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CNTs and Structural Changes Upon Hydrogenation 2

Multi wall CNT

Carbon Nanotubes (CNTs) are rolled-up sheets of graphene forming
cylinders with nanometer-scale diameter
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Why Hydrogenate CNTs” 3

Solid Tritium target for

Neutrino Mass Measurement Directional Dark Matter Detector

[ I I T I 1 I I I I I I I I T I I I I 1 I
I Hydrogenated nanotube
6F ] DM Wind :
_ E field (few kV/cm) W
. OF— oo AT DI 3
o
L o : O
o < recoil electron =
—~ - +
T S = a
oul Q
4+ © <
- 22 §
_ o 5 L
3l < &
- vacuum “ B
21 | | |

distance from the axis (A)

Tunability of Electronic Properties Hydrogen Storage

Orlando Castellano, FisMat2025, Jul 9th 2025



Two Samples and a Plasma Recipe for Hydrogenation 4

WO samples from the same batch
Annealing 650 °C
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Exposed to hydrogen plasma:
O 100 W
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O 1h

Kept in low vacuum during
transfer

diamond Annealing at T < 300 °C
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Annealing
Used as a reference
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Photoemission Fingerprints of Highly Hydrogenated CNTs 5
XPS
Monochromatized Al Ka = 1487.6 eV
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Electron Energy Loss Confirms Hydrogenation
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Electron Energy Loss Confirms Hydrogenation 7
EELS
Eprimary — 90 eV
40F. o CNTpristne o o T ot T
o ONTprstne o QNTpistne

305_ l o I— Cll-l stre’lcchingl_f k _
=Y - \% 1 O C-H stretching =
< A | <
£ O nt plasmon quenching £
3 3
O O

O Band Gap opening

Energy Loss (eV)

Surface sensitive techniques! Energy Loss (eV)

Orlando Castellano, FisMat2025, Jul 9th 2025



How Deep Does the Hydrogenation Go” 8

O Variable photon energy allows probing from surface to inner layers

O Lineshape changes provide insight into sp? vs sp*® carbon hybridization

photon energy

800 eV 8000 eV

information depth*

~ 3 nNm ~ 27 Nm

*3 X electron Inelastic Mean Free Path in graphite
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Not surface-limited, not fully bulk... diamond 9

109 beamline

C1ls

Inelastic Mean Free Path
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Quantifying the Sp3 Content with Soft Photons diamond 1O

|09 beamline
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Lineshape Changes due to Recoll Effects in HAXPES

11

Free Atom Recoll
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@o—

Intensity [arb. units)

O Recoil: average energy
shift

O Vibrational modes:
asymmetric broadening

302 8 302 4 302.0 3016
lonizaton energy (eV)

FIG. 1. Carbon 15 photoelectron spectra of Chy, ‘
different photon energies: (a) 330 eV, (b) 2.3 keV, (c) 3.0 keV. %
(d) 6.9 keV, and (e) 8.5 keV. Dots, experimental data points;

continuous red line, least-squares curve-fitting result; vertical “gaSGOUS molecule

sticks, positions and relative intensities of the vibrational peaks.

Kukk et al., Phys. Rev. Lett. 121, 073002 (2018)

Orlando Castellano, FisMat2025, Jul 9th 2025

FN T TOTOVRI TP T solid sample Binding Energy (eV)
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FIG. 1. (Color online) (a) Photon energy dependence of C 1s
core-level spectra of graphite. The soft x ray (fir=340 and 8§70 V)
and hard x ray (fr=5950 and 7940 eV) are measured at the emis-
sion angles of 90° and 857 relative to the sample surface. (b) Theo-
retically obtained spectra taking into account the recoil effect in a
Debye model with fiwy, =75 meV.

Takata et al., Phys. Rev. B 75, 233404 (2007)




Hit Me (Photon) One More Time ““diamond 2
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Bending vs Stretching Modes Angular Dependence

diamond 13

Graphite

Grazing emission: in plane
stretching mode, broader peak

Normal emission: out-of-plane
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Wrapping Up 14

&/Highly hydrogenated CNTs with minimal oxygen contamination

M/Hydrogenation iInvolves mainly the outer layers, but is not limited to the very surface

Can we quantify hydrogen distribution in depth?

8/ Recoil effects observed in pristine CNTs, average energy shift consistent with graphite

How can we explain the angular dependence?
What about H-CNTs? Can we study C-H vibrations?

Orlando Castellano, FisMat2025, Jul 9th 2025



Wrapping Up

15

&/Highly hydrogenated CNTs with minimal oxygen contamination

M/Hydrogenation iInvolves mainly the outer layers, but is not limited to the very surface

Can we quantify hydrogen distribution in depth?

8/ Recoil effects observed in pristine CNTs, average energy shi

t consistent with graphite

How can we explain the angular dependence? . 655\'
What about H-CNTs? Can we study C-H vibrations? . or0%

Orlando Castellano, FisMat2025, Jul 9th 2025
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Hit Me (Photon) One More Time

-o— 800 eV
-o— 1400 eV
-o— 4000 eV
-o— 8000 eV

PPN P g

287 286 285 284 283
Binding Energy(eV)

» 800 eV ~ 1400 eV no major C-C
recoll effect

» 4000 eV energy shift ~ 100 meV

» 8000 eV energy shift ~ 250 meV

» Mix of depth inhomogeneous and recoil effect
hard to disentangle

Sp3 lower at higher information depth, effective
sharper line shape and shift to lower BE

Recoill increase with photon energy, peak shift to
lower KE, higher BE
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VA-CNT
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Uniform overlayer sp3 over substrate sp2

(¢) Semi-infinite substrate with uniform overlayer of thickness 7/—
Peak k from substrate with Fyxin= FEx:

Ni(0)=10Q0(Ex)Ao(Ex) Do(Er)p dor/dQ Ae(Ek)
xexp (—#Ae'(Ex)sin 8) " (117)
Peak ! from overlayer with Exin= E;i:
Ni(0)=1oQo(Er)Ao(E)Do(Er)p’ doy/dQ Ae'(E7)

x [1—exp (—t/Ae’(E)) sin 6)] (118)
where
A¢(Ex)=an attenuation length in the substrate

A¢'(Ex)=an attenuation length in the overlayer
p=an atomic density in the substrate
p'=an atomic density in the overlayer.

Ly Loverlayer | — g~ @/Acosd |

— — — — €
— p—dlA 0 —d/A 0

Lz + 1 loverlayer + Isubstrate 1 — e7## €080 4 g @A cos

—d/A




Uniform overlayer model does not work well for both 800 and 1400 photons 20

hv = 800 eV
3
A= lnm, 2 = 0.74
sp3 + sp2
1l —e ¥ =0.74 = d = —1n(0.26) = 1.35nm
hv = 1400 eV
sp3
sp3 + sp2

1 —e ¥ =0.61 = d=-2In(0.39) = 1.88 nm

((1.88+1.35)/2=1.615 2%(1.88-1.35)/(1.88+1.35) =0.328



Exponential density of sp3 overlayer

21

fip3(2) = foy - €77 sp3is 100% at the surface

do characteristic sps length

Jop2(2) = 1 = f,5(2)

- - o 1 dy
X " :(2) - e~ dz = e_Z/do .o~ dz = e—z(l/d0+1/}t) dz Is - _ 0
J 3 J J P (Udy+1/2) ~ dy+ A

sp3

I [1_ s ]'E_Z/’Id ZJ | —e ) .o gz =2 1 = U = A =
pzocjo Jopa® T, ( ) : dy + A do+2 ) dy+4



Exponential density of sp3 overlayer Is better 22
Jsp3(2) = Jo - e~ I% sp3is 100% at the surtace
do characteristic sps length
f?pZ(Z) =1 _fgp3(z)
Lo+ 1, dodl(dy+24)+A%/(dy+2A)  dy+ 4
hv = 800 eV hv = 1400 eV
p= i —P 074 2= 2mm—P7 _ 061
sp3 + sp2 sp3 + sp2
0.74 0.61
=T 074 = =M ' 1-0.61

(3.13+2.85)/2=2.99 0%(3.13-2.85)/(3.13+2.85) =0.0936



Sp3 in equivalent layers of graphite

23

Layer separation in graphite = 0.35 nm

d = 1.61 (uniform model)

1.61/0.35=4.6

do = 2.99 (exponential model)

2.99/0.35 = 8.5



Hydrogen surface density uniform model a spanne

24

ne ~ 3.82 x 103 atomi/mm’

Ny, =4.6-n-=4.6-3.82x 10" = 1.7572 x 10"* atomi H/mm*

my = 1.0078 U = 1.0078 - 1.6605 x 10724 g ~ 1.6736 x 10~*g

my, ~ 29 ng/cm”



25
1 ug Hydrogen (uniform model)

my = 1ug =~ 60

* 30 cm2in total



Hydrogen surface density exponential model a spanne

20

3.82x 10" o L
Ny = ~ 1.14 X 10" atomi/mm~/nm

0.335

Ny = J n(z) dz = J ny - e 9hdz = ny - dy = 1.14 x 10 - 3 = 3.42 x 10'* atomi/mm*
0 0

my, ~ 57 ng/cm®



1 ug Hydrogen (exponential model) 27

ayer separation as in graphite = 0.35 nm
—lectron IMFP as in graphite

Characteristic penetration depth: 8.5 layers
my, ~ 57 ng/cm®

sp3

3 + sp2 = H:C stoichiometry

*15 cm2 total



Not surface-limited, not fully bulk... but more H than in nano-porous graphene 28
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Isp3 / Itot

Fit Modelli:

Overlayer, Esponenziale, Lineare

1.0 A : : :

X Dati sperimentali

— == Qverlayer uniforme (d = 1.82 nm)
0.9 - — == Distribuzione esponenziale (d0 = 2.89 nm)

— == Distribuzione lineare (d0 = 4.56 nm)
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Counts (A.U.)

Counts (A.U.)

Hydrogen Plasma vs Thermal Cracking Hydrogenation 30
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O1s and Fe 2p content 31

Cross section values
Yeh & Lindau (1985)
Scofield (1973)

O1s Fe2p
32
8000 eV * 1400eV: =0.15Mb * 1400eV: =0.5MDb
a0 + 4000eV: =0.02 Mb « 4000eV: =~0.08 Mb
- 8000eV: ~0.005 Mb * [\ - 8000eV: ~0.02Mb
R AR A
. 28— 4000eV 26—
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24 —
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‘Q ; A 4
| I | | | | I I | | I I I | | I | | | I I I I 1 I | I | 1 | | I | I | I I I I T
545 540 535 530 525 715 710 705
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Beam makes hydrogen desorbs 32
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Recoll Effects in Photoemission: Hit Me (Photon) One More Time 33

* Recoil: shift

» Kind/number of phonon excitations: asymmetric broadening

—o— 800 eV
—o— 1400 eV
—o— 4000 eV
—o— 8000 eV

Binding Energy(eV)

- 800 eV ~ 1400 eV no major C-C

recoil effect S’f‘;’““e ;N /T\
» 4000 eV energy shift ~ 100 meV (@) Experiment /7 \yyiy=870eV
- 8000 eV energy shift ~ 250 meV hv=7940eV_ [ :\ij|hyv=340eV

* prominent sp3 component

» From 4000 eV to 8000 eV

Binding Energy (eV)
2855 2850 2845I _284.0

/ :l J\o \ e ._-
hv=5950eV /S J &) \,1 A

gradually decreases with
photon energy

increasing recoll effect
hv= 5950 eV

 Modello semiclassico

« Armonico (no dissipaz) :

+ Single phonon " 10 05 00 05

* No coupling elettronico (curveDOI: 10 2d@B R ianB.75.233404
cimmetriche no coda di driide)




Bending vs Stretching modes with High Energy ARPES 34

» QOut of plane (normal emission): higher recoil energy

* Angle 7: normal emission . . . . ,
J E vero per |la grafite ma per | nanotubi non dovrebbe essere I'op]

Surface S (stretching)

normal 3° Axis 90° to

3° analyzer
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Counts (A.U.)

XPS analysis: from sp? towards sp3
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UPS: Work Function Changes and Band Gap Opening

Secondary Electron onset (SE)
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Electron Energy Loss Spectroscopy
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