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atomic H-bonding to graphene: graphane

» “graphane”: same structure of graphene (Gr) BUT semiconducting
= till now, H-Gr on Gr flakes and substrate supported-Gr

= atomic *H (H) and ?H (D) chemically active as 3H (T)*

» actual self-standing graphene: Nano Porous Graphene

* hydrogenation and deuteration by i) low-energy ion and ii) atom
exposure: results and perspectives (high upload, cleanness, stability)

* Betti et al. (Ptolemy), Prog. Part. Nucl. Phys. 106, 120-131 (2019);
Apponi et al. (Ptolemy), Phys. Rev. D 106, 053002 (2022)



from graphene to graphane, theory

atomic H as a tool to ‘pinch’ the sp? bonds
towards an sp?3 configuration while maintaining
“chair” conformation the planar nature of graphene
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Sofo et alii, Phys. Rev. B 75, 153401 (2007)
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- covalent bonding, small charge transfer

(~0.003 e)* H-to-C potential curve -> favoured

_ _ sp? configuration **
- C atom convexity (0.3 A with respect to

graphene plane) lowers H chemisorption

energy barrier to ~ 0.2 eV**
* Ryu et alii, Nano Lett. 8, 4597 (2008);  ** Ruffieux et alii, Phys. Rev. B

66, 245416 (2002); Hornekaer et alii, Phys. Rev. Lett. 97, 186102 (2006);
Luo et alii, ACS Nano 3, 1781 (2009)



from graphene to graphane, theory
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from graphene to graphane, theory

a semiconductor with ~3.5 eV energy-gap is predicted !
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from graphene to graphane, theory

calculations with GW corrections, Eg >5 eV is predicted !
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from graphene to graphane, experiments: still an
open problem

some work has been done MOSTLY on supported-graphene, and transferred Gr
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1) fully freestanding and high-quality graphene
(nanoporous graphene, NPG)

I1) its functionalisation with H and D (atomic Hand D
as chemically active as T)



NPG: microscopy and diffraction analysis

Di Bernardo et alii, ACS Omega 2, 3691 (2017); Carbon 131, 258 (2018)



NPG: spatially-resolved photoelectron spectroscopy

sp, like mapping sp, like mapping

C1s total mapping
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from graphene to graphane

atomic H as a tool to ‘pinch’ the sp2 bonds towards an sp3 configuration while
maintaining the planar nature of graphene

sp3 H-C bond



how to estimate the H (or D):C upload - directly from a

quantification of the sp3 bond spectroscopic signal from the XPS C 1s

core level:
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from graphene to graphane, experiments: the cold

plasma approach (Princeton group)

OES spectormeters
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second method: thermal-
energy (<0.1 eV) H* ions

very low-energy (thermal energy, <0.1 eV) D+ source at
atmospheric pressure (Madrid collaboration)

D-NPG
annealed at 330°C
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Abdelnabi et alii, Nanomat. 11, 130 (2021)



experimentally achieved «graphane» \%
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excellent D-NPG lattice
quality (Raman)
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Nanostructures at Surfaces Laboratory @ Sapienza

monochromatised He
photon source
ARPES (Omicron VUV-5000)
electron analyzer /

(Scienta SES200) UHV fast
| entry lock

atomic H source

XPS double
XPS electron anode photon
analyzer (VG source (PSP) sample fast
Microtech Clam-2) entry load

lock

TDS, quadrupole
mass spectrometer O-MBE

evaporators

https://sites.google.com/uniroma1.it/nano-surface-physics/home



third method, first attempt: hot W filament in
vacuum, atomic H at ~0.2 eV kinetic energy
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fourth method: low-energy
(~6 eV) H* ions

Main chamber

low-energy (6 eV) H+ Kaufmann source

& Magnet _
Heater ample - From H, canister
To vacuum pump Lamp . '—DH—
«_ et Heated
lon beam |l famers (shatooe) Nanotechnology 32 (2021) 035707
Snple ok _ ::%rlaifnat?:: (anode) C1 S D-N PG
o
Sl sp? H-NPG
5 = :
g|—sp
o S C-O
®H - 25 A) > © plasmon
[
c
)
=
o - Clean

no dangling bond defect stat

es

295 290 285 280
Binding Energy (eV)

Abdelnabi et alii, Nanotechnology 32, 035707 (2021)



Main chamber

low-energy (6 eV) H+ Kaufmann source

From H, canister
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Very high thermal stability

H-C and D-C bonding found
to be much more stable than
in previous works - here
desorption does not start
below 530°C and complete
recovering of sp?-graphene
only at 650 °C!

Abdelnabi et alii, Nanotechn. 32, 035707 (2021)



fifth (third improved) method:
atomic H at ~0.2 eV kinetic energy
by hot-capillary in vacuum

V1

ve

H, flow into a capillary with hot-spot

cooling

et (~2100 C) in UHV - more than 95%
% Tungsten % Copper molecules cracked in atomic H
_ Ceramics Stainless steel

concentrated onto the sample

F1G. 1. Schematic drawing of the atomic hydrogen source.

Bischler and Bertel, J. Vac. Sci. Technol. A 11, 458 (1993)



high-quality atomic H cracking through capillary in UHV
H-NPG with spatial resolution, Soleil (Paris)

N clean reached ~90%
H-upload!
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Betti et alii, Nano Lett. 22, 2971 (2022)



H-NPG with spatial resolution

H-C spatial distribution: highest sp3 signal - valence band energy gap opening
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H-NPG with spatial resolution

DFT-GW calculations: “graphane” as 2-side H-graphene

"inding energy (eV)

8 6 -4 2 0

Intensity (arb. un.) -

A L L
--- clean NPG
— H-NPG

DoS (arb. un.) o

— 2side H-Gr
— 1side H-Gr (T)
1side H-Gr (R)

Betti et alii, Nano Lett. 22, 2971 (2022)

i l\kl\/\‘/\fJ
8 6 -4 -2 0
Energy - CBM (eV)

C




conclusions and...

« Excellent hydrogenated (~90%)* free-standing
“graphane’

e Best methods:

1) thermalised ions at atmospheric pressure
1) exposure to low-energy atomic H (D) in ultra-high-
vacuum

* apparent discrepancy of D upload: ~50% D content measured by XPS on-
campus, ~90% H upload with XPS at lower photon energy with SR - different
sampling mean free path (due to photoelectron kinetic energy)

...perspectives -



perspectives

achieved: Gr deposited on a TEM grid (Pisa) and
characterized in Roma Tre - Talk Apponi (Thursday)

Next steps (2022-23):

x7 vib-EELS
E,=91.7 eV
) e-transmittance through H-Gr (on TEM grid) 040 2o
= 150°C
1) SR spectromicroscopy comparison of H upload X7 Vo

(all-in-UHV) on flat Gr and on metal-supported Gr,
few micron-sized areas (Roma Tre)
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i) on-campus investigation of H upload (all-in-UHV)
on flat Gr and on metal-supported Gr by XPS, vib-
EELS

EELS intensity (arb.un.)

G. Di Filippo, A. Liscio, A. Ruocco,, Applied Surface Science. 512
(2020) 145605. https://doi.org/10.1016/j.apsusc.2020.145605.
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perspectives

Naked nanotube

given the proposed
— maas-o ] f CNT interior as
R ] host for free H

VH (CV)

—— atoms

- }rlydlroglena‘lued lnanlotull)el I Y
; more stable once its
external wall is
passivated by H

—— Initial S =0

—— Initial S =1 ]
—— Forced S =1 —:
A R R T R R S T T B S SRS R S
1 2 3 4 5 6 7 8 -2 -1 0 1 2
distance between tritium atoms (A) distance from the axis (A)
Apponi et al. (Ptolemy), Phys. Rev. D 106, 053002 (2022) calculations by Esposito, Tozzini et al.

Next steps (2022-2023):
1) H (D) upload (all-in-UHV) external surfaces of highly aligned vertical CNT

1) XPS estimation of H (D) upload on the external wall surface



perspectives

Next steps (2023 ?) - Cavoto talk (Thursday):

1) New vacuum set-up for high-temp. molecular
cracker at SRNL, USA

1) T upload of NPG and of Gr-on-TEM grid (all- > mm 4

iIn-vacuum) at SRNL (collab. Princeton) typical NPG sample

1) XPS estimation of T upload after transfer in
the UHV chamber in Rome




perspectives

fullerene (C60)

fulleride (C60 crystal)

internal cages as hosts for H atoms...

(on-going calculations by Esposito, Tozzini et al.)

Further steps (or GedankenExperiment)?
1) H (D) upload (all-in-UHV) on external surfaces of fullerene/fulleride

1) XPS estimation of H (D) upload on the external surface



thank you for your attention




