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Introduction: Graphene-based materials (C allotropic state)
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GO preparation as self-suppoted thin films

(Spin coating
preparation film)

L. Torrisi et Al.,
Vacuum 160,
2019, 1-11

Thickness:

- ~ 2 ug/cm? (10 nm)

Concentrated GO solution Diluted GO solution

~ 20 pg/cm? (100 nm)
~ 200 pg/cm? (1 um)

~ 2 mg/cm? (10 um)



Property Graphite Graphene GO rco
In-plane thermal conductivity 1950-2000 1500-5300 2.9 650
at RT (W/m-K)
Thermal conductivity along c 0.7-20 0.5 1 (RT)
axis at RT (W/m-K) 10 (300°C)
Electrical conductivity (S/cm)| 2 x10° || basal plane 2000 *2%1105° 1350
3x10%L basal plane
Density (g/cm3) 2.09-2.25 0.005 &5 1.6-1.91
Young’s Modulus(GPa) 11.5 1000 207.6 260
Vickers Hardness (kg/mm?) 7-11 160
Tensile Strength (MPa) 10 130 90
Melting point (°C) 3730 4237 3600 >3800
Specific Surface area (m?g™) 2630 736 422-500
Carrier mobility (cm2V1s?) >10% 103 -2x10° 153 0.05-372
Sheet (for graphene) 400 14000
Resistance (W/sq) at RT (<3nm) 150
Optical transmittance (%) 97.7 94.0 96 85
Refractive index n 2.52-2.67 2.0-3.0 1.957 1.84-2
at 550nm at 550nm at 634 nm | at 634 nm




Graphite thin films
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Graphene Oxide

At the egges s o
r—"t—\ ) 53 ./m

Functional groups:
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NS 0 NAA - hydroxyl (C-OH)
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WA A - epoxy (C-O-C)

- carbonyl (C=0)

- carboxyl (O-C=0)

- Presence of H, and H,O




The GO reduction can be obtained by:

1) Thermal processes
(as a function of the temperature in air, nitrogen and
vacuum)

2) lon beam processes
(in vacuum as a function of the dose: 1013-10% /cm?)

3) Laser beam processes
(as a function of fluence 1-100 J/cm?, wavelength, pulse
duration. In air, nitrogen, in vacuum,...)

d

4) Chemical processes (Hydrazine reduction)
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Evolution of GO structure with reduction

sp?

domains

200 Cra

> (Temperature, lon dose, Laser fluence,...)

The dark grey areas represent sp?
carbon clusters and the light Hycronyls-epories
brown areas represent sp3 carbon

bonded to oxygen groups
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RBS Analysis

Alpha backscattered yield (a.u.)
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XPS Spectroscopy
g
8
2 Sample C1s(at%) O 1s(at%) C/Oratio
| =
2 Pristine GO foil 71.8 28.2 2.55
25MeVH 1.0 x 108 em™  68.9 31.1 2.15
T A s 25MeVH 1.0 x 10 em™  70.3 29.7 237
| —ec A —cc \ 25MeVH 1.0 x 10® em™  75.2 24.8 3.03
3| —co /F —¢co [\ 5.1 MeV He”” 1.0 x 10" em™  70.7 29.3 241
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5 : //{ \ | Fited onveiope - 51 MeV He*" 1.0 x 10 em™  78.5 21.5 3.65
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L. Torrisi et Al., Vacuum 153 (2018) 122-131.
e P. Malinski et Al., NIM B In press 2019.
M inding Energy (6V) M. Cutroneo et Al., Vacuum 165 (2019), 134-138.
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Raman Spectroscopy

oo

=

=]
1

o

=

==
1

4000

o0

o

=

=]
1

Lr]

(=1

L=

L=
1

40004

12000
D o 5*10"ions/cm’
iG virgin GO 0000, 5
ﬂ G
. exmeriments] dat: 8000
‘ experimental data = + experimental data
— hest fit o
-------- bbands — — best i
* ' = i I L 1 | — subbands
i 7
v g ] D/G=1.95
: D/G=1.57 2 ¥
0, D+‘3C 07 op D+G
R I i 0 T, p e g |
1000 2000 3000 4000 0 100 2000 3000 4000
Raman shift (cm) 000 Raman shift cm)
5*10"ions/cnr’ 5*10"ions/cm’
d)
G 10000 4
| b
+ experimental data ? " +  experimental data
— best fit = —— hest fit
-------- subbands >, B0004 == subbands
‘7
5 4000
DIG=2.12 g D/G=2.93
o0 D+G 2000 M DG
2000 3000 1000 2000 3000

Raman shift cm)

Raman shift ¢cm)

2 MeV He* ion
beam irradiation

D/G o lon dose

- Reduction of sp? domain
sizes;

- Increment of the number
of sp2 domains.

- Increment of disorder;

L. Torrisi et Al.,
Vacuum 160 (2019),
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Electrical Characterizations
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Microscopy investigations

analysis

SEM
analysis
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Applications:

Hydrogen and Deuterium storage material
Thermal sensor

Gas sensor

Biomaterials .
Optical absorber R
Electronic devices (Batteries, resistances, capacitances,
supercapacitors, schottky junctions, transistors,

semiconductive strips,...)
Filter membrane
lon Stripper -
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The Stripper Foil

Positively Charged "

e A thin carbon foil is Beam Exits the O+ 02*.. OB
placed in the beam Stripper Foil
tube at the center of
the terminal. As the 10

negatively charged ) .
beam strikes the foil 120 pg/cm

(at fairly high energy), Carbon
electrons are stripped Stripper Foil
from the ions, leaving
them positively
charged.

CtICaNNE":

Negatively Charged Beam
Enters the Stripper Foil

(10-100 pg/cm? = 0.05-0.5 pum)



Involved processes inside the stripper foil:

A+B - A+B* Excitation R
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Stripper foil ::_'_""“-iinergv Depusitinn{E;}'"";}— —— Heat

MeV Escape
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e-e lonization | -
i-e lonization : - -' \
 Lightyield(s1) | Charge yield (52)
extraction foil
thin foil, for example carbon, removes the electron(s) with high probability i-e Recombination

new charge state of ion brings it on a new trajectory = separation from
circulating beam

lifetime of foil is critical due to heating, rad.damage; conversion
efficiencies, e.g. generation of neutrals, must be considered carefully
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Equilibrium between ionization and
rGO Stripper foil recombination effects
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C>" beam

Graphite (p = 2.25 g/cm3), 0.44 um rGO (p = 1.50 g/cm?), 0.5 um, 1.0 pm
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Charge transmission efficienty
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Preparation Graphite stripper rGO stripper

Rupture lon beam
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Main Results
1. Obtained results demonstrated that the stripping effect is similar

for Graphite and rGO foils with the same thickness (ug/cm?2).

2. Lifetime for rGO is higher than graphite thanks to the better
mechanical and thermal properties of rGO

For a good quality of carbon
foil is necessary to extract ion
beams stable for a long time,
thus the lifetime is an
important parameter of such
films.




Preliminar Observations

GO foil (0.4 mm) under helium ion bombardment at 100 nA exceeded ~ 5x10*/
He/cm? dose without disruption.

Graphite foil (0.4 mm) at 100 nA was broken at ~ 5x101° He/cm?.

No micro cracks are observed in GO and rGO with respect to Graphite.

Graphite foils show micro cracks by thermal gradient effects and mechanical
stresses, not observed in rGO foils.

Important aspects concern the thermal dissipation of the stripper and of its holder.

The multiple scattering from the foil increases the beam emittance and thus
decreases transmission. The foil thickens under bombardment with heavy beams,
resulting in a time-varying reduction in beam intensity and an increase in beam
loading. The foil lifetimes decrease as the beam mass and intensity increase.
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Future developments: rGO stripper foil sensitive to high temperature

X

Conduactivity( S/cm)
[ ] Bl
=2 =

100-

suu 600 700 800 900 1000 1100
Temperature (*C)

(rGO temperature sensor) /'

* Feedback signal to stop the ion beam at high stripper temperature



Conclusions

GO foils have higher mechanical resistance than graphite

rGO foils have high electrical and thermal conductivity, low density and
high mechanical resistance

GO foils become rGO under ion beam irradiation starting from about 10%3
ions/cm? fluence

GO foils with sub-micrometric thickness can be used as ion stripper with
high efficiency, similarly to Graphite foils

The stripper lifetime of rGO foils is higher with respect to graphite foils
Further investigation must be performed using high energy ions (~ 100
MeV), heavy ions (Z>8) and high ion current (1>100 nA) to evaluate the

rGO stripper lifetime response with respect to graphite.
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The charge state distribution for (160)!ions with 3.0 MV at the HV Terminal was:
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Principle of Stripper

* Carbon foils to extract positive protons by stripping two electrons
from accelerated negative protons.

* Therefore a good quality of carbon foil is necessary to extract
proton beam stable for a long time.

* The lifetime of stripping foils is limited by several factors-
extracting currents, the foil thickness, the repetition rate

Magnetic |
fielg?B) H"‘
(~1.7T)
Baaisi Lifetime
Current
(nA)
Time(hour)
e Electron path
H* v
Carbon Foil )
~100ug/cm? l H S

Ref : Submitted, ] H.Kim etal., JKPS (2012) Carbon Foil J
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lonization potentials of the projectile atoms C atoms

C - ATOMS

B|ClI 0 | carbon C 15%225%2p% Py 2522p 2P°y 11.2602880 0.0000011 120057
Blci +1 | Carbon B 1522522p Py, 25215, 24.383154 0.000016 £130
GBlcu +2 | Carbon Be 152257 8, 2528, 47,88778 0.00025 L876c191
6|CIV +3 | Carbon Li 15225 2y, 18215, §4.49352 0.00019 L11667
Blcv +4 | Carbon He 152 15, 1525, [392.090515] 0.000025 L10054
6|CV +h | Carbon H 1s 281, (489.993194) 0.000007 L7188

O - ATOMS

8|0l 0|Oxygen |O 15%2s5%2p* Py 207 48%, 13.618055 0.000007 174,13760
glol +1 | Oxygen M 1522522p2 5%, 2p2 3Ry 35.12112 0.00006 |L11267,L10621
alom +2|Oxygen | C 15225727 *Py 202P°, [54.93554] 0.00012 L11770
alown +3|Oxygen |B 15%25%2p poy, 25718, 77.41350 0.00025 L&48
glov +4 | Oxygen | Be 152252 18, 2528, 113.8930 0.0005 L7288
alowv +5|Oxygen | L 15725 8y, 15215, [138.1189] 0.0021 L4713
d{ow +6 | Oxygen He 182 5 152842 [739.52682] 0.00006 110054
glowvi +7 | Oxygen [H 18 28y, (871.40988) 0.00003 L7188




Graphene-based materials: Properties (rGO)

> Electrical

* Semiconductor with both holes and electrons as charge carriers
e Very high electrical conductivity (depending on the quality of graphene oxide)

» Mechanical
* Young’s modulus ~ 260 GPa

> Optical .
* Transmittance ~ 85% (IR); ~ 5% (Visible); Metallic color

» Thermal
e Conductivity Above 600 W/(m K) (in plane)

» High Specific Surface Area
* Theoretically ¥~ 500 m2.g!

J

» Low density
GO: ~ 1.8g/cm3




