
HAL Id: tel-02436761
https://tel.archives-ouvertes.fr/tel-02436761

Submitted on 13 Jan 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Plasma based assembly and engineering of advanced
carbon nanostructures

Ana Inês Vieitas de Amaral Dias

To cite this version:
Ana Inês Vieitas de Amaral Dias. Plasma based assembly and engineering of advanced carbon nanos-
tructures. Plasma Physics [physics.plasm-ph]. Université d’Orléans; Universidade técnica (Lisbonne),
2018. English. �NNT : 2018ORLE2019�. �tel-02436761�

https://tel.archives-ouvertes.fr/tel-02436761
https://hal.archives-ouvertes.fr


         

 

 

ÉCOLE DOCTORALE ENERGIE, MATERIAUX, SCIENCES DE LA TERRE ET DE L’UNIVERS 
UNIVERSIDADE DE LISBOA, INSTITUTO SUPERIOR TÉCNICO 

Laboratoire GREMI UMR 7344, CNRS - Université d’Orléans, France  
Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico - Universidade de Lisboa, 

Portugal 

THÈSE EN COTUTELLE INTERNATIONALE présentée par :  

Ana Inês VIEITAS DE AMARAL DIAS 
soutenue le : 4 Octobre 2018  

pour obtenir le grade de : 
Docteur de l’ Université d’Orléans 

et de l’ Universidade de Lisboa - Instituto Superior Técnico 

Discipline : Physique 

PLASMA BASED ASSEMBLY AND ENGINEERING OF ADVANCED CARBON 
NANOSTRUCTURES 

 
THÈSE dirigée par : 

M. BERNDT, Johannes   [Chercheur CDI – HDR – GREMI UMR 7344, CNRS / 
Université d’Orléans] 

Mme. TATAROVA, Elena  [Chercheuse avec Habilitation – Instituto Superior 
Técnico / Universidade de Lisboa] 

M. HENRIQUES, Júlio  [Chercheur – Instituto Superior Técnico / Universidade 
de Lisboa] 

RAPPORTEURS :  
M. CVELBAR, Uros   [Associate Professor – Jozef Stefan Institute, Slovenia] 
M. TEODORO, Orlando   [Associate Professor – Faculdade de Ciências e 

Tecnologia / Universidade Nova de Lisboa] 
_____________________________________________________________________ 
JURY: 

M. LEMOS ALVES, Luís  Full Professor – Universidade de Lisboa, Portugal 
 Président du jury 

M. CVELBAR, Uros    Professeur – Jozef Stefan Institute, Slovenia 
Mme. KOVACEVIC, Eva   Professeure des Universités - GREMI UMR 7344, 

CNRS / Université d’Orléans 
Mme. BOULMER-LEBORGNE, Professeure des Universités – Université d’Orléans 
Chantal      
M. Soares GONÇALVES, Bruno Miguel  Chercheur – Universidade de Lisboa, 

Portugal 
Mme. TATAROVA, Elena  Directeur de Recherche – Universidade de Lisboa, 

Portugal 
M. TEODORO, Orlando   Professeur Associé à Service Temporaire – 

Universidade Nova de Lisboa, Portugal 



 



 

 

UNIVERSIDADE DE LISBOA  

INSTITUTO SUPERIOR TÉCNICO 

UNIVERSITÉ D’ORLÉANS 

ÉCOLE DOCTORALE DE ENERGIE, MATERIAUX, 

SCIENCES DE LA TERRE ET DE L’UNIVERS 
 
 

 

Plasma based assembly and engineering of advanced carbon 

nanostructures 
 

 

 
Ana Inês Vieitas de Amaral Dias 

 
 

Supervisors:  Doctor Elena Stefanova Tatarova 

Doctor Júlio Paulo dos Santos Duarte Vieira Henriques 

Doctor Johannes Ernst Helmut Berndt 

 

 

Thesis approved in public session to obtain the  
PhD Degree in Technological Physics Engineering  

 
Jury final classification: Pass with Distinction and Honour 

 

2018





 
UNIVERSIDADE DE LISBOA  

INSTITUTO SUPERIOR TÉCNICO 
UNIVERSITÉ D’ORLÉANS 

ÉCOLE DOCTORALE DE ENERGIE, MATERIAUX, SCIENCES DE LA 
TERRE ET DE L’UNIVERS 

Plasma based assembly and engineering of advanced carbon nanostructures 

Ana Inês Vieitas de Amaral Dias 

Supervisors: Doctor Elena Stefanova Tatarova 
Doctor Júlio Paulo dos Santos Duarte Vieira Henriques 

Doctor Johannes Ernst Helmut Berndt 

 

Thesis approved in public session to obtain the  

PhD Degree in Technological Physics Engineering  
Jury final classification: Pass with Distinction and Honour 

Jury: 
Chairperson:  Doctor Luís Paulo da Mota Capitão Lemos Alves Instituto Superior Técnico, 

Universidade de Lisboa 

Members of the committee: 
Doctor Eva Kovacevic  GREMI UMR 7344, CNRS/Université d’Orléans, France 

Doctor Chantal Boulmer-Leborgne  GREMI UMR 7344, CNRS/Université d’Orléans, France 

Doctor Uroš Cvelbar  Jozef Stefan Institute, Slovenia 

Doctor Orlando Manuel Neves Duarte Teodoro Faculdade de Ciências e Tecnologia, 

Universidade Nova de Lisboa 

Doctor Bruno Miguel Soares Gonçalves Instituto Superior Técnico, Universidade de Lisboa 

Doctor Elena Stefanova Tatarova Instituto Superior Técnico, Universidade de Lisboa 

Funding Institutions 
Fundação para a Ciência e Tecnologia 

2018 



  



 



 







 





  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

  

  

  

  

  

  



  

  

  

  

  

 

 

 



 

 





 



 





 



 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

http://www.nanoworkshop.org/program.pdf
http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf
http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf


• 

• 

• 

• 

• 

• 

http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf
http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf
http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf
http://icpig2017.tecnico.ulisboa.pt/wp-content/uploads/2017/05/ICPIG2017-booklet.pdf
http://ecst.ecsdl.org/content/77/3/37.full.pdf+html
http://www.athens2016.iplasmanano.org/index.php
http://www.athens2016.iplasmanano.org/index.php


• 

• 

• 

• 

• 

• 

• 

http://iwsspp.deo.uni-sofia.bg/wp-content/uploads/2017/01/book_final.pdf
http://iwsspp.deo.uni-sofia.bg/wp-content/uploads/2017/01/book_final.pdf
http://iwsspp.deo.uni-sofia.bg/wp-content/uploads/2017/01/book_final.pdf
http://meetings.aps.org/Meeting/GEC16/Session/MW6.142
http://meetings.aps.org/Meeting/GEC16/Session/MW6.109


• 

• 

• 

• 

• 

• 

• 

 

https://www.uco.es/md-9/Booklet_Web-1.pdf
https://www.uco.es/md-9/Booklet_Web-1.pdf
https://www.uco.es/md-9/Booklet_Web-1.pdf
https://www.uco.es/md-9/Booklet_Web-1.pdf
https://www.uco.es/md-9/Booklet_Web-1.pdf
http://www.icpig2015.net/Content/Posters/id158_Julio_HENRIQUES.pdf
http://ocs.ciemat.es/EPS2015ABS/pdf/I4.009.pdf
http://ocs.ciemat.es/EPS2015ABS/pdf/O4.301.pdf


 



 

 



 



 



 

⃗ = 𝑎 ( , −√ ) ,   ⃗ = 𝑎 ( , √ ) 
�⃗� = 𝜋√ 𝑎 (√ , − ) ,   �⃗� = 𝜋√ 𝑎 (√ , )

𝜋 √⁄= 𝜋𝑎 , √ ′ = 𝜋𝑎 , − √ =6



σ

σ

σ π

π

π π

π π= ±𝛾 √ + cos cos √ + cos √
⃗⃗ 𝛾

π π



= ±ℏν𝐹| |
 ν𝐹 = 𝛾 ℏ⁄ ≈ 6 . − (ν𝐹 = ⁄ )

π π



ν𝐹 ≈ 6 . −



𝜎 = ± + ⁄ ℎ

ℎ⁄

= ħ ∗ + ħ ∗ ( 𝜋𝐿 ) + ħ ∗ 𝜋𝐿
, ∗,  



(𝑃 𝑖 𝑖 = τ𝜑) ττ τ ττ
( = 𝜈𝐹 . 𝜏 )ћ𝐿𝜑

𝜏 𝜏𝑖 𝑟 𝑎⁄ 𝜏  𝜏𝑖 𝑟 𝑎 𝜏 𝜏𝑖 𝑟 𝑎



ℎ⁄

𝜋ℎ
𝑖 ℎ 𝑔 ℎ⁄ ≡ /x 𝜋ℎ 𝐿 = 𝜋ℎ 𝐿 =

. x 𝜋ℎ



 



 





 

π

π



 





 





σ



 

°



 





 





 

 

 



 

 



θ

 

~



~

π

σ

(a) (b) 



 

 





 



 



 

 





 









ᵒ



®

®

 



 

~

 





 



 



 

ʋ ʋ
α

∗ ∏𝑔  



𝑿 + 𝒆−  →  ∗ ∏𝒈 + 𝒆−
+ + 𝒓 →  ∗ ∏𝒈 + 𝒓
+ +𝒘𝒂𝒍𝒍  →  +𝒘𝒂𝒍𝒍

 +  𝑵 +  𝒓 →  𝑵∗ 𝜮  +  𝒓

ʋ ʋ

350 400 450 500 550 600 650 700
0.0

0.5

3.0

3.5

4.0

C
2
(

=
-1

)

C
2
(

=
0
)

24 7 0 2477 5 2478 0 478 5 2479 0 479 5 2480 0

n
e
n
s

ty
 (

a
u

)

 

 

Waveleng h Å)

C (247 8 nm)

A
r 

(7
0

6
.7

)

Q
Eth+Ar

=20 sccm

Q
Eth+Ar

=30 sccm

Q
Eth+Ar

=40 sccm

Q
Eth+Ar

=50 sccm

Q
Eth+Ar

=55 sccm

 

 

In
te

n
s
it

y
 (

a
. 
u

.)

Wavelength (nm)

 

 

A
r 

(6
9

6
.5

)

B
a

lm
e

r-


 l
in

e

C
N

 (
B

-X
) 

+
 F

u
lc

h
e

r-


 b
a

n
d

C
H

 (
A

-X
)

C
N

 (
B

-X
) 

b
a

n
d

C
2
 swan band

C
2
(

=
1
)

(a)

300
400

500
600

700

0

1

2

3

4

20

30

40

50
60

I
 

Q
A

r+
E

th
 (

s
c
c
m

)

Wavelength (Å)

(b)



15 20 25 30 35 40 45 50 55 60 65

2100

2450

2800

3150

3500

3850

 

 

 CN

 OH

T
e
m

p
e
ra

tu
re

 (
K

)

Q
Ar+Eth

 (sccm)

380 381 382 383 384 385 386 387 388
0

2

4

6

8
 Simulated

 Experimental

Q
Ar

=1200 sccm

Q
Eth Ar

=60 sccm

 

 

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)



0 2 4 6 8 10 12 14
100

200

300

400

500

600

700

Q
Ar

=1200 sccm

Q
Eth+Ar

=60 sccm

P= 2 kW

 

 

T
W

a
ll
 (

C
)

distance from the launcher (cm)

 

 



α



≈

π

 

°





1200 1400 1600 2400 2800 3200
0

500

1000

1500

2000

2500

3000

3500

T
wall

= 200C

T
wall

= 180C

T
wall

= 250C

 

In
te

n
s
it
y
 (

a
. 

u
.)

Raman shift (cm
-1
)

no heating

Q
Ar

= 1200 sccm | Q
Ar+Eth

= 55 sccm | p= 1 atm | P= 2 kW

D

G

2D

(a)

0 50 100 150 200 250

0.58

0.59

0.60

0.61

0.62

0.63

0.64

0.65

 

 

I D
/I

G

T
WALL

 ( C)

(b)

0 50 100 150 200 250

1.35

1.40

1.45

1.50

1.55

 

 
I 2

D
/I

G

T
Wall

 ( C)

(c)



1250 1500 1750 2500 2750 3000 3250

1
5
8
4

D'

D'

D+D''

D+D''

D+D'

D+D'

2D'

2D'

D+D'' 2D'

D'

D+D'

2
7
3
0

1
5
8
4

2
7
0
1

2
6
6
1

1
5
8
4

G

G

1
3
3
3

1
3
5
1

2D

2D

2D

G

D

D

L= 458 nm

L= 515 nm

 

 

In
te

n
s
it
y
 (

 a
rb

. 
u

.)

Raman shift (cm
-1
) 

L= 633 nm

D

1
3
6
7

 



∼

π π

°



°

600 500 400 300 200
0

500

1000

1500

2000

2500

 

 

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Binding energy (eV)

O1s

C1sC (97.8 at.%)

O (2.2 at.%)
(a)

 

296 294 292 290 288 286 284 282 280
0

2000

4000

6000

8000

10000

12000

 

 

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Binding energy (eV)

 experiment

 sp
2
 

 sp
3
 

 C-O-C 

 −*
 

 backgroung

 

(b)

 

536 534 532 530 528
800

850

900

950

1000

1050

1100

1150

 

 

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Binding energy (eV)

 experiment

 C-O-C

 PbO

 background

 envelope

(c)



280 290 300 310
0

1

2

3

 

 

P
E

Y
(n

o
rm

a
liz

e
d
 t

o
 3

3
0
 e

V
)

Photon energy (eV)

 transitions

 transitions C K-edge

°

π σ
π σ

π σ
π σ



1000 1500 2500 3000 3500
1000

1200

1400

1600

D+G

2DG  

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Raman shift (cm-1)

 --- treated

 --- powder

D

(c)

280 285 290 295 300 305 310 315
0.0

0.2

0.4

0.6

0.8

1.0

1.2

* transitions

45

30

 

 

90P
E

Y
 

(n
o

rm
a

liz
e

d
 t
o

 
* 

tr
a

n
s
it
io

n
)

Photon Energy (eV)

* transitions (d)

σ



θ

π

σ

π

π
σ

π
σ π



 



π π



π

 

0

5000

10000

15000

20000

25000

30000

280285290295

In
te

n
s

it
y
 (

c
.p

.s
.)

Binding Energy (eV)

C 1s
sp2

sp3

C-O, C-N

O-C=O
π-π*

C—C

O

, C=O

(a)

3820

3840

3860

3880

3900

3920

3940

3960

395397399401403405

In
te

n
s

it
y
 (

c
.p

.s
.)

Binding Energy (eV)

N 1s

Pyridinic N

(b)

Graphitic N



 







 

 

 





𝑝0𝐵 00 𝑝 𝑎 = − 𝑇𝑎 − 𝑇𝜔 + 𝛿 𝑃

χ

δ

δ

→ → → →

→ → → →



0.01 0.1 5 10 15 20 25
0

1000

2000

3000

4000

Q
Ar CH4

 = 1000:7.5 sccm        model  experimental

Q
Ar CH4

 = 600:2 sccm             model  experimental 

 

 

T
g

a
s
 (

K
)

distance from the laucher (cm)

(a)

6 8 10 12 14 1618
10

-6

10
-5

10
-

10
-3

10
-2

10
-1

10
0 Q

Ar
 = 600 sccm 

Q
CH4

 = 2 sccm 

 C

 C
2

 C
2
H

2

 CH
4

 C(solid)

Q
Ar

 = 1000 sccm 

Q
CH4

 = 7.5 sccm      

 C

 C
2

 C
2
H

2

 CH
4

 C(solid)

 

 

R
e
la

ti
v
e
 c

o
n
c
e
n
tr

a
ti
o
n

 Z (cm) 

T = 2850 K

discharge z~7 cm Post discharge

(b)



 

350 400 450 500 550 600 650 700 750 800

 

 

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

C
2
(

=
-1

)

C
2
(

=
0

)

  

B
a
lm

e
r-


 l
in

e

C
N

 (
B

-X
) 

+
 F

u
lc

h
e
r-


 b

a
n
d

C
H

 (
A

-X
)

C
N

 (
B

-X
) 

b
a
n
d

C
2
 swan band

C
2
(

=
1

)

A
r 

(7
7

2
.3

 n
m

)
A

r 
(7

6
3

.5
 n

m
)

A
r 

(7
5

0
.3

 n
m

)
A

r 
I(

7
3

8
.3

 n
m

)
A

r 
I(

7
0

6
.7

 n
m

)

A
r 

(6
9

6
.5

 n
m

)

385.0 385.5 386.0 386.5 387.0 387.5 388.0 388.5
0

1000

2000

3000

4000

5000 CN(388.3) 0-0

CN(387.1) 1-1

CN(386.2) 2-2

 

 

In
te

n
s
it

y
 (

a
. 

u
.)

Wavelength (nm)

experimental 

simulated

T
rot 

= 3000 K

𝛴+ → 𝛴+

C∗( Π𝑔)

CN B Σ+ → X Σ+

CN B Σ+ → X Σ+



β β



0 2 4 6 8 10 12
460

480

500

520

540

 

 

 t
1

 t
2

T
w

a
ll
 (

K
)

distance from launcher (cm)

Launcher

(b)

0 5 10 15 20 25
300

350

400

450

500

550

600

650

 

 

T
W

a
ll
 (

K
)

distance from launcher (cm)

Q
Ar

=1000 sccm; Q
Eth+Ar

=7.5 sccm

Q
Ar

=600 sccm; Q
Eth+Ar

=2 sccm
(c)



2 3 4 5 6 7
0

2

4

4856 4857 4858 4859 4860 4861

 

 

Voigt Fit

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (Å)

 

 Q
Ar

= 600 sccm; 
CH4

 = 2 sccm

 Q
Ar

=1000 sccm; 
CH4

 = 7.5 sccm

n
e
 x

 1
0

1
4
 (

c
m

-3
)

Distance from the launcher (cm)

β

𝐻 = .  𝑁𝑒 −  .68 6

 



 

 

α

θ

 

1000 1500 2000 2500 3000 3500

 

 

In
te

n
s

it
y

 (
a

. 
u

.)
 

Raman shift (cm
-1
)

D(1333 cm
-1
)

G(1585 cm
-1
) 

D´(1613 cm
-1
) 

2D(2667 cm
-1
)

(b)



∼



°



1000 1500 2000 2500 3000 3500

 

 

 Raman shift (cm-1)

In
te

n
s
it

y
 (

a
. 
u
.)

 

D(1332cm
-1
)

G(1596 cm
-1
)

2D(2668 cm
-1
)

(c)

1000 1200 1400 1600 1800

     M2 

(1473cm
-1
)M1(1251cm

-1
)

(1168cm
-1
)

 

 
In

te
n

s
it

y
 (

a
.u

.)

D(1337cm
-1
) G(1598 cm

-1
) (d)

Raman shift (cm
-1
)

°

~~



70-80
90-100

110-120
130-140
150-160
170-180
190-200
210-220
230-240
250-260
270-280

350-400400-450450-500500-550550-600600-650650-700700-750
0

.0
0

0
.0

5

0
.1

0

0
.1

5

0
.2

0

 

 

Relative Frequency

D
ia

m
e
te

r (n
m

)

Q
A

r =
 1

0
0

0
 s

c
c
m

Q
C

H
4 =

 7
.5

 s
c
c
m

°









°

 



θ

 



 



 

 

 





 

→



300 400 500 600 700 800 900
0.0

0.5

1.0

1.5

2.0

820 821 822 823 824
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

N  I (822 .314)

N  I (821 .634)

 

 

In
te

n
s
it

y
 (

a
.u

.)

W aveleng th  (nm )

A
r 

I 
(8

0
0

.6
 n

m
)

A
r 

I 
(8

4
0

.8
 n

m
)

A
r 

I 
(8

0
0

.6
 n

m
)

A
r 

I 
(7

9
4

.8
 n

m
)

A
r 

I 
(7

7
2

.4
 n

m
)

A
r 

I 
(7

6
3

5
 n

m
)

 

 

z= 4 cm  z= 8 cm

In
te

n
s

it
y

 (
a

. 
u

.)

Wavelength (nm)
A

r 
I 
(7

0
6

.7
 n

m
)

(a)

320 340 360 380 400 420
0.0

0.1

0.2

0.3

0.4

0.5

N
2
 (

0
-1

)

N2 transition

C
 → 3 

N
2

+
(1

-2
)

N
2

+
4

1
9

.9
 (

2
-3

)

  
In

te
n

s
it

y
 (

a
.u

.)

N
2
 (

2
-4

)

N
2

+
(2

-5
)

N
2

+
(1

-4
)

N
2

+
(0

-3
)

 

Wavelength (nm)

N
2
 3

9
1

.4
 (

0
-0

)

N
2

+
4

2
7

.8
 (

0
-1

)

N
2
 3

5
7

.7
 (

0
-1

)

N
+ 2
 3

8
8

.4
 (

1
-1

)

N
2

+
 3

8
0

5
 (

0
-2

)

N
2

+
 3

7
5

5
 (

1
-3

)

N
2
 3

3
7

.1
 (

0
-0

)

N
H

 3
3

6

(b)N2

+
 transition

 +

u
 → 2

 +

g

∑ →+ 𝛸 ∑+𝑔

0)v,ΣX0v,Σ(BN g
2

u
2

2 =→=+



388.5 389.0 389.5 390.0 390.5 391.0 391.5

1

2

3

4

T
gas

=1200 K

 

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)

 experimental spectrum

 simulated spectrum

N
+ 2
 3

9
1
.4

 (
0
-0

)

388.5 389.0 389.5 390.0 390.5 391.0 391.5

0.8

1.0

1.2

1.4

1.6

1.8

N
+ 2
 3

9
1

.4
 (

0
-0

)

 

 

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)

 experimetal spectrum

 simulated spectrum

T
gas

= 1000 K













e

Ar

i

ee

m

M

kT

kT

e

kT

2
ln

2



0 5 10 15 20 25 30 35 40 45
500

750

1000

1250

1500

1750

 

 

T
g

a
s
 (

K
)

[N2] (%)



 

 



α

 

 





1250 1500 2800 3150
0

1

2

3

4

5

6

7

8

15min

10min

 

 

In
te

n
s

it
y

(n
o

rm
a

liz
e

d
 t
o

 D
 p

e
a

k
 i
n
te

n
s
it
y
)

Raman shift (cm
-1
)

5min







800 700 600 500 400 300 200 100 0
0

200

400

600

800

1000

 

 

N-graphene

Ar
[90%]

:N
2 [10%]

 plasma

exposure time = 5min

O
KLL

O 1s

N 1s
In

te
n

s
it

y
 (

c
o

u
n

ts
)

Binding energy (eV)

C 1s

0 5 10 15
0

20

40

60

80

100

 

 

R
e
la

ti
v
e
 a

m
o
u
n
t 
(%

)

Exposure time (min) 

 C

 O

 N



π

π



404 403 402 401 400 399 398 397 396
900

1000

1100

1200

1300
experiment

envelope

N-5

N-Q

N-6

background

 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

)

Binding energy (eV)

N1s



π π

5 10
0

10

20

30

40

50

60

 

 

R
e
la

ti
v
e
 i

n
te

n
s
it

y
 c

o
n

tr
ib

u
ti

o
n

 (
%

)

time (min)

 N-6

 N-5

 N-Q



α

294 292 290 288 286 284 282

500

1000

1500

2000

2500

 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

)

Binding energy (eV)

experiment

sp
2

sp
3

C-O-C

C=O

satelite

C-O-(C=O)

bakground

envelope



Exposure 

time 
sp2 sp3 

C-O-C, 

C*-O-(C=O) 

C=O, 

C-N 
C-O-(C*=O) COO 

No treatment 

5 min treatment 

with Ar plasma 

5 min treatment 

with N2-Ar plasma 

 





1400 1600 3000
0

1

2

3

4

5

6

5% N
2

30% N
2

40% N
2

PG
 

 

In
te

n
s
it
y
 (

n
o

rm
a

liz
e

d
 t

o
 G

 p
e

a
k
)

Raman shift (cm
-1
)



~

-5 0 5 25 30 35 40 45
0

5

10

15

20

25

60

80

100

 

 

R
e
la

ti
v
e
 a

m
o
u
n
t 
(%

)

[N
2
] (%)

 C

 O

 N



404 402 400 398 396

3000

4000

5000

6000

7000

 

 

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Binding energy (eV)

experiment

N2

N3

N1

background

envelope

NG30



294 292 290 288 286 284 282 280
0

5000

10000

15000

20000

25000

 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

)

Binding energy (eV)

 experiment

 C1

 C2

 C5

 C3

 C4

 C6

 -*

 background

 envelope

NG30

(a)

294 292 290 288 286 284 282
0

2000

4000

6000

8000

10000

 

 

 experiment

 C1

 C4

 C2

 C6

 C3

 C5

 background

 envelope

In
te

n
s
it

y
 (

c
o

u
n

ts
)

Binding energy (eV)

NG40

(b)

π π



Sample NG5 NG30 NG40 

Peaks 
possible 

contributions 

C1 

C2 

C3 ,

C4 
 

C5 

C6 



 



~ ~



 



≈

π

 





1500 2500 3000 3500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

graphene

graphene + destiled water

graphene + methanol

In
te

n
s
it

y
 (

a
.u

.)

n
o

rm
a

liz
e

d
 t

o
 t

h
e

 G
 p

e
a

k
 i
n

te
n

s
it
y

Ramanshift (cm
-1
)



200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0  0 min

 25 min

 30 min

 35 min

 40 min

 45 min

 50 min

 55 min

 1 h

 1 h 30

 2 h 

 2 h 30

 3 h

 3 h 30

 4 h

 4 h 30

 

 

A
b
s
o
rp

ti
o
n
 (

a
.u

.)

Wavelength (nm)

fingerprint from the laser

-* transition

π π



280 285 290 295 300 305 310
0.0

0.4

0.8

1.2

1.6

P
a
rt

ia
l 
E

le
c
tr

o
n
 Y

ie
ld

Photon energy (eV)

graph+meth

graph+destiled water

π



 



 





10 20 30 40 50 60 70 80 90 100 110
10

3

10
4

10
5

10
6

40
RGA

 

 

S
E

M
 (

c
/s

)

mass (amu)

Ar:Ani gas

93

neutrals

 

20 40 60 80 100 120 140 160 180

103

104

105

 

 

SE
M

 (c
/s)

Mass (amu)

E
samp ing

=10 eV93Positive ions

higher mass





1200 1400 1600 2500 3000 3500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

Graphene

PANI on graphene (b)

~ ~ ~
~ ~

Graphene Graphene:PANI 



600 500 400 300 200 100
0.0

0.5

1.0

1.5

2.0

2.5

C 1s

N
 1

s

Graphene

PANI

PANI on graphene

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

O
 1

s

XPS

403 402 401 400 399 398 397

2.4

3.2

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

398.21 eV (5.17%) - quinoid imine =N-

399.39 eV (63.48%) - benzinoid amine -NH-

400.04 eV (31.34%) - protonated amine -N
+

N 1s

PANI

 

 



5min at 5
cm

60min at 5
cm

5min at e
lectro

de

60min at e
lectro

de

0

20

40

60

80

100

120

140

 

 

c
o

n
ta

c
t 

a
n

g
le

 (
)

0 1 2
0

2

4

6

8

10

12

14

 

 

c
o

n
ta

c
t 

a
n

g
le

 (
°)

time after process (days)



1250 1500 2500 3000 3500

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6 graphene+meth

graphene+meth 60min functionalized at ground electrode

In
te

n
s
it

y
 (

a
.u

.)

Raman shift (cm
-1
)



~
~ ~

600 500 400 300 200 100 0

 

 

C 1s

N 1s

In
te

n
s
it
y
 (

a
. 

u
.)

Binding Energy (eV)

O 1s

Samples C [at%] O [at%] N [at%] 

297 294 291 288 285
0.0

0.1

0.2

0.3

0.4

In
te

n
s
it
y
 (

a
. 
u
.)

Binding Energy (eV)

C 1s (385 eV)



≡

292 290 288 286 284 282

 

In
te

n
s

it
y

 (
a

.u
.)

Binding Energy (eV)

 C1s (385 eV) 

 C1

 C2

 C3

 background

 envelope

graphene

292 290 288 286 284 282

 

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

 C 1s (385 eV) 

 C0

 C1

 C2

 C3

 C4

 background

 envelope

N
2
 functionalized graphene



≡

410 405 400 395 390

 

 N 1s spectrum (500 eV) 

 C1 - 6.25%

 C2 - 42 27%

 C3 - 51.49%

 Background

 Envelope

In
te

n
s

it
y

 (
a

. 
u

.)

Binding Energy (eV)

N
2
 functionalized graphene

π

σ

π σ

≡

N-5 

N-6 

N-Q 



280 285 290 295 300 305 310 315
0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

transition *

T
o
ta

l 
E

le
c
tr

o
n
 Y

ie
ld

Photon energy (eV)

graphene

N
2
 functionalized graphene

 = 45

transition *

Presence of new species (N,O)

C k-edge

525 530 535 540 545 550 555 560
0.00

0.02

0.04

0.06

0.08

P
a

rt
ia

l 
E

le
c
tr

o
n

 Y
ie

ld

Photon energy (eV)

graphene

N
2
 functionalized graphene

= 45

O k-edge

395 400 405 410 415 420 425 430

* transitions

A
b

s
o

rp
ti

o
n

Photon energy (eV)

N
2
 functionalized graphene

* transitions

 

 





 

• 

o 



o 



• 

~



• 

o 

o 



 



 







 













 

















 



β







 















 



 



 







         

 

 

 

GREMI UMR 7344, CNRS/Université d’Orléans, France; 
 IPFN/IST/Universidade de Lisboa, Portugal 

Ana Inês VIEITAS DE AMARAL DIAS 
Plasmas appliqués à la production de nanostructures de carbone avancées 
Résumé :  
L’environnement réactif du plasma constitue un outil puissant dans la science des matériaux, permettant la 
création de matériaux innovatifs et l'amélioration de matériaux existants qui ne serait autrement pas possible. 
Le plasma fournit simultanément des fluxes de particules chargées, des molécules chimiquement actives, des 
radicaux, de la chaleur, des photons, qui peuvent fortement influencer les voies d'assemblage à différentes 
échelles temporelles et spatiales, y compris à l’échelle atomique. 
Dans cette thèse de doctorat, des méthodes tenant pour base des plasmas micro-ondes ont été utilisées pour 
la synthèse de nanomatériaux de carbone, y compris graphène, graphène dopé à l'azote (N-graphène) et 
structures de type diamant.   
À cette fin, ce travail est lié à optimisation de la synthèse de nanostructures 2D du carbone, comme graphène 
et N-graphène par la poursuite de l'élaboration et du raffinement de la méthode développée en Plasma 
Engineering Laboratory (PEL). La synthèse de graphène de haute qualité et en grandes quantités a été 
accomplie avec succès en utilisant des plasmas d'Ar-éthanol à ondes de surface dans des conditions de 
pression ambiante. De plus, le N-graphène a été synthétisé par un procédé en une seule étape, de l'azote a 
été ajouté au mélange d’Ar-éthanol, et par un procédé en deux étapes, en soumettant des feuilles de graphène 
préalablement synthétisées ont été exposées à un traitement plasma argon-azote à basse pression. Les 
atomes d'azote ont été incorporés avec succès dans le réseau de graphène hexagonal, formant 
principalement liaisons pyrroliques, pyridiniques et quaternaires. Un niveau de dopage de 25 at.% a été atteint. 
Différents types de nanostructures de carbone, y compris du graphène et des structures de type diamant, ont 
été synthétisées au moyen d'un plasma d’argon en utilisant du méthane et du dioxyde de carbone comme 
précurseurs du carbone. 
De plus, des plasmas à couplage capacitif ont également été utilisés pour la fonctionnalisation du graphène 
et pour la synthèse de nanocomposites, tels que les composites de Polyaniline (PANI)-graphène. Les 
utilisations potentielles de ces matériaux ont été étudiées et les deux structures ont démontré avoir des 
attributs remarquables pour leur application aux biocapteurs. 
Mots clés : Nanostructures de carbone, plasma à basse température, nanocomposites polymère-graphène, 
structures de type diamant, graphène 

Plasma based assembly and engineering of advanced carbon nanostructures 
Abstract: 
Plasma environments constitute powerful tools in materials science by allowing the creation of innovative 
materials and the enhancement of long existing materials that would not otherwise be achievable. The 
remarkable plasma potential derives from its ability to simultaneously provide dense fluxes of charged 
particles, chemically active molecules, radicals, heat and photons which may strongly influence the assembly 
pathways across different temporal and space scales, including the atomic one. 
In this thesis, microwave plasma-based methods have been applied to the synthesis of advanced carbon 
nanomaterials including graphene, nitrogen-doped graphene (N-graphene) and diamond-like structures.  
To this end, the focus was placed on the optimization of the production processes of two-dimensional (2D) 
carbon nanostructures, such as graphene and N-graphene, by further elaboration and refinement of the 
microwave plasma-based method developed at the Plasma Engineering Laboratory (PEL). The scaling up of 
the synthesis process for high-quality graphene using surface-wave plasmas operating at atmospheric 
pressure and argon-ethanol mixtures was successfully achieved. Moreover, N-graphene was synthetized via 
a single-step process, by adding nitrogen to the argon-ethanol mixture, and via two-step process, by submitting 
previously synthetized graphene to the remote region of a low-pressure argon-nitrogen plasma. Nitrogen 
atoms were usefully incorporated into the hexagonal graphene lattice, mainly as pyrrolic, pyridinic and 
quaternary bonds. A doping level of 25% was attained. 
Different types of carbon nanostructures, including graphene and diamond-like nanostructures, were also 
produced by using methane and carbon dioxide as carbon precursors in an argon plasma. 
Additionally, capacitively-coupled radio-frequency plasmas have been employed in the functionalization of 
graphene and in the synthesis of Polyaniline (PANI)-graphene composites. The potential uses of these 
materials were studied, with both showing favourable characteristics for their applicability in biosensing 
applications. 
Keywords: Free-standing carbon nanostructures, Low temperature plasma, Polymer-graphene 
nanocomposites, Diamond-like structures, Graphene. 
 

 


