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Q H, formation
@ Eley-Rideal and CID at high E,
@ Cold collision energy regime
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Introduction

Hs in ISM

@ Hydrogen is the most abundant
element of the Universe

@ Hs is formed on the surface of o

dust grain ‘ * Difuse Cloucs
e

Organk refrmotar
PAHs e i

Carboneceous particles

Carboneceous particles

Dense Clouds

Hydrogen-graphite is an important model for
understanding H, formation in ISM
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Introduction

Technology

@ Hydrogen storage
@ Nuclear fusion

@ Nanoelectronics, spintronics,
nanomagnetism
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Introduction

Technology

Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,” A. K. Geim,"™ S. V. Morozov,? D. Jiang,"
Y. Zhang," 5. V. Dubonos,® 1. V. Grigorieva,” A. A. Firsov*

We describe monocrystalline graphitic films, which are a few atoms thick but are
raneteles stable s smitert condlion, el s of rarwiotly igh

quality. The

e e o hands, and they extibl a strong anblpola
electric field effect such that electrons and holes in concentrations up to 10 per
square centimeter and with room-temperature mobilities of ~10,000 square
centimeters per volt-second can be induced by applying gate voltage.

The ability to control electronic properties of
a material by externally applied voltage is at
the heart of modem electronics. In many
cases, it s the electric field effect that allows
one 1o vary the carrier concentration in a
consequently,
change an electric current through it. As the

semiconductor device and,

Department of Physics, University of Manchester,
Manchester M13 97L, UK. “Insttute for Microelec.
onics Technology. 142432 Chemogolovks, Russa
“To whom comespandence should be addeessed.
E-mail: geim@man ac.

66 22 OCTOBER 2004 VOL 306

semiconductor industry is nearing the limits
of performance improvements for the current
technologies dominated by silicon, there is a
constant search for new, nontraditional mate-
sials whose properties can be controlled by
the electric field. The most notable recent
examples of such materials are organic
conductors (/) and carbon nanotubes (2). It
has long been tempting to extend the use of
the field effeet to metals [e.g., to develop all-
metallic transistors that could be scaled down
to much smaller sizes and would consume
less energy and operate at higher frequencies

SCIENCE

www.sclencemag,org

than tradi N\

However,
metal fily
sereened ¢
and bulk
large com
be induce
tend 10 b
coming d
eral nanometers; so far, this has proved to be

an insurmonntable chtacle to metallic elec-

@

grapnene sneets rotied up into nanomet
eylinders) (5-7). Planar ¢

been presumed not o exis
being unstable with respect
curved structures sueh as §
nanotubes (5-14).

Au contacts

—
s graphite
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Two-dimensional gas of massless Dirac fermions in nature |, ===
graphene materials
K. S. Novoselov', A. K. Geim', S. V. Morozov?, D. Jiang', M. I. Katsnelson’, I. V.. Grigorieva', S. V. Dubonos® s all abaout graphens

& A. A. Firsov®

Experimental observation of the quantum Hall effect
and Berry's phase in graphene

‘Yuanbo Zhang', Yan-Wen Tan', Horst L. Stormer' & Philip Kim'

The rise of graphene

Sci et Field St Aamically ThinCarbon Fims
orosor ot
cience Science 306, 666 (2004):

BOI 10 1126150ience- 1102896
AVAAAS

16, 2009):

g i s e, can b found i cnine
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Hr -ty > al(R)b-(R; +6) + c.c.

a-i = ke *Mar(k)
H=—tY, . f(k)ak (k)b (k) + c.c.

=[5 (28]

‘ e % 0 e
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Introduction

Technology
Hr -ty > al(R)b-(R; + 6) + c.c.

t (K + k) = Fve(ky £ ike) with ve = 2dget
ve = 1%10%m/s =~ ¢/300

Hg, =~ ve > Wl (K)koW, (k) with U1 = [af (k), b] (k)]
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Graphene is a true 2D-electron gas (2DEG) system with
pseudo-relativistic conduction electrons!
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Graphene is a true 2D-electron gas (2DEG) system with
pseudo-relativistic conduction electrons!

...what about us?

@ Chemistry: graphene is a large polycylic aromatic
hydrocarbon
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Introduction

Technology

Graphene is a true 2D-electron gas (2DEG) system with
pseudo-relativistic conduction electrons!

...what about us?

@ Chemistry: graphene is a large polycylic aromatic
hydrocarbon

@ Surface Science: adsorption of atoms/molecules may
tremendously affect transport properties
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H atoms on graphenic substrates

Outline

9 H atoms on graphenic substrates
@ Single atom adsorption
@ Clusters of H atoms
@ The role of edges
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H atoms on graphenic substrates

Understanding adsorption

H on Graphite vs metal substrates

@ Chemisorption is thermally activated'»?
Substantial lattice reconstruction upon sticking'-2
Diffusion of chemisorbed H atoms does not occur®
Preferential sticking®

Clustering of H atoms3#5

Dimer recombination®

[1] L. Jeloaica and V. Sidis, Chem. Phys. Lett. 300, 157 (1999) [2] X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002)
[3] L. Hornekaer et al., Phys. Rev. Lett. 97, 186102 (2006) [4] A. Andree et al., Chem. Phys. Lett. 425, 99 (2006) [5]

L. Hornekaer et al., Chem. Phys. Lett. 446, 237 (2007) [6] L. Hornekaer et al., Phys. Rev. Lett. 96, 156104 (2006)
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H atoms on graphenic substrates

Bipartite lattices

H=3,(t;al b+ tibl ai,)

Electron-hole symmetry

bj — —bj = tj — —tj,i.e. h —» —h b

if ¢; is an eigenvalue and ¢/ = >, aval + > ijjT the
corresponding eigenvector
3

/s
i i T i S5 H
—cjis also eigenvalueand ¢;' = >, ja; — > ]-/Jjbj is
eigenvector

na+ ng — 2nx

N
‘ &
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H atoms on graphenic substrates

Bipartite lattices: the “alternating” theorem

H - ZTvij(tijaj:7Tbj7T + t-‘l/b]-i;‘ral’T)

If ng > ng there exist (at least) nj = nay — ng "midgap states”
with vanishing components on B sites

v

[.?. .s][g}:[g] with T ngxna( > ng)

— Ta = 0 has ny — ng solutions

D)ﬁ
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H atoms on graphenic substrates

Bipartite lattices: Lieb’s theorem

H =3, ity bjr +tib] air) + U ni-ni—

If U > 0, the ground-state at half-filling has

S=|ns—ngl/2=n/2

E.H. Lieb, Phys. Rev. Lett. 62 (1989) 1201 O

...basically, we can apply Hund’s rule to previous result e
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H atoms on graphenic substrates

Bipartite lattices: theorems at work

naga=ng+ 1 na=ng+2 na = ng
S=1/2 S = S=0
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H atoms on graphenic substrates
0000000000

Single H

Technicalities

DFT calculations

Periodic, plane wave based calculations with vASP
PAW method within the frozen core approximation
Perdew-Burke-Ernzerhof (PBE) functional

5x5x1 unit cell with a 20 A vacuum layer along ¢
6x6x1 I-centered k mesh, E.,; = 500 eV

Spin polarization
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H atoms on graphenic substrates
(o] lele]elelelelele]e]

Single H

Adsorption PES

Potential Energy (V)
E/ev
o o
o N
T T I T

ol -0.2
0.4
00 ——
-0.6
1
05 10 15 20 25 30 35 40 45 50 -0.8
Distance above the surface(A)

1
[1] X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002) ﬁ.
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H atoms on graphenic substrates
[ee] le]elelelelele]e]

Single H

Adsorption PES

E (Hartree) |

IID ‘

0.62

-0.50
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H atoms on graphenic substrates
[e]e]e] lelelelelele]e]

Single H

Substrate electronic structure

Graphene

0
(&) / eV

20 T +H
10

92}

O 0 H-Graphene

[a]

) 10
bbb
BN NB 2 0 2
For adsorption on an A site spin-density (Eep) eV K

localizes on B sites
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H atoms on graphenic substrates
[e]e]ele] Telelelele]e]

Single H

Substrate electronic structure

For adsorption on an A site spin-density
localizes on B sites
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H atoms on graphenic substrates
[e]e]ele]e] lelelele]e]

Single H

Valence Bond picture

Basics

(Simple) VB ansatz

Advantages
W = A{¢1d263...0NON 1} e simple, accurate 0" order
’ picture of chemical bond
@ route to
CLIVES Z CkOF ik Heisenberg/Hubbard
models (frozen/polarizable
_ VB orbitals)
@ orbitals ¢; are (or turn out .
: Disadvantages
to be) localized on atoms

. L @ non-orthogonal
@ spin-function is the best manv-electron basis
coupling for the given S y &

dcfe@university of milan
Hydrogen in C-based Nanoscience



H atoms on graphenic substrates
[e]e]ele]ele] lelele]e]

Single H

Valence Bond picture

Benzene

Molecular Orbital theory Valence Bond theory

<3

%%

Q0 QJ

o ol ey, e
ol ‘ ;

o2}

03 * 4
0l ey ey
osk

B

7 S
6 1
V= A{p1h1d202036305 .1} V=" ok A{p1 020304050608 o} ﬁ‘

k=1
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H atoms on graphenic substrates
0O000000e000

Single H

Valence Bond picture

Benzene

Valence Bond theory

Kekule (1865) ' i

o @ d
S

v~ wf](ek =+ \11’2‘9" 0.012 0.012 0.012

6 1
V= Z ek A{ 91 ¢2¢3®4¢5®698,o;k} ﬁ‘

k=1
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H atoms on graphenic substrates
[e]e]ele]elelele] lele]

Single H

Valence Bond picture

Benzene-H

= BIeoe

®
e

=\ Y ./:\\/
or O Ox
0.225 0.225 0.512
oote ! Y (\J\/ 0.019
7 system ¢ CH bond ¢ CH bond
5 ; , 1
V=373 ckA{D1620304050 ., D68703 (b8 5905 o} ﬁ.
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H atoms on graphenic substrates
00000000080

Single H

Valence Bond picture

Benzene-H

W~ UK+ o Wik 4 o

L
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H atoms on graphenic substrates
0000000000 e

Single H

Valence Bond picture

Example: Adsorption barrier

0.4

0.2

0.0

-0.2

0.4

-0.6

E/eV
L e B

-0.8

z/A 7:
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H atoms on graphenic substrates
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Clustering of H atoms

Dimers
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H atoms on graphenic substrates

O@00000000

Clustering of H atoms
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H atoms on graphenic substrates

00@0000000

Clustering of H atoms

Dimers

3.00 | T

= 200 I .
G Binding energies depend ~
: linearly on the site integrated
H 100 magnetization (SiM)
0.00— [ T T I

0.00 0.05 0.10 0.15
SiM/
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H atoms on graphenic substrates

000@000000

Clustering of H atoms

Dimers

3.00 | T

2.00

bind eV

W 400

0.00
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H atoms on graphenic substrates

0000800000

Clustering of H atoms

Dimers

020 T L L L L ortho_dimer
01 5} single H { . .

= L ]

GJ - -

L 0.10F . /

g L ]

w L d para—dimer
0.05- & - i E
0.00 C m

L
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H atoms on graphenic substrates

[e]e]e]e]o] lelelele)

Clustering of H atoms

Dimers

307

5]
(10-10)
@ s

[1] L. Hornekaer, Z. Sljivancanin, W. Xu, R. Otero, E. Rauls, |. Stensgaard, E. Laegsgaard, B. Hammer and F.
Besenbacher. Phys. Rev. Lett. 96 156104 (2006)

[2] A. Andree, M. Le Lay, T. Zecho and J. Kupper, Chem. Phys. Lett. 425 99 (2006)
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H atoms on graphenic substrates

[e]e]e]e]o]e] lelele)

Clustering of H atoms

3-atom clusters

0.620 eV

w=1pp =p=2pp= p=3up
0.971 eV
0.820 eV
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H atoms on graphenic substrates

0O000000e00

Clustering of H atoms

3-atom clusters
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H atoms on graphenic substrates

0000000080

Clustering of H atoms

4-atom clusters
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H atoms on graphenic substrates

0O00000000e

Clustering of H atoms

Clustering of H atoms

S. Casolo, O.M. Lovvik, R. Martinazzo and G.F. Tantardini

Understanding adsorption of hydrogen atoms on graphene
J. Chem. Phys. 130 (2009) 054704 J

L
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H atoms on graphenic substrates

90000000000

Cluster models to graphene

Technicalities

Many-body wf calculations

@ Calculations with GAMESS and GAUSSTAN codes
@ Atom centered cc-pVDZ basis-set
@ Geometry optimizations at the DFT-(U)B3LYP level

@ Complete Active Space (CASSCF) reference
wavefunctions

@ MultiReference QuasiDegenerate Perturbation Theory
(MRQDPT) as implemented in GAMESS

L
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H atoms on graphenic substrates

O®000000000

Cluster models to graphene

Physisorption

Coronene-H '

@ HF-MP2 / aug-cc-pVDZ + BFs / CP-BSSE
@ D¢ =39.5meV vs De(exp)=39.2+0.5 meV
@ E,pr =4.0meV, Dr_gx = 1.7 10~% cm?s~!
[1] M. Bonfanti, R. Martinazzo, G.F. Tantardini and A. Ponti, J. Phys.

Chem. C 111, 5825 (2007) ’ﬁ
[2] E. Ghio et al., J. Chem. Phys. 73, 596 (1980)
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H atoms on graphenic substrates

O0®@00000000

Cluster models to graphene

Systems

soNooe

HC: :
Z HC. _~ ! dibenzo[def,mno]crisene /
irene
perinaftenile / fenalene benzo[cd]pirenile P antrantrene
benzo[ghi]perilene coronene

open-shell ‘PAHSs’
P closed-shell PAHs g.
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H atoms on graphenic substrates

000@0000000

Cluster models to graphene

Systems

HC: : ’
F HC _~ dibenzo[def,mno]crisene /

perinaftenile / fenalene benzo[cd]pirenile antrantrene

r ’ |\\

IPIS ' ’

) - D OO

ts 250l ee
benzo[ghi]perilene coronene

open-shell ‘PAHSs’
P closed-shell PAHs &

dcfe@university of milan

Hydrogen in C-based Nanoscience



H atoms on graphenic substrates

O000e000000

Cluster models to graphene

Closed-shell PAHs

Graphitic carbons

Hydrogen in C-based Nanoscience

Eona/ 8V

0.900

0.850

0.800

0.750
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0O0000e@00000

Cluster models to graphene

Closed-shell PAHs

Edge carbons

22
2.0 MRQDPT
18
16
14

~ 12

inct

LF 1.0
08
06
04
02

0.0

L
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H atoms on graphenic substrates

00000080000
Cluster models to graphene

Open-shell PAHs

Example: PAH{7:2}

05

0.0

graphitic

Hydrogen in C-based N:

L
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0O000000e000

Cluster models to graphene

Adsorption paths

Closed-shell

E/eV
E/eV

RQDPT
%

P S S [N T ST S NS S
-0.80 3 1 3 4

2 2
d(C-H) /A d(C-H)/A 1 f
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H atoms on graphenic substrates

0000000000

Cluster models to graphene

Spin-density

H + Closed-shell PAH

L
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H atoms on graphenic substrates

0O00000000e0

Cluster models to graphene

Spin-density

Open-shell PAH

Hydrogen in C-based

dcfe@university of milan




H atoms on graphenic substrates

0000000000 e

Cluster models to graphene

Clustering of H atoms

Hydrogen affinity and magnetic properties of
sub-nanographenes

M. Bonfanti, R. Martinazzo, A. Ponti and G.F. Tantardini
In preparation
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Hy formation

Outline

Q H, formation
@ Eley-Rideal and CID at high E,
@ Cold collision energy regime
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Hy formation

Technicalities

Time-Dependent Wavepacket calculations

@ Rigid, flat surface approximation’ Q ineidon

@ Split-Operator with FFT along cartesian
coordinates and DBT along p z

@ propagation in both product and z

reagent coordinate sets? “targon”
y O Z
= state-to-state, energy-resolved cross z,

sections for all possible processes Y

[1] M. Persson and B. Jackson, J. Chem. Phys. 102, 1078 (1995); D. Lemoine

and B. Jackson, Comput. Phys. Commun. 137, 415 (2001)

[2] R. Martinazzo and G.F. Tantardini, J. Phys. Chem. A, 109 (2005) 9379; J. 7&
Chem. Phys. 124, 124703 (2006); J. Chem. Phys. 124, 124704 (2006)
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Hy formation

Technicalities

TDWP calculations at low E ¢y

0.60 7 T T

@ Two-wavepacket approach’

@ Transmission-free?® absorbing potentials
and Fourier mapping? in reagent
coordinates

In 3D T;=25-30 ps and AP lengths ~ 50A in
order to get converged xsections down to
~10%eV,ie. ~0.1K

[1] R. Martinazzo and G.F. Tantardini, J. Chem. Phys. 122, 094109 (2005) 0% 10® 10 10
[2] D. Manolopoulos, J. Chem. Phys. 117, 9552 (2002) E/meV i
[3] A.G. Borisov, J. Chem. Phys. 114, 7770 (2001) Gﬁ.
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Hy formation

Potential Energy Surfaces’

00 -+
500 400 -300 -200 -100 000 100 200 300 400 500
x

Chemisorbed target H (zeq) Physisorbed target H (zeq)

L
[1] X. Sha, B. Jackson and D. Lemoine, J. Chem. Phys. 116, 7158 (2002)
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High Ecoy

|. H-chemisorbed case

Hy formation
®00000

o 1

eIl cices™ 3
0 20 30 40 50 60 70

E./ev

We find oscillations in both ER and CID xsections

dcfe@university of milan
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Hy formation
O@0000

High E oy

|. H-chemisorbed case

Eley-Rideal
. 4 1o0f ]
% 1 % 90l 3
B 15
. 80 —
i . ] : Quantum vs
9505 e is 2o 25 8008 1o 15 20 25 (quasi) classical
T s .
a0l 1 el 1 dynamics:
; ] E ] quantum effects
% 8O 1 W80 7
v or J ° 1
701 N 701 >
Covn b b b 1 :HHHHHHHHHH: ¢
s'%o 0%5 1‘.0 1.‘5 2.‘0 25 Sv%.O 0.‘5 1‘.0 1‘.5 ZJ.O 25 é.
E eV E, eV
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Hy formation
00@000

High E oy

|. H-chemisorbed case
Eley-Rideal

10 s
= ; =

1 .

L

s

z . 5t
e V1o 3 2
s ]

2s s 2
3952645 66" 0 2o 4o a0  C0d 20 40 6o

€ rov € o0 Erev

@ Product molecules
are internally hot

@ Internal excitation is
a steep decreasing
function of Egyy L
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High Ecoy

|. H-chemisorbed case
Eley-Rideal

Hy formation
[e]e]e] lele)

)Y,

Y4 Y- A

v,=3

T o wwu‘uu‘uu}uu‘uu“

e

20 =

= 1.0F g 5

S L N
\\\ 0.0 bder il L

. 25 00 05 10 15 20 25

H“HHMH._H(‘_‘)H, Fr e
H,(v=1 v=0 50 Iij
(V) 2! E V‘ 1
4.0W\\

3.0

OJ\{W‘H

05 10 15 20 25

W

05 10 15 20 25
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Hy formation
0000e0

High E oy

|. H-chemisorbed case
CID

: s Quantum vs

(quasi) classical
dynamics: indirect
CID

L

12 3 4 5 6 7
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Hy formation
O0000e

High Ecoy

ll. H-physisorbed case

16 ey 6 g
14F oov=0 14

£ —ey =
12 o—oy=2 12

B —ey=23

10

AN EEEEE SRR FEENE R

.0 02 04 06 08 1.0

.0 02 04 06 08 10
E_ /eV E_ /eVv
col col

e <= BN \C R N 0}
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Hy formation

[ Jelele]e}

Low E oy

|. H-chemisorbed case
Eley-Rideal

E /K ECOH/K

10° 10" 40°  40° 4o’ 0 50 100 150 200
20.0 [~ 20.0 o e B S
15.0
10.0
50
0.0
150
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50
00
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00
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n
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0.01
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N
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Low E oy

|. H-chemisorbed case

Ha rovibrational excitation

[d FETT T PR FYRTN O POV O

107
E/eV

o,

<V>
o

o o~

Hydrogen in C-based Nanosci

0.01 meV
om
100 000 42 i

20.0 meV
”:Z 49
a
Vi

Hy formation

[e] lele]e}

0.25 meV
om
e £g
()
60.0 meV
o
) s
Vs 124 LY
oy

2.50 meV

a0
i
)
Ve ey 124
(7
a0
i)
[ a7
Ve — 124 1
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Hy formation
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Hy formation
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Summary

Summary

@ Thermodynamically and kinetically favoured H clusters
minimize sublattice inbalance

@ Adsorption on magnetic C-substrates is roughly governed
by spin density only
@ Adsorption on edges is favoured (even for small systems)

@ Eley-Rideal recombination is efficient but limited by
quantum reflection at low energy

@ Adsorbate-induced trapping in the physisorbed regime may
be important
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Summary

Outlook

@ Opening band gaps in graphene via surface chemistry
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@ Opening band gaps in graphene via surface chemistry
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Summary

Outlook

@ Edges properties
are extremely

intriguing..
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Summary

Outlook

..CASSCEF calculations
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..and periodic DFT

L~3nm

L~2nm
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Summary

Outlook

@ dissociative chemisorption of hydrogen molecules at edges
@ first principles study of sticking dynamics

@ diffusion energetics and dynamics of chemisorbed
hydrogen atoms
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Summary

Outlook

@ dissociative chemisorption of hydrogen molecules at edges
@ first principles study of sticking dynamics

@ diffusion energetics and dynamics of chemisorbed
hydrogen atoms

Thank you for your attention!
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