying~0.2 eV above the Dirac point, in

most stable one, having a 0.38 eV lower energy withgood agreement with the experiment [5]. The orbital

respect to the H3 case. The top position
energetically unfavorable. In both T4 and H3 posisi
the Ge atom maintains a pusg>-hybridization and
passivates all three surface Si dangling bonds [Kig)].
Considering that the energy offered to the syst@onu
annealing (from600-920°C) can break transition barriers

resultsresolved analysis here shows that this doping & th

outcome of a Fermi level pinning effect by the Ge
dangling-bond states (with a prevalent contributibithe
Ge-4p, pseudoatomic orbitals) that give rise to the guasi
flat band that disperses around the Fermi levey. [E{c)].
A last issue that has a purely computational origithe

between T4 and H3 sites, we have studied both casegresence of a secondary band gap between Hred n*

noticing that the qualitative features of the two
reconstructions hardly change. From now on disoussi
focuses on the T4 results. Upon relaxation, geacadty
the graphene layer gets detached from the substrate
recovers planarity, maintaining a 3.45 A distarcenfthe

graphene bands, similarly to the H-intercalatea cAsso

in this case, the increase of the computationatmgll is
expected to average out the electrostatic differenc
induced by the substrate on the two interpenetratin
graphene sublattices and minimize this gap [13].
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4. CONCUSIONS

In this extended abstract we have presented wathnkT

framework the electronic structure properties oé th

H/Li/Ge-intercalated interfaces between graphertetha

[11] I. Deretzis and A. La Magn&ppl. Phys. Lett. 95, 063111
(2009)
[12] N. Troullier and J. L. MartinsPhys. Rev. B 43, 1993
(1991)
[13] I. Deretzis and A. La Magn&hys. Rev. B 84, 235426
(2011)
[14] I. Deretzis and A. La Magnalppl. Phys. Express 4

Si-face of SiC. We saw that although in all three 125101 (2011)

heterostructures the first strongly-bound carbeh-ri

buffer layer is detached from the substrate, diffier
electronic properties distinguish each systemhan dase
of covalent intercalations (with H or Ge) we obszha
minimal perturbation at the Dirac point as a consege
of substrate-induced sublattice
interference. In terms of doping, H-intercalatioasathe
only one to leave the graphene sheet undoped.
intercalation gave rise to a moderate electronstppiue
to the presence of Ge dangling-bond states ahthdgace
and a respective Fermi-level-pinning effect. Camytran
the case of Li-intercalation we obtained a higgoped
ideal graphene band structure, as a consequerecaart-

uniform charge redistribution. A critical compatiso

between these three examples unfolds the potéwntdii

substrate engineering in epitaxial graphene strestu

symmetry-breaking

Ge-

Intercalation processes are complex and a number of
parameters (e.g. annealing temperature, presence of

terraces on the SiC surface, etc.) could influgheetime
evolution and uniformity of the various growth stag
Towards this direction

conjunction with the total energy electronic ancimgum

transport part could provide a better insight o th
these chemically modified

physical
materials.

properties of
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dedicated on the process-based simulation, which in
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Appendix 1: Information about the location

The second edition of the Workshop on Carbon-based low-dimensional Materials was held on December 5-7, 2011 in
Catania (Italy), in the picture gallery (“Pinacoteca”) of the Diocesan Museum of Catania, situated in the ancient
seminar ( “Seminario dei Chierici”) of the Cathedral, in the heart of the old town.

Catania, with its 350,000 inhabitants, is the second largest city of Sicily, situated on the east coast of the Island and
overshadowed by the Etna Mount, the biggest European volcano still active today, which Catania is 28 Km away from.
Typical of the province of Catania is the Timpa, a stretch of coast constituted by lavic cliffs between Catania and
Riposto, that offers you a beautiful view. The 17th century was particularly catastrophic for Catania. First (1669),
Sfollowing Etna’s eruption, a devastating lava river flowed into the city; few decades later (1693), an earthquake razed
it to the ground. It followed a sumptuous reconstruction, the main protagonist being the architect Giovanni Battista
Vaccarini (1702-1768) who designed the most prestigious buildings. The baroque covered nearly every ruined
specimen of the past ages, that is hidden, with the exception of few remnants — below the new buildings and the city
heart.

Catania is among Italian hottest cities with a summer temperature that can exceed 40° C. For general sightseeing, the
periods October through December and March through June are recommended. Winter is a good time to come to Sicily
if the focus of your visit is history and culture and you want to avoid the crowds.

Fig.1: Map of Sicily Fig.2:Entrance of Museo iocesano,
location of the Workshop
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Faggio Giuliana - Univ. “Mediterranea” of Reggio Calabria (Italy)
Falko Vladimir - Lancaster University (UK)

Fazio Enza - University of Messina (Italy)

Forte Giuseppe - Universita di Catania (Italy)

Frontera Patrizia - Univ. “Mediterranea” di Reggio Calabria (Italy)
Garofalo Ettore — ASSING S.p.A (Italy)

Giannazzo Filippo - CNR-IMM Catania (Italy)

Giordano Michele - IMCB-CNR Portici (NA), Italy

Giuffrida Manuela - Sigma-Aldrich (Italy)

Italia Markus - CNR-IMM Catania (Italy)

Karamitaheri Hossein - Sharif Univ. of Technol., Tehran (Iran) & TU Wien (Austria)
Kertesz Miklos - Georgetown University (USA)

La Magna Antonino - CNR-IMM Catania (Italy)

Lamedica Giulio — ASSING S.p.A (Italy)

Latino Mariangela - Univ. Messina & Univ. “Tor Vergata” Roma (Italy)
Lazzeri Michele - IMPMC Paris (France)

Leanza Giovanna - CNR-IMM Catania (Italy)
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Marino Antonio - CNR-IMM Catania (Italy)

Matassa Roberto - Univ. “La Sapienza” Roma (Italy)

Messina Giacomo - Univ. “Mediterranea” di Reggio Calabria (Italy)
Milone Candida - University of Messina (Italy)

Morandi Vittorio - CNR-IMM Bologna (Italy)

Neri Giovanni - University of Messina (Italy)

Ortolani Luca - CNR-IMM Bologna (Italy)

Ottaviano Luca - Universita dell’Aquila (Italy)

Patti Emilio - University of Messina (Italy)

Pellegrino Francesco M. D. - Universita di Catania (Italy)

Penza Michele - ENEA Brindisi (Italy)

Piperopoulos Elpida - University of Messina(Italy)

Pistone Alessandro - University of Messina(Italy)

Prato Maurizio — Universita di Trieste (Italy)

Ravesi Sebastiano - ST Microelectronics Catania (Italy)

Rizzoli Rita - CNR-IMM Bologna (Italy)

Russo Paola - Universita di Catania (Italy)

Santangelo Saveria - Univ. “Mediterranea” di Reggio Calabria (Italy)
Scalese Silvia - CNR-IMM Catania (Italy)

Scolaro Giuseppe - University of Messina (Italy)

Scuderi Viviana - CNR-IMM Catania (Italy)

Shahul Hameed Abdul Rahim - University of Messina (Italy)
Shizuya Ken-ichi - Kyoto University (Japan)

Sinatra Marco Giovanni - Universita di Catania (Italy)

Spada Aldo — CNR-IMM Catania (Italy)

Spadaro Donatella - University of Messina (Italy)

Sparta Noemi - ST Microelectronics Catania (Italy)

Trocino Stefano - Univ. “Mediterranea” di Reggio Calabria (Italy)
Veronese Giulio Paolo - CNR-IMM Bologna (Italy)

Zara Fabio - ST Microelectronics Catania (Italy)
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Furthermore, we were very happy to host several students from Universita di Catania and
Universita di Messina, who attended the Workshop with great enthusiasm:
Agati Marta (Catania)
Buscema Marzia (Catania)
Cacciato Giuseppe (Catania)
Carnemolla Enrico (Catania)
Caruso Giuseppe Mario (Catania)
Cocina Federica (Catania)
Cusumano Davide (Catania)
Di Geronimo Giulia (Catania)
Di Prima Giorgia (Catania)
Ferro Valentina (Catania)
Fioravanti Valeria (Catania)
Gentile Antonio (Messina)
Licciardello Salvatore (Catania)
Lo Faro Maria Jose (Catania)
Longo Graziella (Catania)
Malara Angela (Messina)
Mantarro Carmelo (Messina)
Raciti Rosario (Catania)
Scarangella Adriana (Catania)
Torrisi Giacomo (Catania)
Tripodi Lisa (Catania)
Ventura Luigi (Catania)

Francesco Venuti (Messina)



