IPICYT

INSTITUTO POTOSINO DE INVESTIGACION
CIENTIFICA Y TECNOLOGICA, A.C.

POSGRADO EN CIENCIAS APLICADAS

Controlling Chemical and Physical Properties
of Ordered Carbon Nanosystems

Tesis que presenta

Aaron Morelos Gémez

Para obtener el grado de

Doctor en Ciencias Aplicadas

En la opcion de

Nanociencias y Nanotecnologia

Codirectores de la Tesis:
Dr. Humberto Terrones Maldonado
Dr. Mauricio Terrones Maldonado

Dr. Emilio Muiioz Sandoval

San Luis Potosi, S.L.P., agosto de 2010



Constancia de aprobacién de la tesis

La tesis “Controlling Chemical and Physical Properties
of Ordered Carbon Nanosystems” presentada para obtener el Grado de de
Doctor en Ciencias Aplicadas en la opcion de Nanociencias y Nanotecnologia fue
elaborada por Aarén Morelos Gomez y aprobada el 20 de agosto de 2010 por
los suscritos, designados por el Colegio de Profesores de la Division de
Materiales Avanzados del Instituto Potosino de Investigacion Cientifica y
Tecnoldgica, A.C.

Dr. Humberto Terrones Maldonado
(Codirector de la tesis)

Dr. Mauricio Terrones Maldonado
(Codirector de la tesis)

Dr. Emilio Muiioz Sandoval
(Codirector de la tesis)

11



Créditos Institucionales

Esta tesis fue elaborada en las instalaciones y con la infraestructura de la Division
de Materiales Avanzados para la Tecnologia Moderna del Instituto Potosino de
Investigacion Cientifica y Tecnolégica, A.C., bajo la codireccion del los doctores

Humberto Terrones Maldonado, Mauricio Terrones Maldonado, Emilio Mufioz
Sandoval.

Durante la realizacion del trabajo el autor recibié una beca académica del
Consejo Nacional de Ciencia y Tecnologia (No. de 202257) y del Instituto
Potosino de Investigacion Cientifica y Tecnolégica, A. C.



Acta de Examen de Grado

En la ciudad de San Luis Potosi, 4 los g;; dias, del mes de
aagosto del afo 201 (D . se reunidalas §7: OO horas, en las

instalaciones del Instituto Potosino de Investigacion Cientifica y Tecnoldgica, A.C., el
Jurado integrado por:

Dr. Armn::io ENCings aopesa %IOENTE
Dr._Anar WMW
Dr. frundo iz ZINOOA L

a fin de efectuar el examen, que para obtener el Grado de Doctor (a) en Ciencias
Aplicadas en la opcion de Nanociencias y Nanotecnologia, sustento el (la)

C. AARAHN MORELOS EPHMEZ

sobre la Tesis intitulada: COFH‘IOIUI'}Q &gn‘nm\ and
Phyelcal ProperfieS &g Ordered Carkaon
Nanocystems

quie se desarrolld bajo la direccion de: D Homiperto Terrones Mal donade

Yy el pr. mur.aoTcrrones muaudoambos hasra el \7 de dica

EI]urado despuesdedellberar delermmo ¥ DR .EmMilio HUﬁDZ SCIn:bval
AP RA B R L

Dandose por terminado el acto alas 4@ <3¢ horas, procediendo a la firma del Acta
los integrantes del Jurado. Dando fé el Secretario Académico del Instituto.

é {U’G g

Sinodal

Presidente /Secrcl.:rio

AV N ; vy

‘__L'S'uﬁﬂ‘dal .‘.\J‘_\.J Y Sinodal c.,,f.ﬁén‘t oA (8
AN J g

y \ |PIC YT

.\ LSECRETARIA ACADEMICA




Acknowledgments

| am grateful to Humberto Terrones, Mauricio Terrones and Emilio Mufioz
Sandoval for guiding me throughout my research, for the fruitful discussions and
recomendations. All my research was made under the co-direction of Humberto
Terrones and Mauricio Terrones since August of 2007, further on in January of 2010
Emilio Mufioz Sandoval was integrated as co-director.

Additionally, | am also thankful for all of the support from my colleague students,
professors and technicians who are (or have been) at IPICYT in the Nanoscience and
Nanotechnology group*. Their ideas, support, recommendations and friendship have
aided me throughout my journey as a PhD student.

My visit Gaithersburg with Robert D. Shull, National Institute of Standards and
Technology at Gaithersburg, was enriching and introduced me to the area of magnetic
materials an important contribution to my thesis reasearch. Therefore, | am thankful to
Robert D. Shull, Cindi L. Dennis, Virgil Provenziano and the Magnetic Materials Group.

My work with carbon inverse opal was greatly improved with my visit with Anvar
A. Zakhidov, Nanotech Institute at the University of Texas at Dallas, here | learned more
about the production and interesting properties of opal and inverse opal. | would also
like to thank the students, professors and technicians from Nanotech Institute** whom
helped and shared great moments with me during my visit.

Also, | appreciate the help provided by Alberto Herrera Gomez and Pierre
Giovanni Mani Gonzalez for their aid in the x-ray photoelectron spectroscopy of my
samples.

| am also thankful to my mother (Leticia GOmez Rico), father (Antonio Morelos
Pineda) and my sister (Nora Morelos Gomez) for always supporting and looking for my
best interests, as well as my girlfriend (Elda Zoraida Pifia Salazar).

* Nanoscience and Nanotechnology Group members
Dr. Humberto Terrones Maldonado, Dr. Mauricio Terrones Maldonado, Dr. Emilio
Mufioz Sandoval, Dr. Yadira Itzel Vega Cantu, Dr. Fernando Jaime Rodriguez Macias

En. Daniel Ramirez Gonzéalez, M. Sc. Grisel Ramirez Manzanares, Dr. Hugo Martinez
Gutiérrez, Dr. Ferdinando Tristan Lopez, M. Sc. Beatriz Adriana Rivera Escoto, M. Sc.
Gladis Judith Labrada Delgado, Gabriela Pérez Assaf, Karla Gobmez Serrato

Dr. Sofia Magdalena Vega Diaz, Dr. Néstor Peréa Lopez, Dr. Bernabe Rebollo Plata
Dr. Alicia Rodriguez Pulido

Dr. Ana Laura Elias Arriaga, Dr. José Manuel Romo Herrera, Dr. Eduardo Cruz Silva,



Dr. David Meneses Rodriguez, Dr. Jessica Rosaura Campos Delgado, Dr. Andrés
Rafael Botello Méndez

M. Sc. Xavier Norberto Lepré Chavez, M. Sc. Claudia Guadalupe Espinosa Gonzalez
M. Sc. Abraham Guadalupe Cano Marquez, M. Sc. Eduardo Gracia Espino, M. Sc.
Antonio Esau del Rio Castillo, En. Viviana Jehova Gonzéalez Velazquez, B. Sc. Blanca
Azucena Gomez Rodriguez, M. Sc. Juan Antonio Briones Ledn, B. Sc. Alicia Elizabeth
Chéavez Guajardo, B. Sc. Cristal Martinez Ibafiez, B. Sc. Isaac Aarén Morales Frias, B.
Sc. José Jarib Alcaraz Espinosa, B. Sc. Josué Ortiz Medina, B. Sc. Julio César Chacon
Torres, M. Sc. Juan Carlos Garcia Gallegos, B. Sc. Juan Carlos Medina Llamas, M. Sc.
Marcia Vianey Bojorquez Avitia, B. Sc. Miguel Angel Pelagio Flores, B. Sc. Rafael
Martinez Gordillo, M. Sc. Rodolfo Lima Juarez, M. Sc. Yesmin Panecatl Bernal

** Nanotech Institute members

Dr. Anvar A. Zakhidov, Dr. Ali Aliev, B. Sc. Winston Layne, Dr. Mikhail Kozlov, Natalya
Zakharova, Enedina Rodriguez, Ben Williams, Dr. Raquel Ovalle Robles, Dr. Javier
Carretero Gonzalez , Dr. Marcio Lima, M. Sc. Gautam Hemani, Dr. Elizabeth Castillo
Dr. Alexander Kuznetsov, M. Sc. Kamil Mielczareck, B. Sc. Josef Aaron Velten , B. Sc.
Chao Chen Yuan, B. Sc. Brian Wang, M. Sc. Dean Hsu



Contents

Constancia de aprobacion de [a teSIS ...........ceiiiiiiiiiiii e ii
Créditos INSHIUCIONAIES .........ovuiii e et e e e e e e e e e e e e e eeeenes v
F o v W0 L=V 1 1= o I Vii
F o g (01T =T (o =T T ) P IX
=35 811 1] o XiX
Y 0151 > Vo SR XXI
1. General INtrOAUCHION ... .ooui e e aaas 1
1.1  Ordered Carbon NanOSIIUCIUIES ........ccceiuiiieiiiiieeiie e 1

1.2  Carbon Allotropes and DOPING ....ccccuuuiieeiieiiiie e e e e e e e aeens 3

1.3 POrous CarbOn ... 5

1.4 Carbon NanOtUDES ... 6

1.5 Organization of the ThESIS ......ccccciiiiiiiii e 7

1.6 REFEIENCES ..oooviii it e e e e e aeaes 9

2. Opal and Porous Carbon Inverse Opal ..........cccuuiiieeiieiiiiiieeeeiiee e 15
2.1 0P8I e 15

211 INEFOAUCTION ... e 15

2.1.2 Fabrication methods ..........coiiiiii i 16

2.1.3 Properties and applications ............ccovviiiiiieeiiiiiie e 19

2131 Optical PrOPEITIES ....ovveeeeiiiiiie e 19

2.1.3.2 APPICALIONS .. 21

2.2 Carbon INVerse Opal ... 22

2.2.1 INEFOAUCHION ..o 22

2.2.2 SCRWAIZITES .. .coeiiiii e 23

2.2.3 Carbon inverse opal StrUCIUIeS ..........cooeviiiiiiiiiiiieee e 24

2.2.4 Synthesis Methods ...........ueeiiiiiii e 25

2.2.5 Properties and applications ...........ccciiiiiiiiiiiiiiiiee e 26

2.25.1 Bio-scaffolds ........ccooeviiiiiiii 27

2.25.2 11 1= PR 27

2.25.3 Hydrogen StOrage ...........eeeeiooiiiieeeiiiiieiiii e 28

2254 Y] 0] =P 29

2.255 EIECIrOUES . .ooveiii e 29

2.3  Experimental methodology ..........ccooiiiiiiiiiiii i 30

2.4 Results and diISCUSSIONS .......ccceviiiiiiieieiiiiiie e ee e e e e e e e e eeaa e eeeenan 32

2.5 CONCIUSIONS ...uiiiiii e et e e e e e e e e e e e e e eeees 37

2.6 REIEIENCES ...oeiiiiiii e 38

XV



Carbon Inverse Opal Doped with Nitrogen ..........ccooovviiiiiiiiiiie e, 44

G 70 R 11 To [§ Tox 1o o IR 44
3.1.1 Synthesis Methods ............eeiiiiiiiii e 45
3.1.2 Tunable photonic Crystals ... 45

3.2  Possible properties and applications ..........cccooevviiiiiiiiiiieiiie e 47
3.21 (@] 1[or= o] o] 0 1=T 1[N P 48
3.2.2 (@] a0 ¥ 10111V, 1 Y/ 48
3.2.3 BiocompatiDility ........ccoooiiiiiiii 50

3.3  Experimental methodology ..o 51

3.4 Results and diISCUSSIONS ......oiiiiiiiiiiiieeiiiiiiee et eeeees 53
3.4.1 Pristine SAMPIES ......ooeiiiiiii e 53
3.4.2 Heat treated Samples ........ooovvuiiiiiiiii e 62

G T @ T [ 13 (o £ PR 68

3.6 RETEIENCES ..oeiiiiii e aaae 70

Physical Properties of Nitrogen Doped Carbon Inverse Opal ............ccccoeeenenii. 75

4.1  Electrical ProPerti€S .......uuiiiiiiieiiiii e e e 75
41.1 INTFOAUCTION . 75
4.1.2 Experimental methodology ... 79
4.1.3 Results and diSCUSSIONS ......coovvviiiiiiiiiiiie e 79
4.1.4 CONCIUSIONS ... e e e eaeaanae 81
4.1.5 RETEIENCES ..t 83

A =T [o I =T 017 (o] o 86
4.2.1 INEFOTUCTION eeee e e e e eeeees 86
4.2.2 Experimental methodology .........cooooeiiiiii 90
4.2.3 ResuUlts and diSCUSSIONS ........uuuuvuiiiiiieieeeeeeeeeeeeiiiiin e e e e 93
4.2.4 CONCIUSIONS ... 95
4.2.5 =] (=] (= o = 96

4.3 MagNetOrESISTANCE ......uoiiiii ettt e e e 98
431 INEFOTUCTION . eeeeees 98
4.3.2 Experimental methodology .........ccoooevviiiiiiiiii e 99
4.3.3 Results and diSCUSSIONS .......uuvvuuiiiiiiiieeeeeeeeeeeieiiii e 100
4.3.4 (@] T [ 115 o 1S R 102
4.3.5 RETEIENCES ... 103

4.4 MagNetiC PrOPEITIES ...uiiiieiieeiiieee et e e et e e e e e e e e e eaa e eees 105
4.4.1 INTFOAUCTION .ot 105
4.4.2 Experimental methodology .........ccoovveiiiiiiiiieeiee e 111
4.4.3 Results and diSCUSSIONS .......ccovvvieiiiieiieiiiiie et e e eeeeees 112
4.4.4 CONCIUSIONS .t 117
445 REFEIENCES ... e 118

4.5 Conclusions regarding electrical and magnetic properties .................... 120

XVi



4.6 Sensing appliCatioNS ........uieeiiiiiie e 122

4.6.1 INTFOAUCTION .o 122
46.1.1 Carbon Nanostructure SENSOIS ..........vveeeveeiiiieeeeeeeiinaenn. 122
4.6.1.2 Theoretical SIMUIatioNS ........cooovviiiiiiiie e 124
4.6.1.3 Doped carbon nanostructure Sensors ..........cccocceeveeeennnn. 126
4.6.1.4 Photosensitive carbon nanostructures .............cccceeeeeeeee. 127
4.6.2 Experimental methodology .........ccoovevvviiiiiiiecee e 128
4.6.3 Results and diSCUSSIONS ........covvvvviiieiieiiiiiee e e e e et eeeeeees 130
4.6.3.1 GAS SENSOIS ..eiiiiieieii et e e e ea e 130
4.6.3.2 PROLOSENSOIS ..ovviiiiiiie e 132
4.6.4 CONCIUSIONS ...t e e e eeanane 133
4.6.5 (=] (=] (=] o = PP 135
5. Magnetism of Fe and FeCo Encapsulated in Aligned Carbon Nanotube Arrays
.................................................................................................................................. 138
5.1 INFOAUCTION .euiiiiiiiie ettt e e et eaeeeees 138
5.1.1 Metals encapsulated in carbon nanotubes ...........cccccceeveerrninnnnn. 138
5.1.2 IrON NANOWIIES .eeiiiiiiiiiiiee e ettt e e e e aa bbb 138
5.1.3 APPICALIONS ..ottt 140
5.2  Experimental methodology ... 140
5.3  Results and diSCUSSIONS ......ccoiiiiiiiiiiiiiiiiiiiiiieie e 142
5.3.1 SIMUIALION .oiiiiieiiiiiiiir e 142
5.3.2 EXPENMENTAl ...oooviiiiiiiiiiiiee e 147
5.3.2.1 FE@MWNT ..o 147
5.3.2.2 (=T (L O N b U 158
5.3.2.3 FE@COX oottt 162
5.3.2.4 FECO@MWNT ..ot 167
5.3.2.5 FECO@OCNX ..ceiiieieeeeeiiiie e 172
S N @7 T [ 13 (o £ PSP 175
5.5  REIEIENCES ..o 178
6. Conclusions and PErSPECLIVES .........covieiiiiiiiiii et e e 182
6.1  CONIMDULIONS ..o e e e e e e e e eeeaeeaaee 182
6.1.1 Carbon iNVErSe OPal .........uiiiiiiiiieiiiiiiiiie e 182
6.1.2 Encapsulated magnetic nanowires inside carbon nanotubes .... 184
6.2 FULUIE WOIK ...eeeiiieei e 185
6.2.1 Carbon inverse opal .........ccooeeiiiiiiiii e 185
6.2.2 Encapsulated magnetic nanowires inside carbon nanotubes ... 186
6.3  RETEIEINCES ...oeiiiieieec e 188
Appendix
Appendix A Synthesis of Carbon Nanotubes Encapsulating Fe nanowires ................ 190
Appendix B Long multiwall carbon nanotubes with oxygen functional groups ........... 197

XVii



Appendix C Characterization tools........
Appendix D Micromagnetic simulations

XViii



Controlando Propiedades Quimicas y Fisicas de
Nanosistemas Ordenados de Carbono

Resumen

La nanociencia y nanotecnologia se dedica a la creacion de nuevos materiales con
propiedades interesantes como dureza, conductividad, propiedades magnéticas.
Ahora también, se esté estudiando el uso de estos nanomateriales como bloques
de construccién para crear nuevos materiales. En este trabajo se estudiaron
arreglos ordenados y desordenados: 1) 6palo inverso de carbono y 2) bosques de
nanotubos de carbono.

Respecto al 6palo inverso de carbono, utilizamos un 6palo con nanoparticulas de
SiO; (300 nm) ordenadas de manera FCC como molde para la fabricacion de
Opalo inverso de carbono. Este épalo inverso de carbono fue sintetizado mediante
la infiltracion de una solucion conteniendo sacarosa como fuente de carbono;
ademas, en esta misma solucion se agrego pirazina como fuente de nitrégeno
para asi obtener 6palo inverso de carbono dopado con nitrégeno. Por otro lado,
utilizamos nanoparticulas de SiO, (10 y 100 nm) desordenadas como molde para
sintetizar 6palo inverso de carbono dopado con nitrégeno. Estas muestras se
caracterizaron mediante SEM, TEM, espectroscopia Raman, andlisis
termogravimétrico, adsorcion de nitrégeno, difraccion de rayos-X y espectroscopia
de reflexién o6ptica. En los resultados obtenidos observamos ligeros cambios en la
estructura de las muestras dependiendo de la concentracion del dopaje, también
observamos el corrimiento del pico de reflexibn Ooptica dependiente a la
concentracion nitrégeno en la muestra; el corrimiento hacia el azul del pico de
reflexién optica dependiente a la concentracién nitrégeno en la muestra.

Posteriormente, realizamos el estudio de las propiedades fisicas de dpalo inverso
dopado con diferente contenido de nitrdgeno y tamafo de poro. En general,
variando la concentracién de nitrdgeno y el tamafio de poro se puede variar
controladamente sus propiedades fisicas como la resistencia, emisiéon de campo,
magnetoresistencia y magnetizacion. La resistencia se variar desde 0.30 hasta
0.02 @ cm y dependiendo de su nivel de dopaje el mecanismo de transporte
electrénico puede variar. En magnetoresistencia (MR) hay una transicion de MR
positivo a MR negativo, al variar de bajas hacia altas temperaturas. Asi también, la
magnetizacion de las muestras exhiben una transicibn de paramagnético a
diamagnético al incrementar la temperatura; la temperatura de transicion es mas
alta para poros mas pequefios. Finalmente, se utilizé el 6palo inverso dopado con
nitrbgeno como sensor de acetona, etanol y cloroformo, mostrando que el dopaje
con nitrégeno efectivamente aumenta la sefial de respuesta del sensor.

Por otro lado, realizamos un estudio tedrico y experimental de nanoalambres de

Fe encapsulados en nanotubos de carbono. Observamos que las dimensiones
(diametro y longitud) determinan la coercividad, aunque el diametro tiene una

XiX



mayor influencia; también el grado de alineacion, pureza y composicion guimica
del sistema puede alterar las propiedades magnéticas. Estos conceptos se
estudiaron para nanoalambres de Fe encapsulados en nanotubos de carbono de
pared mudltiple (MWNT), MWNT dopados con nitrogeno (CN,) y MWNT
funcionalizados con grupos oxigenados (CO,), de igual manera se estudiaron
nanoalambres de FeCo encapsulados en MWNT y CNy.

PALABRAS CLAVE. opalo inverso de carbono, carbono dopado con nitrégeno,
nanotubos de carbono, nanoalambres magnéticos
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Controlling Chemical and Physical Properties
of Ordered Carbon Nanosystems

Abstract

Nanoscience and nanotechnology are dedicated to the creation of new materials
with interesting properties like hardness, conductivity, magnetic properties, among
others. Now, there is also interest in the use of these materials as building blocks
to create new materials. In this work ordered and disordered arrays were studied:
1) carbon inverse opal and 2) carbon nanotube forests.

Regarding the carbon inverse opal, we used an opal with SiO, nanoparticles (300
nm) ordered in a FCC manner as a template for the fabrication of carbon inverse
opal. This carbon inverse opal was synthesized by the infiltration of a solution
containing sucrose as a carbon source; also, in this same solution we added
pyrazine as a nitrogen source to obtain nitrogen doped carbon inverse opal. On
another hand, we used disordered SiO, nanoparticles as a template to synthesize
nitrogen doped carbon inverse opal. These samples were characterized by SEM,
TEM, Raman spectroscopy, thermogravimetric analysis, nitrogen adsorption, X-ray
diffraction and optical reflection spectroscopy. In the obtained results we observed
slight changes in the structure depending on the doping concentration, also we
observed the shift of the optical reflection peak depending upon the nitrogen
concentration in the sample; observed a blue shift of the optical reflection peak
dependent on the nitrogen concentration in the sample.

Furthermore, we realized the study of the physical properties of the carbon inverse
opal with different contents of nitrogen and pore size. In general, varying the
nitrogen concentration and pore size it is possible to vary in a controlled manner
the physical properties such as resistance, field emission, magnetoresistance and
magnetization. The resistance was varied between 0.30 down to 0.02 Q cm and
depending upon the degree of doping the transport mechanism of electrons may
vary. In magnetoresistance (MR) there is a transition from positive MR to negative
MR, when varying from low to high temperatures. Also, the magnetization of the
samples exhibits a transition from paramagnetic to diamagnetic when increasing
the temperature; the transition temperature is higher for smaller pore size. Finally,
the carbon inverse opal doped with nitrogen was used as an acetone, ethanol and
chloroform sensor, showing that doping with nitrogen effectively increases the
sensing response signal.

On the other hand, we realized an experimental y theoretical study of Fe hanowires
encapsulated inside carbon nanotubes. We observed that the dimensions
(diameter and length) determine the coercivity, although the diameter has a greater
influence; also the degree of alignment, purity and chemical composition of the
system may alter the magnetic properties. These concepts were studied for Fe
nanowires encapsulated in multiwall carbon nanotubes (MWNT), MWNT doped

XXi



with nitrogen (CN,) and MWNT functionalized with oxygen groups (COy), in a
similar manner FeCo nanowires encapsulated in MWNT and CNy were studied.

KEY WORDS. carbon inverse opal, nitrogen doped carbon, carbon nanotubes,
magnetic nanowires

xXXii



1. General Introduction

1. General Introduction

1.1 Ordered Carbon Nanostructures

Since the beginning of nanoscience and nanotechnology scientists have
been interested in being capable of creating new materials, and furthermore, ways
to apply them in new innovative devices. There are two approaches to fabricate
these nanomaterials: top-down and bottom-up. The top-down method starts by
using a bulk material that is carved or patterned down to the nanoscale, this is
generally aided by lithography techniques such as photolithography or beam
(electron or ion) lithography. Now, the bottom-up approach uses the assembly of
single molecules by self-assembly or positional assembly. Furthermore, one of the
struggles is to create ordered arrays of nanostructures in one, two or three
dimensions in order to create new materials at larger scales, in order to achieve
this, methods like chemical synthesis, positional assembly, self-assembly, among
others may be used; this is one of the objectives of the bottom-up approach, to
use nanostructures as building blocks to construct new materials and devices.

Many natural systems consist of the arrangement of elements, due to the
interaction between them and an interaction with the surrounding medium. This
can be observed in the lamellar structure of shells, the formation of solar systems,
etc. This phenomenon is known as self-assembly, it is defined as a reversible
process where the precursor pieces or components are disordered in a pre-
existing system capable to form more complex structures. It may be classified in
static which is achieved when the system is at equilibrium and does not dissipate
energy; dynamic self-assembly needs to absorb energy in order to form an
organized system [1]. Some specific methods or phenomena for self assembly are
evaporation [2], electrostatic force [3; 4], magnetic forces [5], biomolecule template
[6], physical template [7], chemical template [4; 8] and Langmuir Blodgett [9],
among others that may be related.

Templating methods can be very simple; this uses a mold which may give
the predetermined form to the infiltrated material, in the end of the process the
mold is removed leaving the negative structure. A specific example of this is
porous anodic aluminum oxide (Figure 1.1 a), here it may be infiltrated with metals
[10; 11], semiconductors (Figure 1.1 b) [12] or insulators [13], once the pores are
infiltrated and the template is removed it is possible to obtain nanowires or even
nanotubes. New materials with interconnected pores may also be used in order to
create other porous materials with communicating pores, for example G. Meng et
al. created multiply connected and hierarchically branched nanopores inside
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anodic aluminum oxide templates, this was done by varying the anodization
voltage used for the alumina oxide, afterward the branched alumina oxide was
exposed to a chemical vapor deposition to cover the walls with carbon, later the
alumina oxide was removed leaving Y branched carbon nanotubes (Figure 1.1 c-f)
[14]. On another hand, soft lithography may also be helpful for templating, this was
introduced in 1998 by Younan Xia and George M. Whitesides [15; 16], here a
polysiloxane reproduces the relief of a certain mold, then this “stamp” is held in
contact with a surface and a viscous material or solution is infiltrated by capillarity,
later the material may harden or the solution will evaporate leaving behind an
inverse pattern of the stamp (Figure 1.2).

Figure 1.1: (a) Scanning electron microscopy (SEM) image of an ordered porous anodic alumina
membranes (AAM). (b) ZnO rods produced using the AAM from image (a) (images from ref. [12]).
(c and d) SEM and (e and f) transmission electron images of branched carbon nanotubes
fabricated with a branched porous anodic aluminum oxide (images from ref. [14]).
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Patterned material

e

Infiltration

Figure 1.2: Micromolding in capillaries by soft lithography infiltration of the precursor inside a
polysiloxane “stamp” further on the precursor is hardened or evaporated leaving the inverse pattern
of the “stamp” (images from ref. [16]).

1.2 Carbon Allotropes and Doping

There are different forms of carbon that can be found in nature or
manmade, they may be classified in ordered and disordered depending upon the
crystal structure. Ordered carbon may be found commonly as graphite or diamond.
Graphite is composed of several layers, where each layer is composed of a
hexagonal lattice (Figure 1.3 a), due to the delocalization of electrons it is a
conducting semimetal. Diamond has a crystal structure resembling two
interpenetrated face centered cubic lattices displaced ¥4 along the x, y and z
direction (Figure 1.3 b), it is known as the hardest natural material and it exhibits a
wide bandgap making it a good electrical insulator. Now, fullerenes may also be
found in nature, but only in small quantities, they were only formally discovered
until 1985 [17]. The most stable Cgo, has a structure that resembles a truncated
icosahedron with twenty hexagons and twelve pentagons (Figure 1.3 c). However,
in 1976 carbon nanotubes were first observed and reported by Oberlin and Endo
[18], its structure may be seen as a tube formed by the rolling of a single
hexagonal lattice in a determined direction (Figure 1.3 b).
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Figure 1.3: Carbon allotropes: (a) graphite, (b) diamond, (c) buckminsterfullerene, (d) carbon
nanotube and (e) representation of amorphous carbon (image from ref. [19]).

On another hand, carbon materials may be doped with different elements in
a endohedral, exohedral o even substitutional manner. Endohedral doped
nanostructures may encapsulate a foreign molecule, ion/ions or crystalline
materials inside of its structure, for example a single wall carbon nanotube
(SWCNT) may contain fullerenes which is known as a “peapod” (Figure 1.4 a) [20],
on another hand many metals such as Re, Pd, Ag, Au, Pb, Ni, Cr, Ge, Fe, Co, Cu,
FeCo, FePt and FeNi [21; 22; 23; 24; 25; 26; 27; 28; 29; 30] [31] have been
encapsulated. When atoms are intercalated in the voids of the structure it is known
as exohedral doping, an example of this is the intercalation of alkali metals (Figure
1.4 b) such as K [32; 33], Na [34] and Li [35; 36], Cs [37], here the alkali metals
are capable of elongating the interlayer distance in a carbon structure such as
graphite, on the other hand for SWCNT the separation between nanotubes
increases [34; 32]. Specifically when Li is intercalated along with NH3 the interlayer
separation may reach a point where it has been used to “unzip” carbon nanotubes
[38]. On another hand, foreign atoms may replace carbon atoms in the lattice in a
substitutional manner (Figure 1.4 c), commonly nitrogen [39; 40; 41; 42; 43] and
boron [44; 45; 46] doping have been studied theoretically and experimentally,
however Si [47] and S [48] also have some studies. Now, two foreign atoms may
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also be located in the structure, this is called hetero-doping such as B-N [49] and
N-P [50].

Q' :
Figure 1.4: Schematic representations of (a) endohedral (fullerene inside a carbon nanotube), (b)
exohedral (intercalation of an alkali metal in graphite) and (c) substitutional (nitrogen doped carbon
nanotube, nitrogen atoms are shown in light blue) doping in carbon materials.

1.3 Porous Carbon

In 1997 Kyotani et al. infiltrated a zeolite with carbon, here carbon was
deposited by a polymerization of acrylonitrile and furfuryl alcohol followed by a
carbonization, and alternatively they used chemical vapor deposition (CVD) with
propylene to infiltrate carbon in the zeolite (Figure 1.5 a). The carbon/zeolite
complex was immersed in hydrofluoric acid in order to remove the zeolite template
and maintain the carbon structure which was capable of creating the inverse
structure, having a high surface area c. a. 2000 m?/g [51]. Further on, in 1998 A.
Zakhidov et al. infiltrated carbon in a synthetic opal by a phenolic route (Figure 1.5
b) and by CVD, here they successfully obtained the inverse structure of the opal
with particular optical properties of a photonic crystal [52].
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N

Figure 1.5: (a) Porous carbonproduce from a chemical vapor deposition of carbon in a zeolite
(image from ref. [51]). (b) Carbon inverse opal produced by the infiltration of a resin (image from
ref. [52]).

Porous carbon materials are of interest because of their capability to store
molecules being used as filters [53; 54]; if nanoparticles (i. e. Pt) are supported in
these materials they may also be used for catalysis [55]. Now, if these materials
exhibit a photonic crystal structure they may be used as oil sensors [56]. In
chapter 2, the properties and possible applications of porous carbon materials will
be discussed in more detail. Further on, if these porous carbon structures are
doped their physical and chemical properties may change, regarding this, little
work has been done and the majority of them have been only focused on the
synthesis [57; 58; 59], leaving more work to be done to study their properties.

1.4 Carbon Nanotubes

Depending upon the direction of the folding the tip may be seen as zig-zag
(n,0), armchair (n,n) or chiral (n,m) (Figure 1.6), these are known as single wall
carbon nanotubes (CNTs). Armchair and certain zig-zag SWNTs are metallic and
the rest are semiconductors with different band gaps. Now, if these carbon
nanotubes exhibit several layers of tubes they are known as multiwall carbon
nanotubes (MWNTS).
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(b) zig-zag (c) armchair (d) chiral
(10,0) (10,10) (11,3)

@® metal
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Figure 1.6: (a) Unrolled hezagonal lattice of a nanotube. Symmetry classification of nanotubes, (b)
armchair, (c) zigzag and (d) chiral nanotube

Carbon nanotubes are of great interest mainly due to their electronic and
mechanical properties. Experimental measurements of the conductivity of SWNT
and MWNT have shown thermal activation energies in the range of 13-290 meV
[60; 61], along with this, the resistivity of individual MWNT can reach values
between 1.2x10” to 5.1x10° Q cm [62; 63]. Amazingly, MWNT may exhibit
superconductivity with a transition temperature of 12 K [64]. Also, carbon
nanotubes have the ability to bend to some extent without fracturing [65]. The CNT
stiffness is also governed by the chirality, just as the electronic properties, it has
been reported that zig-zag SWNT are less stiff than the armchair SWNT [66]. A
reported value for the Young's Modulus of MWNT is 1.28 TPa without any
diameter dependence [67].

The encapsulation of foreign materials such as gases, fullerenes even
nanoparticles in carbon nanotubes is very interesting, since the carbon walls may
act as a shield preventing any degradation or reaction of the encapsulated
material. Specifically, if they are encapsulated with magnetic nanowires, these
nanowires may preserve their magnetic properties over time without any
composition transformation such as oxidation [24]; we studied this kind of system
in order to have a better understanding of the magnetic properties depending upon
the nanowire dimmensions.

1.5 Organization of the Thesis

The work done during the PhD studies is divided in four chapters. In
chapter two the fabrication and properties of synthetic opal is described, along with
the synthesis of carbon inverse opal by a water based solution and on the other
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hand by chemical vapor deposition. After the synthesis optimization of carbon
inverse opal, in chapter three the synthesis and characterization of nitrogen doped
carbon inverse opal is realized based on the procedure described in chapter two.
Following the synthesis of nitrogen doped carbon inverse opal, in chapter four the
physical properties such as resistivity, field emission, magnetoresistance and
magnetization were measured, along with this the vapor sensing properties were
assessed.

Due to the capability of carbon nanotubes to encapsulate foreign materials
in chapter five the study of ferromagnetic (Fe and FeCo) nanowires encapsulated
in multiwall carbon nanotubes, nitrogen doped multiwall carbon nanotubes and
oxygen functionalized carbon nanotubes are studied. Here the dimensions of the
encapsulated nanowires are analyzed in order to correlate them with the magnetic
properties.
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2. Opal and Porous Carbon Inverse Opal

2.1 Opal

2.1.1 Introduction

Minerals such as opals exhibit a photonic crystal structure (Figure 2.1 a),
meaning that they consist of silica spheres arranged in a periodic fashion (150 —
400 nm), with a water content between three and twenty percent. An opal is an
amorphous mineral, found as a natural gemstone, which consists of closed packed
silica particles (Figure 2.1 b). This material is used in jewelry and is considered as
Australia’s national gemstone and it is also available in Mexico, Peru, Brazil,
Canada and Honduras. Some natural opals show an ordered array of particles,
these arrays could have three different close-packed layer stacking: fcc structure
(i.e., ABCABCABC), hexagonally closed-packed (hcp) structure (i.e., ABABAB) or
randomly hexagonal closed-packed (rhcp) structure (i.e., ABABCAB). In other
cases these opals may not be highly ordered.

The observed colors in opals are due to the interference and diffraction of
light through its microstructure, the diffraction is caused by the grating of the
stacking planes of the array of spheres. The color observed depends upon the
sphere size; for small size (i. e. 150 nm) a blue color is evident and for larger
spheres the color will shift to higher wavelengths towards red. Opals could be
classified according to the colors shown in the presence of white light; precious
opals exhibit uniform silica spheres within a three dimensional ordered array;
common opals show a single solid color, here the spheres are relatively large and
are not well ordered. The atomic structure of these opals can be classified in non-
crystalline and others that may show some signs of crystalline order known as
cryptocrystalline or microcrystalline opals. Microcrystalline opal has spheres that
consist of microcrystalline blade of cristobalite and trydimite, these are polymorphs
of quartz. Regarding non-crystalline opal, this may be classified in two groups.
One of them is known as opal-AG, which consists of aggregates of silica spheres
with water filling the voids, and the other kind is called opal-AN which corresponds
to amorphous silica glass containing water.
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Figure 2.1: Mineral opal. (a) Photograph of sliced mineral opals from Australia. Photograph taken
from Smithsonian Natural History Museum in Washington, D.C. (b) Scanning electron microscopy
image of a Coober Pedy precious opal showing the ordered stacking of monodispersed silica
spheres of c.a. 400 nm (image from Ref. [1]).

However, it is possible to produce a synthetic opal and this is made by the
self assembly of silica spheres in an ordered or semi-ordered lattice. The methods
of fabrication mainly use a colloidal suspension; in this chapter these fabrication
methods will be discussed. Depending upon the properties of the opal such as
particle size (150 — 400 nm), lattice defects (i.e. stacking and dislocations),
medium of observation, observation angle, among other factors; their optical
properties may vary; these will also be discussed in the present chapter.

2.1.2 Fabrication methods

The discovery of the structure of opal dates from 1974 by Pierre Gilson [2].
Later, Stober introduced a sol-gel based method to synthesize SiO, (silica)
particles, which is commonly used at present [3]. Once the silica particles are
produced, they may be handled by different methods in order to produce an
ordered array. These methods include sedimentation, mold infiltration, and dip
coating, among others.

The simplest method for the production of synthetic opal is by
sedimentation where the driving force is gravitation coupled with an evaporation of
solvents which accommodates the particles. Unfortunately, this process requires
weeks or even months if the sphere diameter is less than 300 nm [4; 5]. However,
this process is capable of creating opal samples of relatively large dimensions in
the order of dm® (Figure 2.2 a). According to A. E. Aliev et al. [5] the velocity of
sedimentation (Eqg. 2.1) is given by the balance of gravitational (Fg = (1/6) zpsgd®),
Archimedes (Fa= (1/6) zp,gd*) and frictional forces (F; = 3znwd), where ps and pw
are the sphere and water mass densities, g is the gravity acceleration, n is the
viscosity of liquid, D is the sphere diameter, and V is their velocity.

v = 22es—pw)g

Eq. 2.1 ™
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Theory predicts that the fcc structure is the most energetically stable for a
colloidal crystal [6; 7; 8]. Surprisingly, the entropy difference between the fcc and
hcp structure is small (< 10 kg per sphere) [8], thus the fcc is favored during the
self assembly of a colloidal solution of silica spheres.

Substrate

SiO, particles in Evaporation ™
liquid medium % 00
Figure 2.2: Opal growth methods. (a) Sedimentation (image from ref. [5]), (b) mold infiltration
(image from ref. [9]), (c) dip coating (image from ref. [10]).

A way to aid the sedimentation process is via electrodeposition, which has
been helpful to assemble semiconductor, polymer and metal particles [11]. Opals
made in this way have a predominant fcc structure [12]. Some researchers
consider the difference between the electric potential of the dispersing media and
the layer of fluid adhered to the particle, this is commonly called ¢ potential, which
reflects the stability. This means that the electrical charge present in the colloidal
suspension may also have an effect on the opal structure obtained. In order to
have a control of the electrostatic interactions between the particles and particle-
medium: several groups have used basic mediums to synthesize artificial opal [5;
13], this process also avoids the coagulation of particles produced by the electrical
charges.
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Soft-lithography has been used to produce arrays of particles, using an
elastomeric stamp of polydimethylsiloxane (PDMS), here the surface of the stamp
is in complete contact with a hydrophilic surface, this PDMS stamp presents a
relief in the form of a channel, the channels are deep enough to allow the flow of
the suspension at the ends by capillarity. After wetting the entire channel the
system is left to dry and in the end of the process there is a colloidal array
reflecting the inverse of the PDMS stamp [14; 15]. This process is considered as
mold infiltration. A variation of this method would be tilting a fluid cell containing a
colloidal suspension to promote a better accommodation of the particles within the
channels (Figure 2.2 b) [9]. An alternative way to confine particles in one layer, is
using hydrophobic and hydrophilic contrasts. For example the surface of a glass
substrate is chemically altered by oxygen [16] or air [17] plasma, thus making the
surface hydrophilic. Subsequently, a pattern of hydrophobic material (i. e. polymer
or thiols) is imprinted on the surface of the substrate, making certain regions
hydrophobic and the others remain hydrophilic. Further on, a suspension of
particles is exposed to this surface with contrast (hydrophobic/hydrophilic) patterns
and left to dry, here the particles would stay in the hydrophilic regions because
they are immerse in a polar medium [17; 18].

Various groups use the dip coating method to make linear arrays of silica
particles (Figure 2.2 c). This method consists of holding a substrate vertically in a
liquid medium with suspended particles, left to rest and evaporate, thus avoiding
external vibrations [10; 19; 20], this technique may be known as fluid-driven self-
assembly [21]. During the evaporation of the fluid, the particles are moved along
with the meniscus, allowing the spheres to deposit in “niches”, or depressions.
Many factors may modify the arrays of the spheres, such as particle concentration
and temperature of the fluid [22], sphere size [23], polydispersity and electrostatic
interactions [13], centripetal force (i.e. spin coating) [24], dimensions of
confinement [17], humidity [25], etc. In a similar way, the Langmuir-Blodgett
technique is used, which consists of the retraction of a substrate from a solution
containing the particles of interest. Here the velocity of retraction is slow enough in
order to allow a proper ordering of the particles at the meniscus, thus making
possible to have monolayers of silica particles [26]. This last technique is favorable
for media that evaporates at a slow rate.

The use of sonication has been also helpful to produce opals within closed
or semi-closed glass cells. The distance between the top and bottom substrates is
enough to allow the flow of the suspension, and the ultrasonication contributes
with another driving force to “push” the particles between the voids of the
substrates and help the production of an ordered structure [14; 17; 27].
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2.1.3 Properties and applications

2.1.3.1 Optical properties

In the words of Vukusic and Sambles [28] “millions of years before we
began to manipulate the flow of light using synthetic structures, biological systems
were using nanometer-scale architectures to produce striking optical effects. An
astonishing variety of natural photonic structures exist: a species of Brittlestar uses
photonic elements composed of calcite to collect light, butterflies use multiple
layers of cuticle and air to produce their striking blue color “[Figure 2.3 a) and b)]’
and some insects use arrays of elements, known as nipple arrays, to reduce
reflectivity in their compound eyes.”

Figure 2.3: (a) Real color image of the blue iridescence from a M. rhetenor wing (image from Ref.
[28]) and (b) scanning electron microscope image taken from the scale surface showing the
structure of the lamellae (image from Ref. [29]).

Photonic crystals are arrays of periodic nanostructures which can be
dielectric or metallo-dielectric. They affect the propagation of electromagnetic
waves, similar to how semiconductors define the motion of the electrons,
introducing allowed and forbidden electronic energy bands.

When increasing the number of layers of a photonic crystal, the depth of its
photonic band gap increases, and the width of the main peak in transmission or
reflection decreases [30; 31]. Synthetic opals exhibit an ordered FCC array of
colloids (Figure 2.4 a), although they exhibit structural defects such as vacancies
(Figure 2.4 b) and stacking faults (Figure 2.4 c). The most frequent defect is plane
stacking fault in planes perpendicular to the growth direction. Despite of these
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defects, it is possible to have single crystals up to 0.8-0.9 unit cells and up to
several thousands of unit cells. Stacking faults cause the large broadening and
doublet-like structure of the stop bands along directions other than the (111)
growth direction of the fcc opal.

Opals with periods of 200—-350 nm display photonic band gaps (PBG) in the
visible region of the spectrum, 1.9-2.6 eV. With smaller particles (i. e. 150 nm), the
PBG is in the ultraviolet (UV) region, and for larger particles (i. e. 350 nm) the PBG
is located in the infrared region [32; 5] (Figure 2.4 d-g). The Bragg diffraction
(equation 2.2) may tell us the wavelength of the reflection peak, where d is
interplanar distance, ne is the effective refractive index, f is the filling factor (f=0.74
for a fcc structure) and 6 is the angle measured from the beam to the planes.
Knowing this, it is therefore possible to create a multibandgap photonic crystal, by
stacking opal films with different particle size on top of one another. For example,
layer A could be a film with 150 nm particle and layer B with 250 nm patrticles, and
the entire material will show a PBG in the UV, and a PBG in the visible range for
150 and 250 nm particles, respectively [33].

Eq. 2.2 Amax = 2dNeprsing

Eq.2.3 Ner = [(D)f + (p)(1 — ]2
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Figure 2.4: Scanning electron microscope (SEM) image of synthetic opal showing (a) FCC

structure (image from Ref. [32]), (b) vacancy defect (image from Ref. [32]) and (c) stacking fault

(image from Ref. [34]). (d) Reflection spectra showing characteristic diffraction peaks for opals

made with particles between 150 and 400 nm. SEM images of opals with (e) 300, (f) 350 and (g)

400 nm particles (images from Ref. [34]).
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2.1.3.2 Applications

Since opal and opal-like materials show interesting optical properties they
could be used in the fabrication of devices such as sensors with a visible
response. For example, a photonic crystal consisting of a polyacrylamide hydrogel
with carboxylated polystyrene spheres has been used as a pH and ionic strength
sensor (Figure 2.5 a). Depending upon the pH and the ionic strength, the hydrogel
may change its volume thus shifting the diffraction wavelength [35]. The swelling
of a photonic crystal by pH and the ionic strength have been used to fabricate a
glucose sensor with a polymeric crystalline colloidal array (Figure 2.5 b-d). The
glucose-induced hydrogel cross-links increase the elastic-restoring force and
shrinks the hydrogel volume, which blue shifts the optical diffraction [36]. This
property may be used to fabricate a small color sensitive glucose sensor.
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Figure 2.5: (a) pH dependence of the diffraction wavelength of a polymeric colloidal photonic
crystal (image from ref. [35]). (b) Diffraction color changes from red to blue with increasing glucose
concentration. (c) Dependence of diffraction peak maxima on glucose concentration (d)
Representation of a contact lens with a photonic crystal to detect glucose concentration (images
from ref. [36]).
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2.2 Carbon Inverse Opal

2.2.1 Introduction

Porous materials are classified according to their size: in the range of 2 nm
or less they are called micropores, between 2 and 50 nm they are known as
mesopores and those with pores larger than 50 nm are macropores. The size
distribution, geometry, volume and ordering of the voids are related to the capacity
of the material to perform a specific function.

There are some porous structures with the capacity of interfering with light,
because the interface wall-void deflects light according to Snell’'s Law. Now if
these pores exhibit certain ordered crystal-like structure, then it behaves like a
semiconductor, but in this case there is a forbidden photonic band gap [37; 38]
(Figure 2.6 a). Since photons do not have correlation effects, band theory may be
a good approximation to study porous materials. It has been observed that at a
greater refraction index in the material, it is easier to obtain a photonic band gap;
this was observed in a macrostructure with pores arranged in an fcc lattice (Figure
2.6 b) where this kind of lattice favors the appearance of the forbidden band gap
[37]. Since a photonic crystal obeys Brag’s equation, the optical characterization
must take in to account the angle between the light source and the detector. It has
been observed in carbon inverse opals that the diffraction peak suffers a shift
depending on the incident angle of the light source [39; 40].
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Figure 2.6: (a) Right side, electromagnetic dispersion with a forbidden band gap and left side,
electron wave dispersion with a typical band gap for a semiconductor. (b) Photograph of an
experimental macrostructure used to obtain a forbidden band gap for microwaves (images from ref.
[37D).
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Different materials have been infiltrated in opals in order to fabricate new
inverse opals with unique properties. For example, semiconductors such as Si [41,
42] and ZnO [43; 44] and metal (Pb). When infiltrated with Pb, the inverse
structure showed superconductivity at a higher temperate (7.325 K) compared to
bulk Pb (7.196 K) [45].

2.2.2 Schwarzites

A periodic minimal surface [46] can divide space in two congruent regions
(Figure 2.7 a). If these structures are constructed and decorated with carbon
atoms in a graphitic-like manner, they are known as Schwarzites [47; 48; 49]
(Figure 2.7 b). Schwarzites can be more energetically stable than Cgo [50; 51; 52].
Heptagonal or octagonal rings exhibit little mechanical strain which is favorable to
maintain a sp?-like hybridization.

W
Figure 2.7: (b) P (primitive )triply periodic minimum surface (TPMS). (c) Four cubic cells of the P-
TPMS decorated with graphite using hexagonal and octagonal rings of carbon (192 atoms per
cubic cell) (image from ref. [49]).

In order to make a closed surface using sp*like hybridization one can use
squares, pentagonal, heptagonal and octagonal rings (N4,Ns,N7,Ng respectively)
following a relationship that comes from the Gauss-Bonnet theorem to a closed
orientable surface, and Euler's law to a graphitic sheet.

Eq. 2.4 2N, 4+ Ns — N, — 2Ng = 12(1 — g)

The genus ‘g’ can be thought as the number of handles in the structure. For
example a sphere has ‘g=0’, a torus has ‘g=1". In order to produce negative
curvature (saddle point) it is necessary to introduce heptagonal or octagonal rings
in the lattice [48; 53; 54], and in order to introduce positive curvature pentagons
must be introduced [49]. An example to illustrate the effect of the introduction of a
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pentagon and a heptagon in a graphitic lattice is the observation by S. ljima et al.
[55; 56] of a nanotube cap showing positive and negative curvature due to the
presence of pentagon—heptagon rings, respectively (Figure 2.8). One should keep
in mind that a Schwarzite has only one layer of carbon and a carbon inverse opal
may have several or hundreds of layers.

Figure 2.8: Nanotube cap showing negative curvature (a) transmission electron microscope image,
(b) molecular model; on the left the presence of a pentagon induces positive curvature and on the
right the heptagon induces negative curvature (images taken from ref. [55; 56]).

2.2.3 Carbon inverse opal structures

The first synthesis of porous carbon using silica particles as a template was
achieved by Anvar A. Zakhidov et. al [57] in 1998, this was done by infiltrating an
opal with carbon by a CVD or a phenolic route, followed by the subsequent
removal of silica using an HF treatment.

When the opal is
completely filled with carbon it is
possible to obtain carbon inverse
opal. However, if the opal is
partially filled a shell-like structure
could be obtained, this structure
would exhibit “windows” (Figure
2.9), which are the
interconnections  between  the
pores, random mesopores oOr
ordered mesopores depending
upon the structural units used as
template. Three-dimensional
interconnected porous carbons
Figure 2.9: Schematic of possible structures obtained with mesoporous walls (Figure
from an opal template. With a complete filling it is 2.10 a and b) have been

possible to obtain an inverse opal. However, with a fapricated by preparing a colloidal
partial filling shell-like structures can be produced. The dispersion of particles with two
connection between the spheres is reflected as . . .

“windows”, these windows connect all the pores different sizes: one for the larger
between one another. pores and another for the walls to

be mesoporous [58], this could
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also be achieved using the infiltration of surfactants capable of producing several
mesophases [59] (Figure 2.10 c). In addition, by controlling the amount of carbon
precursor (i. e. sucrose, phenolic resin), it is possible to control the structure of the
inverse material, from being a completely closed cage in to a cage with windows
(Figure 2.10 d and e), where these windows are defined by the interconnection of
the particles [60; 61].

Figure 2.10: SEM images of (a-b) a bimodal porous carbon with macropores and mesoporous
walls (image from ref. [58]), (c) transmission electron microscope image of a hierarchically
macroporous carbon with mesoporous walls made with liquid crystals (image from ref. [59]), SEM
images of (d) carbon cage with windows and (e) hollow carbon capsules (images from ref. [19]).

2.2.4 Synthesis methods

The silica templating method has been used with different kinds of carbon
sources such as sucrose ( C1oH20011) [62; 63], polyacrylonitrile (CsHzN) [64],
propylene (C3Hg) [57], etc. Each kind of carbon source when pyrolized may be
graphitizable, non-graphitizable or anthracitic [65].

Graphitizable carbons are generally produced by substances with a high
content of hydrogen. It is a soft material with low porosity and it consists of
hexagonal flat sheets (Figure 2.11 a).

Non-graphitizable carbons are hard and possess low density; they cannot
be transformed in to crystalline graphite even at 3000 °C (Figure 2.11 b).
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Generally, they are produced from substances that have a high content of oxygen
and low content of hydrogen. S. J. Townsend et. al. [66] and P. J. F Harris [67]
propose that non-graphitizable carbon structures are formed by discrete fragments
of curved graphene-like planes, where pentagons and heptagons are dispersed
randomly in the hexagonal lattices, thus resembling Schwarzite fragments (Figure
2.11c¢).

Figure 2
anthracene) and (b) non-graphitizable carbon (from sucrose) pyrolized at 2300°C. (c) Schematic
illustration of a model for the structure of non-graphitizing carbons based on fullerene-like elements
(images from ref. [67]).

Anthracite produced below 2000 °C is a strongly cross-linked, highly porous
carbon which behaves like non-graphitizable carbon. The crystal in mass has a
strong preferential orientation. At higher synthesis temperatures, there is a rapid
crystal growth and thus highly graphitic carbons are formed.

2.2.5 Properties and applications

Ordered porous carbon materials are of great interest due to their photonic
properties which can be harvested in order to create novel optical based devices
and sensors. In addition, porous materials may be used as 3D scaffolds capable of
cell regeneration [68; 69]. They can also be capable of storing molecules useful in
filters, catalysis, hydrogen adsorption and oil sensors.
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With a porous photonic crystal (PhC), it is possible to create a mode-
selective type device. In this context B. Desiatov et al. fabricated a hybrid
waveguide-PhC structure. Here the guiding mechanism is governed by the total
internal reflection, but the PhC induces a dispersion relation to the propagating
light [70].

Carbon inverse opal has shown a low thermal conductivity of 0.33W/mK, as
reported by A. E, Aliev et. al. [71], where the electronic contribution is negligible.
The authors proposed that the heat propagation occurs along the thin layer of
graphene sheets, they also measured heat capacity being 30% higher than that of
graphite.

2.2.5.1 Bio-scaffolds

Figure 2.12: Applications of porous carbon. (a) Confocal microscopy‘é‘nd (b) SEM images of HS-5
human bone marrow cell grown in a macroporous carbon scaffold (images from ref. [68]).

Micrometric spheres have been used as templates to produce an inverted
porous structure that have been tested as scaffolds for human tissue regeneration
such as hepatocellular carcinoma and human bone marrow stromal cell (Figure
2.12 a). These inverse structures showed deep cell infiltration into the scaffold [68;
69].

2.2.5.2 Filters

Activated carbons are porous materials with a variety of pore sizes; they are
potentially useful in water remediation. The presence of surface oxidation in these
carbon materials provides them with cationic exchange properties, favorable for
adsorption of foreign and heavy materials [72]. These have been able to remove
mercury, copper, lead, chromium, cadmium, nickel, zinc, lithium, arsenic, etc. from
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water [73; 72]. In addition, they have also been used to remove petroleum-
hydrocarbon contaminated ground-water [74]. Mesoporous carbons have exhibited
extremely high adsorption capacities for bulk dyes, thus their capability to act as a
filter [75]. Also, they have been studied as humic acid adsorbent, exhibiting a
higher adsorption when compared to conventional activated carbons. This material
reaches an adsorption equilibrium within 15 minutes, up taking 60% of the initial
humic acids [76]. Regarding carbon nanomaterials, multiwall carbon nanotubes
have shown to be capable of presenting a higher adsorption capacity for polycyclic
aromatic hydrocarbon when the surface area is large (Figure 2.13) [77].
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Mesoporous carbon structures have shown theoretically and experimentally
to exhibit certain limitations for hydrogen storage. For example a quasi-periodic
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icosahedral nanoporous carbon may have a hydrogen delivery capacity up to 6%
by wt. at 3.8 MPa and 77 K [78], and other porous carbon materials with a pore
size of 1.78 nm display similar capabilities [79]. However, it has been observed
experimentally that at higher microporous volume there is an increase in the
hydrogen adsorption capacity, i. e. up to 4.5 wt% at 77 K and 1 MPa for a porous
(0.7 — 2 nm) carbon material [80; 81]

2.2.5.4 Sensors

A phenolic inverse opal has been tested as an oil sensor (Figure 2.15 a), in
which the porous structure (600 nm pore) benefits the adsorption of oil, and the
photonic crystal structure along with the variation in optical properties provide an
optical signal once the oil is adsorbed. This material exhibits a specific reflectance
peak for several oils (i.e., diesel oil, wax oil), and petroleum products (i.e., octane,
tetradecane, hexadecane, isopropylbenzene) [82].
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2.2.5.5 Electrodes

Electrodes made of porous carbon materials have an increase in the
coulombic efficiency when the pore size is decreased (Figure 2.16 a), behaving as
a linear function of the surface area, although its porous structure results in a low
volumetric capacitance [83]. However, the introduction of nanoparticles may
enhance or give new properties to porous carbon materials. For example, when
supporting SnO, nanoparticles, it increases its capacity, ionic conductivity,
provides a good cycling stability as a carbon anode for lithium-ion batteries [84;
85], with Pt nanoparticles (Figure 2.16 b) the catalytic activity of oxygen reduction
[86], and specifically the methanol electrochemical oxidation [87] is enhanced.
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Figure 2.16. (a) Carbon inverse opal has been used as an electrode in a capacitor (image from ref.

[83]). (b) Pt nanoparticles supported on porous carbon was used for electrochemistry (image from
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2.3 Experimental Methodology

In this work, the carbon inverse opals were synthesized by the infiltration of
a carbon source using a carbon solution or by chemical vapor deposition (CVD). In
the first case, a water solution with an organic precursor and a dehydrating acid
were used to infiltrate a synthetic opal, an alternative route is to add silica
nanoparticles to this solution. This solution was evaporated and then heat treated.
For the CVD method, the synthetic opal was exposed to an inert atmosphere
together with a flow of another organic precursor inside a furnace, in order to cover
the silica nanoparticles. After the infiltration of carbon by either method, the
composite silica-carbon was treated with HF to produce a porous carbon material.
In the following paragraphs, the synthesis methods and the carbon inverse opals
characterization are described.

The opal (300 nm silica nanopatrticles, Figure 2.17 a) was held in a solution
of sucrose, sulphuric acid (H,SO,) and water (according to Table 2.1) at 100 °C
during 6.5 hours. Sucrose and sulphuric acid react leaving carbon and hydrated
sulphuric acid in the medium (Eq. 2.4). After the evaporation of water, the samples
were heated at 1000 °C for one hour in an Ar atmosphere (Figure 2.17 b). Finally,
these were immersed in HF (30% in water) during approximately two days to
remove the silica nanopatrticles (Figure 2.17 (c)) (Eq. 2.5 and 2.6).
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Figure 2.17: Carbon inverse opal synthesis. (a) Synthetic opal, (b) synthetic opal infiltrated with
carbon and (c) carbon inverse opal.

Eq. 2.5 11H,S0, +C,H,,0,,(s) > 12C(s) +11H,50,.H,0
Eq. 2.6 Si0, (s) + 4HF(1) - SiF, (ag.) + 2H,0()

If the reaction is held with an excess of HF then it may react as follows:

Eq. 2.7 6HF + Si0, — H,SiF, + 2H,0
Table 2.1: Carbon source solution concentrations. Quantities are in % by wt.
1 2 3 4
Sucrose 10.00 15.00 25.00 30.00
Water 88.97 83.45 7242 67.00

Sulphuric acid 1.03 1.55 2.58 3.00

Another infiltration method used is the chemical vapor deposition (CVD),
using acetylene (C;H,) as a carbon source, and Argon as a carrier gas inside a
guartz tube with the synthetic opal located in the center region of the furnace.
Once the furnace is stabilized at 800 °C, the acetylene flow was introduced, after
the desired reaction time the acetylene flow was ceased and the furnace was set
to room temperature. The flows used are shown in Table 2.2, CVD11-CVD14 had
a 2 hour synthesis, CVD21 and CVD22 for 5 hours, samples CvD23 and CvVD24
were synthesized during 2 hours then the surface was polished to remove the
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excess carbon and finally the synthesis was repeated for another 2 hours.
Samples CVD11-CVD13 and CVD21-23 were synthesized at 800 °C and etched
with HF (30% in water) during approximately two days. Another set of experiments
was performed using conditions from CVD13 at 750 °C, 800 °C and 850 °C, the
CVD13 conditions were chosen due to the uniformity of the carbon coverage on
the silica spheres. These experiments were carried out in order to search for the
highest infiltration of carbon in to the pores.

Table 2.2 CVD flow rates. Argon and Acetylene flow rates (I/min), synthesis time is given in hours
and was realized at 800 °C.

CvDl1l1 CvDi12 CVD13 CVvDl14

Argon 2 2 0.95 0.95
Acetylene 0.2 0.5 0.15 0.31
Synthesis time 2 2 2 2
CvD21 CVD22 CVD23 CVD24
Argon 0.95 1.46 0.95 0.95
Acetylene 0.15 0.077 0.15 0.24
Synthesis time 5 5 2 2

The next experiments were performed in order to achieve the lowest
amount of carbon, and being semi translucent in chloroform, the reason for latter
condition will be explained in the next section (results and discussions). Flow rates
and times were varied with the optimum conditions: 0.95 I/min Ar, once the furnace
stabilized at 800° C a flow of 0.00022 I/min of acetylene was introduced for 2
seconds.

These samples were analyzed by scanning electron microscopy (SEM) (XL
30 SFEG FEI operated between 10 - 20 kV) equipped with an energy dispersive
X-Ray (EDX).

2.4 Results and discussions

The SEM images show the production of carbon inverse opals with 10%
(Figure 2.18 a) of sucrose revealing that there is not a high filling factor. When
using 25% of sucrose (Figure 2.18 c), the carbon coverage between silica
nanoparticles reaches an optimum level, and at 30% of sucrose (Figure 2.18 d)
thin layers are observed. An average of 100 pores were measured in order to
obtain the average pore sizes. For all cases, the overall average pore size is
around 292 £ 6 nm for 302 nm particle opal.
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(a) 10%, (b) 15%, (c) 25%, (d) 30% by wt. of sucrose in the solution.

All of the SEM images for the CVD synthesis using the CvVD11-CVvD14 and
CVD22 conditions (Figure 2.19) indicate an incomplete filling of the opal with
carbon. For sample CVD12 (Figure 2.19 b), cage like carbon particles are shown,
some of them are cracked revealing a hollow interior. CVD21 shows a slightly
higher filling rate, shown by the presence of square-like structures between pores
(Figure 2.19 e), this is also shown in Figure 2.9 for the complete filling of an opal.
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Figure 2.19: SEM of CVD made carbon inverse opals at different flow rates. (a-d) correspond
to CVD11-CVD14 and (e-h) correspond to CVD21-24. Red circle highlights square-like structure,
indicator of a complete filling.

Generally the degree of graphitization depends upon the synthesis
temperature. For this reason we carried out CVD reactions at different
temperatures (750-850 °C) in order to study its effect. At 750 °C, we can observe
an amorphous-like carbon (Figure 2.20 a), at 800 °C there is a more uniform
layered morphology (Figure 2.20 b), and at 850 °C there is a thin layer of carbon
on the surface of the bulk opal (Figure 2.20 c) which may decrease the infiltration
rate inside the sample.

34



2. Opal and Porous Carbon Inverse Opal

800 and (c) 850° using conditions from CVD21.

Due to the similarity between the refractive indexes of the opal (n=1.44) and
chloroform (n=1.4), the sample shows certain degree of transmission in chloroform
when the opal is cut along the (111) and the (101) plane (Figure 2.21 b and d),
here the carbon layer covering the silica spheres is thin enough to allow certain
degree of light transmission. For a two second CVD process, only the (101) plane
cut exhibits some transmission (Figure 2.21 f) even though it has a higher content
of carbon according to EDX spectroscopy data. The layers of carbon in both opal
cuts only cover the surface of the silica nanoparticles (Figure 2.21 i and j). Y. A.
Vlasov et al. [34] have demonstrated that a green opal transmits more light in
glycerin for a (110) surface plane than a (111) surface plane. Results related to
carbon coating using CVD clearly show this tendency, even though the carbon
content is different (Table 2.3).
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Figure 2.21: CVD-Opal different plane cuts. The left side images correspond to (111) planes
surface and the right side correspond to (101) plane surface. First row is as set of photographs of
the opal in air (a, ¢) and in chloroform (b, d). The second row of images are 2 second CVD of opal
in air (e, g) and in chloroform (f, h). The last row corresponds to SEM images of (i) (111) and (j)
(101) surface with 2 second CVD.

Table 2.3: EDX of opals in different plane cuts infiltrated with carbon in a 2 second CVD.
(atomic % of each element)

Plane (111) (101)
C 3.32 4.53
O 59.31 62.71
Si 37.38 32.765

Different geometries and particle size opals were used. Clearly when using
a thicker opal sample, the transmission of light decreases (Figure 2.22 b). This is
due to the absorption of light in the material (this case carbon), which increases as
its thickness increases. For the 300 and 200 nm opals (Figure 2.22 d) and h)
respectively), we observed some transmission, but not for the 250 nm particle size
(Figure 2.22 1).
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;'.

Figure 2.22: Photographs of CVD-Opal with different geometry and partlcle size. Prism of red
opal (300 nm particle) in (a) air and (b) chloroform, red opal surface (111) plane in (c) air and (d)
chloroform, green opal (250 nm particle) in (e) air and (f) chloroform, blue opal (200 nm particle) in
(g) air and (h) chloroform.

2.5 Conclusions

When infiltrating the opal with a solution containing sucrose we were
capable of obtaining thin walls and completely filled carbon inverse opal. The
optimum sucrose concentration to fill the opal is 25 % by wt. This optimum
condition may be a balance between viscosity which allows the penetration in the
opal, and the amount of the precursor to fill the voids.

When infiltrating carbon by CVD we were capable of synthesizing thin walls
resembling shell-like structures as well as semi-filled carbon inverse opal. In order
to have a layer of carbon in the opal capable of allowing the transmittance of light,
a short CVD reaction is needed, and the opals with particle sizes of 200 and 300
nm are capable of showing certain degree of transmittance in chloroform.

This chapter demonstrates that it is possible to synthesize different wall
thicknesses using a solution containing carbon, or by CVD. These methods may
be useful for controlling specific physico-chemical properties of the opals such as,
stiffness or high surface area.
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3. Carbon Inverse Opal Doped with Nitrogen

3.1 Introduction

Nitrogen has five electrons in its outer shell and is therefore trivalent in most
compounds. Common nitrogen functional groups include: amines, amides, nitro
groups, imines, and enamines. It forms important industrial compounds such as
ammonia, nitric acid, organic nitrates and cyanides. This element may be found in
all living organisms, for example in amino acids, proteins and nucleic acids.

Figure 3.1: Nitrogen doped carbon materials. (a) Graphene sheet, and (b) carbon nanotube
doped with pyridinc and substitutional nitrogen. Blue rings highlight substitutional nitrogen and
orange rings highlights pyridinic nitrogen.

When nitrogen is bonded with carbon in an organic compound it can adopt
sp (i. e. nitrile groups), sp? (i. e. pyrroles and amines) or sp® (quaternary bonding)
hybridization. Since it has one electron more than carbon it can donate a free
electron to the system. Nitrogen can be introduced into the hexagonal lattice of
carbon in two manners:

Substitutional — nitrogen replaces the ]Zoosition of carbon, maintaining the
hexagonal lattice, where nitrogen has an sp“ hybridization (Figure 3.1 blue rings).

Pyridinic — a carbon atom is withdrawn from the lattice and its first neighbors are

replaced by nitrogen, here nitrogen has an sp hybridization (Figure 3.1 orange
rings).
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3.1.1 Synthesis methods

Doping of porous carbon materials has been done by different methods:

e Reacting porous carbon with gas sources containing nitrogen [1].
e Cocarbonization of nitrogen-free and nitrogen-containing precursors [2].
e Carbonization of a precursor containing nitrogen [3].

As a nitrogen containing precursor, commonly polymers have been
infiltrated in templates in order to produce a carbon-nitrogen porous material.
Concerning carbon inverse opals, polyacrylonitrile has been used by H. Bu et al [4]
but annealing at 1000 °C reduces the nitrogen content. Polyaniline has been
infiltrated in mesoporous silica in order to produce an inverted structure which
contains carbon and nitrogen [5].

Chemical vapor deposition with acetonitrile has been used to impregnate a
zeolite producing a nitrogen doped carbon inverse structure [6]. Furthermore, an
ammonium-form zeolite was used as a template to impregnate with furfuryl alcohol
and used to synthesize a microporous carbon doped with nitrogen; here the
nitrogen is provided by the ammonium cation from the zeolite [7].

3.1.2 Tunable photonic crystals

Ordered porous structures are very interesting due to their optical
properties in the ultraviolet, visible and infrared region. Most of the photonic crystal
materials depend upon the periodicity in order to determine the diffraction
wavelength, regarding this parameter, several works have been done in order to
change this periodicity upon external forces, and others have infiltrated foreign
molecules such as oils or even liquid crystals to change the optical properties.
Another way to vary the optical properties is by doping the material with other
elements. All these routes will be discussed in this section.
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Figure 3.2: (a) Reflection spectra as a function of incident angle for the red opal carbon replicas
with HTTs of 800 and 3000 °C. (b) Temperature dependence of the conductivity of various phenol
replicas with HTT between 500 and 2380 °C (Images from ref. [8]).

The heat treatment of a carbon inverse opal can reduce the pore size, thus
blue shifting its diffraction peaks (Figure 3.2 a). The gradual heat treatment of the
sample showed an increase in its conductivity up to 450 S/cm at room temperature
when heated at 3000 °C (Figure 3.2 b). They also show an increase in its negative
magnetoconductance when heat treated at higher temperatures [8; 9].

A polymeric inverse opal hydrogel has been fabricated with the ability to
swell at different ratios depending upon the pH and ionic strength, this shifts the
diffraction wavelength (Figure 3.3 a). This swelling is reversible to a certain
percent for a given number of cycles [10].

The optical properties of opals and inverse opals have been tuned by the
infiltration of nematic liquid crystals. The reflection spectrum varies as the nematic
axes become parallel to the light propagation although the influence decreases in
the experiments. However, the reflection peak can be tuned upon the electric field
applied [11; 12] (Figure 3.3 b).

Theoretically P. Halevi et al. have proposed that a semiconductor photonic
crystal may be tunable by external agents such as doping or temperature. For
example, a Ge sample is delta doped by donor impurities; if the impurity density
increases then the photonic band gap shall shift [13] (Figure 3.3 c¢). This concept
has been observed by a K intercalation in a carbon inverse opal, observing a shift
of the diffraction wavelength to a greater wavelength (Figure 3.3 d).
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Figure 3.3: Tunable photonic crystals. (a) Diffraction wavelength vs. pH of a polymeric opal
hydrogel (Image from ref. [10]). (b) Applied voltage dependence of the reflection peak wavelength
of the inverse opal infiltrated with a liquid crystal (Image from ref. [12]). (c) Photonic band structure
of circular cylinders generated by delta doping of an intrinsic Ge host. The right side of the figure
corresponds to N = 3 X 10" donor atoms per cm®. The left side shows the variation of the two
PBGs with N (Image from ref. [13]). (d) Diffraction wavelength shift caused by a K intercalation in a
carbon inverse opal (Image from ref. [8]).

3.2 Possible properties and applications

Doped materials are commonly used in the semiconductor industry in order
to alter its electrical properties; this may also be applied for carbon materials.
When carbon structures are doped with nitrogen they may change its chemical,
physical and even biocompatible properties; these amazing properties will be
discussed in the following.
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3.2.1 Optical properties
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Figure 3.4: Optical properties of nitrogen doped carbon films. (a) Ultraviolet—visible
transmittance spectra of a-C:N films with different nitrogen concentrations (Image from ref. [14]).
(b) Refractive index n vs. nitrogen content in nitrogen doped carbon films (Image from ref. [15]).

When carbon materials are doped with nitrogen they also present variations
in their optical properties. For example, the optical bandgap shifts when an
amorphous carbon film is doped with nitrogen under different pressures during the
arc deposition. The optical bandgap energy reaches a maximum at a certain
nitrogen concentration and above this it may decrease to a lower energy than the
pure carbon sample [16]. The real and imaginary part of the dielectric constant
increase in value when raising the nitrogen content of an amorphous carbon film
deposited by arc deposition, this variation agrees with the measured refractive
index values [14], thus increasing the diffraction energy (Figure 3.4 a). Although
other groups report otherwise, where at higher nitrogen content in amorphous
carbon films the refractive index decreases [15] (Figure 3.4 b). All these works
show that the optical properties of doped materials vary in different manners and
further work needs to be performed in order to understand this phenomenon.

3.2.2 Conductivity

Since nitrogen has one electron more than carbon, it will add one electron
per nitrogen in to the carbon system, thus it will increase its reactivity [17]. Also,
these added electrons shall increase the conductivity, due to the isolated pair of
electrons introduced by nitrogen (substitutional doping) which are conjugated with
the 11 orbitals in a graphitic structure [18; 19; 20; 21]. In the case of doping carbon
nanotubes with nitrogen there is a strong 1 peak, capable of converting a
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semiconducting (zig-zag) carbon nanotube in to metallic (Figure 3.5 a) [22; 19].
Furthermore, the inverse behavior has been observed for graphene, were it
originally has a linear current vs. voltage behavior but when it is doped with
nitrogen this structure behaves as an n-type semiconductor (Figure 3.5 b) [23]. In
amorphous carbon films, the resistivity changes in a non-linear manner with
nitrogen content, reaching a minimum then increasing (Figure 3.5 c) [24]. These
electronic properties make them candidates for electron field emission [25; 26; 27].
In a different study, films of pyrolized pyrazine have been studied and reported to
have conductivity between 200 and 300 S cm™ when pyrolized at 850 °C [28; 29].
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Figure 3.5: Electronic properties of carbon nanotubes doped with nitrogen. Density of states
(DOS) of a doped (blue) and non (red) nitrogen doped (a) armchair and (b) zig-zag carbon
nanotube (red line undoped, black line doped) (images from ref. [22]). 14s/V4s Characteristics at
various Vg for the (c) pristine graphene and the (d) N-doped graphene FET device (images from
ref. [23]). (e) Resistivity as a function of nitrogen concentration in a amorphous carbon film (image
from ref. [24]).
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3.2.3 Biocompatibility

Nitrogen doped carbon materials have shown a higher chemical reactivity
compared with their undoped counterparts. This has been studied theoretically
and experimentally for O, reduction on nitrogen doped graphite, where
substitutional nitrogen is more favorable than a non-doped structure [30]. Now for
a porous carbon, it exhibits a higher catalytic activity for NO reduction when
increasing its nitrogen content [31].
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Figure 3.6: Transmission electron microscope images of (a) CN, nanotubes and (b) glucose
oxidase immobilized (red circle) on CN, nanotubes (images from ref. [32]). Cell viability of
entamoeba histolytica trophozoites incubated with different concentrations of (c) CNy multiwall
nanotubes (MWNT) and (d) undoped MWNT (images from ref. [33]).

If a carbon nanostructure is doped or functionalized with one of the
mentioned elements (N or O) can increase its biocompatibility and biochemistry.
For example, glucose oxidase has been immobilized on nitrogen doped carbon
nanotubes (Figure 3.6 a) and b), this system exhibits good electrocatalytic
bioactivity to glucose [32; 34]. Further on, metallo-proteins have been successfully
immobilized on acid treated nitrogen doped carbon nanotubes, possibly due to
hydrogen bonds between amino acid chains from the proteins and carboxyl
moieties of the carbon nanotubes. Here, the nitrogen doped structures present a
higher coverage when compared with the undoped materials [35]. Nitrogen doped
carbon nanotubes have been proven to be non-toxic for cultures of Entamoeba
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histolytica (Figure 3.6 c), which suggests higher biocompatibility, although it's
undoped counterpart had the opposite effect [33].

On the other hand, the nitrogen sites can also act as an attractor for other
molecules, once these foreign molecules interact with the carbon nanotube it may
change the electronic properties (i. e. conductivity) and be used as a sensor [36;
37; 38], where the foreign entity may be chemisorbed or physisorbed.

3.3 Experimental methodology

Here two organic molecules were used as a precursor, one of them is a
sugar and the other is an aromatic molecule containing nitrogen. These precursors
are diluted in a water solution, with sulfuric acid as dehydrating agent and then
infiltrated inside the opal or the solutions containing silica nanoparticles.
Afterwards, the silica-carbon composite is annealed and the SiO; is etched. This
section will describe the experimental and characterization methodology for

nitrogen doped carbon inverse opal.
® _N

Figure 3.7: Carbon and nitogen source. (a) Sucrose as a carbon source and (b) pyrazine as a
carbon and nitrogen source.

Opals with 300 nm particles ((101) surface plane), 100, and 10 nm (100
and 10 nm particles in a disordered array) were held in a solution of sucrose,
pyrazine as nitrogen precursor (Figure 3.7), sulphuric acid (H,SO,4) and water
(according to Table 3.3.1 and Table 3.2) at 80° C during 6.5 hours. Preliminary
experiments were not successful when using only pyrazine, for this reason
sucrose is added. Sucrose and sulphuric acid react leaving carbon and hydrated
sulphuric acid in the medium, when increasing the amount of pyrazine we also
added more sulphuric acid in order to avoid coagulation of the silica nanoparticles.
After the evaporation of water, the samples were heat treated at 1000 °C during
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one hour. Finally, these were immersed in HF (30% in water) during approximately
one day to remove the silica nanopatrticles.

Table 3.3.1: Carbon and nitrogen source solution concentrations for 300 and 100 nm
particles. Quantities are in % by wt, the letter "y" stands for the particle size used (100 or 300 nm)
as specified in the discussion below.

ClOoy CIOy-N1  CIOy-N2  CIOy-N3

Sucrose 25.00 16.67 12.50 8.33
Pyrazine 0.00 8.33 12.50 16.67
Water 72.42 70.83 68.75 66.67
Sulphuric acid 2.58 4.17 6.25 8.33

Table 3.2: Carbon and nitrogen source solution concentrations for 12 nm particles.
Quantities are in % by wt.

% by wit. CIO10 CIO10-N1 CIO10-N2 CIO10-N3
Sucrose 8.502 8.167 5.455 2.312
Silica particles 17.004 16.611 16.555 16.611
Water 73.618 71.916 71.675 71.916
Sulphuric acid 0.876 0.856 0.853 0.856
Pyrazine 0.000 2.450 5.462 8.305

These samples were analyzed by scanning electron microscopy (SEM)
(Zeiss-LEO Model 1530, Zeiss Supra 40 and XL 30 SFEG FEI operated between
10 — 20 kV),energy dispersive X-Ray (EDX), transmission electron microscopy
(TEM) (HRTEM FEI TECNAI F30 STWIN G2), X-Ray diffraction (XRD)
(Difractometer D8 Advanced Bruker), Raman spectroscopy (Renishaw inVia
Raman microscope, Ar laser 514.5 nm and Jobin Yvon LabRam HR Micro-
Raman), UV-VIS spectroscopy (Perkin Elmer Lambda 900 UV-Vis/NIR
Spectrophotometer). Thermogravimetric analyses (TGA) of all samples were also
performed (Cahn Versatherm HS; maximum sensitivity of 0.1 mg at a heating rate
of 5 °C/min under air atmosphere). X-Ray photon spectroscopy was made with
XPS110 electron analyzer employing monocromatic Al Ka X-ray (hw=1486.6 eV)
at 100 W and electron take-off angle of 90°. The spectrometer is equipped with a
seven-channel hemispherical detector. The lens mode using were small area XPS
600 um with slit 0 and aperture 4. Pass energy of 100 eV for surveys and 50 eV
for high resolution were used during the analysis of sample. All analyses were
performed at a vacuum pressure of 3 x 10™° Torr. The XPS spectra analysis was
carried out using the AAnalyzer software [39].
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3.4 Results and discussions

3.4.1 Pristine samples

When observing the SEM images of the carbon inverse opals doped with
nitrogen using 10, 100, and 300 nm silica particles there are no morphological
changes (Figure 3.8), meaning that the introduction of nitrogen did not inhibit the
production of uniform carbon walls. It is clear that the synthesis procedure creates
the inverse structure of the synthetic opal, maintaining the periodicity of the
original opal. An average of 100 measurements were made to obtain average pore
sizes, for all cases the overall average of pore size is around 292 + 6 nm for a 302
nm particle opal, 112 + 1 nm for a 117 nm particle, and 8 + 0.5 nm for a 11 nm
particle opal, the reduction of the pore size might be caused by the sintering of the
silica particles during the heat treatment at 1000 °C. When an energy dispersive
X-Ray analysis was done for CIO300 samples the content of nitrogen (Table 3.3)
varied according to the concentration of pyrazine used in the solutions, this was
made in order to corroborate the introduction of nitrogen in the carbon inverse
opal.

TEM images of the carbon inverse opal show an ordered array of pores for
the 300 nm pore size (Figure 3.9 a and d), however for smaller pore sizes these
are disordered (Figure 3.9 g and j). The high magnification images show that all
samples present a structure that is not lamellar like graphite (Figure 3.9 c,f,i and I).
It is worthy to mention that the sample CIO300 presents small crystal like domains,
which are not observed for the other analyzed samples. Now, when doped with the
highest nitrogen content it is clear that it exhibits a disordered array of curved
structures lacking the presence of crystal like structures (Figure 3.9 I). Similar
curved structures have been observed by Harris et al. [40] proposing that these
structures consist of Schwarzite-like fragments.

Table 3.3. EDX analysis of CIO300-Nx. Carbon inverse opal doped with nitrogen at different
pyrazine concentrations using 300 nm silica particles.
At% CIO300 CIO300-N1 CIO300-N2  CIO300-N3

C 96.07 94.42 93.52 92.32
N 0.00 3.10 3.24 4.17
O 3.35 2.12 2.44 2.80
Si 0.29 0.21 0.21 0.29
S 0.29 0.14 0.59 0.41
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Figure 3.8: SEM images of carbon inverse opals. Particles of 10 nm (left column), 100 nm
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(middle column) and 300 nm (right column), with the solution concentrations (a-c) CIOy, (d-f) ClIOy-

N1, (g-i) CIOy-N2 and (j-I) ClIOy-N3.
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ks G ,
Figure 3.9: T ron microscopy (TEM) images of carbon inverse opal (a-c) 10, (d-f)
100 and (g-i) 300 nm pore size. TEM images of (i-k) carbon inverse opal doped with the highest
content of nitrogen (N3). (Left) Low magnification TEM images show porous structure and (Right)
high magnification TEM images showing the structure of the carbon walls.
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Figure 3.10: Raman spectroscopy CIOy-Nx. Carbon inverse opal doped with Nitrogen at different
concentrations of pyrazine using (a) 10nm, (b) 100 and (c) 300 nm silica nanoparticles. (d)
Tendency of Ip/lg ratio of carbon inverse opals doped with different concentrations of nitrogen and
silica nanopatrticle sizes.

Figure 3.10 a-c shows the Raman spectra of the carbon inverse opals
made with 10, 100 and 300 nm silica particles, respectively, all samples present D
and G band at 1350 and 1590 cm™, respectively. The values for Ip/lg are plotted in
Figure 3.10 d for 10, 100 and 300 nm pore size. It is clear that using smaller silica
nanoparticles and increasing the concentration of pyrazine in the solution this
increases considerably the structural ordering of the samples, reflected by a lower
value of Ip/lg, the range of the measured ratio is between 0.98 and 0.85.
Futhermore, when analyzing the position of the D and G peak there is a clear
upshift for the D peak, for all the particle sizes, when increasing the amount of
pyrazine used for synthesis, however the G peak does not present a clear
tendency (Table 3.4). The shift in the D peak may indicate a higher degree of
doping as observed by L. G. Bulusheva et al. [41]
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Table 3.4: Position of peaks (cm‘l) in the Raman spectra measured for the samples synthesized
with conditions CIQy, CIOy-N1, CIOy-N2 and CIOy-N3, the letter “y” corresponds to the particle
size used (10, 100 and 300 nm). Notice that the D peak upshifts with increasing pyrazine content.

D Cloy ClOy-N1 ClOy-N2 ClOy-N3

10 nm 1346 1344 1350 1353

100 nm 1342 1352 1354 1365

300 nm 1344 1353 1356 1358

G

10 nm 1600 1594 1598 1590

100 nm 1583 1589 1581 1580

300 nm 1592 1586 1588 1585
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Figure 3.11: X-Ray diffraction patterns of ClIOy-Nx. Carbon inverse opals made with (a) 12 nm,
(b) 100 nm and (c) 300 nm size particles at different concentrations of pyrazine. (d) Interplanar
distance of plane (002) of carbon inverse opals with different particle size and concentration of

pyrazine.

X-ray diffraction analyses of all the samples were carried out, showing the
presence of peaks corresponding to the (002) and (101) planes of graphite (Figure
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3.11 a-c). When observing the undoped carbon inverse opals, it is clear that when
using smaller particles the (002) interplanar distance increases. However, when
the content of pyrazine increases the interplanar distance of the (002) plane tends
to decrease for all cases.

Considering the classification of pyrolized carbon sources made by R. E.
Franklin [42]; a non graphitizable carbon source contains a small amount of
hydrogen and a higher amount of oxygen in its molecular composition, in contrast
the graphitizable carbon source is vice versa, meaning that a high content of
hydrogen and a small or null amount of oxygen is present in the molecular
composition. In our case, sucrose is nhon graphitizable and pyrazine is
graphitizable, it should also be noticed that pyrazine is an aromatic molecule.

From the structure characterization by TEM, Raman and XRD we observe
that with a decrease in the particle size used there is an increase in the carbon
structural disorder (Ip/lg) and an increase in the (002) interplanar distance. On the
other hand, with the introduction of pyrazine the structure tends to be more
disordered for the 300 nm pore size, although more ordered for the 10 and 100 nm
pore size; and the (002) interplanar distance decreases when introducing pyrazine
in the synthesis.

X-Ray photoelectron spectroscopy was used to determine the chemical
composition of the surface and provide information regarding the forms of species
absorbed on the samples (see Figure 3.12). The high resolution for C 1s in all
samples shows the presence of sp? and sp® binding (284.4 and 285.2 eV,
respectively), for the undoped sample there is a peak corresponding to C-O and
0O-C-0 (287.8 eV) and for the nitrogen doped samples there are peaks assigned to
C=N (286 eV) , C-N, C-O and O-C-0O (287.1 eV), and another peak for C=0 (287.8
eV) [43; 44; 45; 46]. The nitrogen N 1s peak indicates the presence of
substitutional (401.5 eV) and pyridinc (399.5 eV) sites [44; 46], here we
gualitatively observe that there is a higher presence of substitutional than pyridinic
nitrogen. The atomic concentrations obtained from the XPS analysis show that the
sample CIO300-N1 has 2.35 at. % of nitrogen and a higher content of oxygen that
the undoped sample (Table 3.5). The elemental quantification for both samples is
shown in Table 3, where CIO300-N1 exhibits 2.35 at% of nitrogen, on the other
hand the EDX analysis reveal a 3.10 at% of nitrogen however it reveals a lower
content of oxygen in the samples (2.12 — 3.35 at% of oxygen).
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Table 3.5: Elemental analysis obtained from XPS measurements for undoped and nitrogen doped
(N1, N3) carbon inverse opals made with 300 nm particles.

at. % CIO300 CIO300-N1

c 93.19 62.53
N 0.00 2.35
o) 6.14 35.12
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Figure 3.12. XPS of carbon inverse opal doped with nitrogen. High resolution x-ray
photoelectron spectra of carbon inverse opal (CIO300, top) and nitrogen doped carbon inverse
opal (CI0300-N1, bottom) of (a,c) C 1s, (b,d) N 1s. Itis clear that the undoped carbon inverse opal
does not contain nitrogen.

In the thermogravimetric analysis we observe the loss of the majority of the
material, the residues may come from the undisolved SiO, during the etching
process. The majority of the curves exhibit two weight losses, the first one
between 20 and 300 °C which may be due to the loss of the stored humidity in the
pores and the second loss (400 — 500 °C) corresponds to the decomposition of the
carbon structure (Figure 3.13 a, b and c). It is clear that for samples with 10 and
300 nm pore size the decomposition temperature increases when increasing the

59



3. Carbon Inverse Opal Doped with Nitrogen

nitrogen content up to N2 (Figure 3.13 d), this might be caused by a higher degree
of order in the structure as observed by Raman spectroscopy (Figure 3.10) and
XRD (Figure 3.11). However, samples with 100 nm pore tend to decrease the
decomposition temperature when increasing the nitrogen content. Regarding the
pore size we observe that the carbon inverse opal with 10 nm pore exhibits the
highest decomposition temperature, however the difference of decomposition
temperature with the other pore sizes may not be significant.

(a)1004 ——CI0-10 (b) 100+ —— 10100
ClO-10-N1 ClO100-N1
1 — C10-10-N2 — C10100-N2
804 e C1O-10-N3 80+ e C1O100-N3
= | )
S 604 S 60+
.-t Rt
z =
2 40 2 40
o 404 @ y
= s
20+ 204
0 Ao 04
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Temperature [C] Temperature [C]
—— 10300 (d) —a— 300 nm
CI0300-N1 5004 o==100 At
— C10300-N2
—— C10300-N3 490+ A— 10 nm
—
O
=480+
2
=470+
5
8 4604
5450
P -4
—_— 440+
0 L} L Ll L] A L Ll L L L L Ll Ll -
0 100 200 300 400 500 600 700 800 900 0.00 0.25 0.50 0.75
Temperature [C] Pyrazine/sucrose weight fraction

Figure 3.13: Thermogravimetric analysis (measured in air) of carbon inverse opal with (a) 10, (b)
100 and (c) 300 nm size pore at different contents of nitrogen (pyrazine content during synthesis).
(d) Decomposition temperature of the studied samples.

We performed surface area analysis by nitrogen absorption of all the
undoped and doped carbon inverse opals with different amounts of pyrazine and
different particle size used for the synthesis (Figure 3.14). This characterization
shows that the surface area depends upon the pore size as observed by others
[47; 48], we obtain the highest surface area values (c. a. 1374.5 m?/g) for pore
size of 10 nm. Now, when observing the effect of nitrogen doping we observe that
for 10 and 100 nm pore the surface area tends to decrease when the amount of
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pyrazine is increased, however for 300 nm pore the surface area slightly
increases. The effect of nitrogen content in porous carbon materials upon the
surface area has been observed previously, showing a decrease when compared
with the pure carbon material [49; 31; 50; 51].
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Figure 3.14: Surface area obtained by nitrogen introduce pyrazine up to CIO300-N2
absorption using BET for carbon inverse opal ~as carbon source the reflection peak
with 10, 100 and 300 nm pore at different  shifts down to a blue color (466 nm).
amounts of pyrazine used for synthesis. For the undoped and doped carbon
inverse opal CIO300-N1 of pyrazine as carbon source we can observe primary
peaks at 609 and 568 nm, respectively, and secondary peaks at 493 and 483,
respectively. Curiously, the CIO300-N3 sample’s reflection peak shifts to a green

color (528 nm).

Surface Area
8

It has been observed before that due to Brag diffraction the peak in the
reflection spectrum may shift due to incident angle of the light source, for example
to achieve a shift around 100 nm for a carbon inverse opal 40 6 (from 85 to 45 q)
is enough [52]. Now, the experimental spectrum measured was at a 90 6 £ 5
incident angle. With these considerations we may think that the refractive index of
the carbon inverse opal changes when the content of nitrogen is varied. It is
worthy to mention that the doping of carbon inverse opal may change its optical
and electrical properties, such is the case reported for K doping [8]. On the other
hand, altering the photonic band gap by doping a semiconductor photonic crystal
has been studied theoretically and experimentally, as shown in the section 2.2.1,
these works support our the idea of tailoring optical properties of materials by
doping.
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Figure 3.15: UV-VIS reflection spectra of CIO300-Nx. (a) UV-VIS reflection spectra of carbon
inverse opal with 300 nm particle at different pyrazine concentrations. Photograph of carbon
inverse opal from (b-d) N3-N1, (e) CIO and (f) opal.

3.4.2 Heat treated samples

Heat treatment of carbon materials above 1000 °C has been shown to
increase the crystallinity, such is the case of amorphous carbon nanotubes that
suffer a procces leading towards a graphitic like structure [53; 54; 55]. This may
suggest that a similar effect might happen for carbon inverse opal, here we heat
treated the carbon inverse opal after etching with HF.

SEM images show that the undoped samples heat treated at 1450 °C suffer
wall decomposition (Figure 3.16 a) perhaps due to the presence of dangling bonds
in the carbon lattice, on the other hand the nitrogen doped sample N3 does not
show any changes when heat treated at 1450 °C (Figure 3.16 b), however, at
1750 °C (Figure 3.16 c) we observe carbon walls with rugosity which cleary
suggests a structural transformation.
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Figure 3.16: SEM images of heat treated CIO300 and CIO300-N3. Undoped carbon inverse opal
heat treated at (a) 1450° C and nitrogen doped N3 heat treated at (b) 1450 °C and (c) 1750 °C.

The heat treated sample CIO-N3 at 1450 °C has the presence of SiC, here
the Si may come from remaining silica spheres or residues after etching with HF,
by scanning electron microscopy this SiC was found to be in the form of
amorphous particulates (Figure 3.17 a,b), with elemental mapping it is clear to
observe a region with a low presence of C (Figure 3.17 c) and O (Figure 3.17 d)
although rich in Si (Figure 3.17 €), in this region, EDX quantification analysis
shows a relation of Si to C to be the unit (Table 3.6), corresponding with SiC.
These SiC regions are abundant within the entire sample.
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50 um
Figure 3.17: Elemental mapping of SiC formed at 1450 °C. (a) SEM image of CIO-N3 heat
treated at 1450 °C and (b) high magnification of region with SiC particulates. Elemental maping of
image (a) for (c) C, (d) O and (e) Si. Itis clear that figure (b) is composed of Si and C. Observe that
the presence of Si may decrease the C signal.
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Table 3.6: EDX quantification of CIO-N3 heat treated at 1450 °C. Column A corresponds to a
carbon region (Figure 3.17 ¢) and column B corresponds to the particulates composed of SiC
(Figure 3.17 b and e)

A B
C 9640 50.18
0 2.22 0.68
Si 0.08 48.60
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Figure 3.18: Transmission electron microscopy (TEM) images of carbon inverse opal doped with
the highest content of nitrogen heat treated at 1450 (top) and 1750 °C (bottom). (a and c) Are
images showing a characteristic void between pores. (b) Is a high magnification image of (a) where
it is clear that carbon structure starts to become layered. (d and e) Are high magnification images
of (c), showing a layered structure.
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In the transmission electron microscopy images we observe that the sample
doped with the highest content of nitrogen heat treated at 1450 °C starts to exhibit
a layered-like structure (see Figure 3.18 a and b), further on, at 1750 °C the
sample exhibits a layered structure (Figure 3.18 c-e), with an interlayer distance of
3.5 A. The edge of the broken structure also reveals the presence of several
ordered layers.
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Figure 3.19: XRD and Raman of heat treated CIO300 and CIO300N3. XRD of (a) CIO300 and
(b) CIO300-N3. Raman spectra of (c) CIO300 and (d) CIO300-N3.

Table 3.7: Interplanar distance of heat treat CIO300 and CIO300-N3.
d(002) ID/IG
ClO-HT1450 3.533 1.296
CION3-HT1450 3.478  1.292
CION3-HT1750 3.477  0.469
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The heat treated samples show an increase of graphitization in the XRD
spectra (Figure 3.19 a-b), where we cleary observe the (002) plane of graphite.
The samples heat treated at 1450 °C indicate that the nitrogen doped carbon
inverse opal has a lower (002) interplanar distance (Table 3.7). The sample
CION3 presents the formation of SiC with a rhombohedral structure at 1450 °C,
this is formed from the Si residues of the SiO, etching process, and due to the low
content of Si at 1750° the SiC structure is no longer present, which follows the
phase diagram of SiC. Now it is worthy to notice that the formation of SiC could
have been promoted by a catalytic action of the nitrogen present in the sample.

In the Raman spectra (Figure 3.19 c-d) we find that at 1450 °C the doped
and undoped samples increase their degree of disorder possibly due to the
formation of SiC, because the carbon from sample may have been used to form
SiC therefore altering the carbon structure, and when CION3 is heated at 1750° C
the graphitization increases significantly.
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Figure 3.20: High resolution x-ray photoelectron spectra of C 1s for nitrogen doped (N3) carbon
inverse opal heat treated at (a) 1450 and (b) 1750 °C.

In the X-Ray photoelectron spectroscopy for the samples heat treated at
1450 °C and 1750 °C synthesized with the highest content of nitrogen (CIO300-
N3), we analyzed the regions of C 1s and O 1s. In all the samples there is the
presence of sp? and sp® binding (Figure 3.20 a and b) (284.4 and 285.2 eV,
respectively), there is also a peak corresponding to C-OO (289.3 eV). We notice
that the heat treatment (1450 °C and above) is capable of eliminating the majority
of the nitrogen in the samples. The doped sample heat treated at 1450 °C, has a
small presence of Si (3 at. %) which is in the form of C-Si (284.2 eV), this is
confirmed by the XRD spectra.

67



3. Carbon Inverse Opal Doped with Nitrogen

3.5 Conclusions

The doping of carbon inverse opal with nitrogen was studied systematically
using different silica nanoparticle sizes and varying the concentration of nitrogen
source (in this case pyrazine). First of all, smaller size particles produce a less
graphitic carbon material, and the (002) interplanar distance increases. We also
observed that with 10 nm pore size there is a higher thermal decomposition
temperature and, on the other hand the surface area increases when decreasing
the pore size.

Now, the use of non graphitizable (sucrose) and graphitizable (pyrazine)
carbon sources with silica nanoparticles smaller than 300 nm may be a route to
control the degree of crystallinity, in this case with a higher content of pyrazine we
were able to reach a minimum value of Ip/lg for the 10 and 100 nm pore size,
however for 300 nm pore size this ratio increased. For all samples there was a
decrease of the (002) interplanar distance when increasing the pyrazine/sucrose
fraction. Regarding the TGA analysis, nitrogen doping with pyrazine increases the
thermal decomposition temperature up to certain point for 10 and 300 nm pore
sizes, however, for 100 nm pore size this decomposition point decreases. For the
surface area, we observe a decrease when increasing the nitrogen content for the
10 and 100 nm pore. The chemical composition of all samples show certain
oxidation of the carbon surface along with the presence of nitrogen, this nitrogen is
present as substituional and pyridinic doping among the carbon lattice.

The optical properties of the materials were studied by UV-VIS
spectroscopy, the introduction of nitrogen in the carbon structure clearly changes
the optical band gap, by lowering the wavelength of the reflection peak to a
minimum and afterwards shifting to higher values when varying the content
pyrazine used in the carbon source solutions.

Now, when heat treating the doped and undoped samples there is a
production of SiC at 1450 °C and the structure is more disordered, however when
heat the samples at 1750 °C there is an increase in crystallinity reflected by a
lower value of Ip/lg and a lower (002) interplanar distance. The XPS chemical
analysis does not show the presence of nitrogen for these heat treated samples,
this only shows sp and sp? bonding of carbon along with a C-OO functional group.

This work shows capability to control the chemical composition of the
carbon inverse opal, thus shifting its optical properties. This material may have
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applications for sensors, field emitters, biomaterials, 3-dimensional scaffolds and
photoconductive materials.
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4. Physical Properties of Nitrogen Doped Carbon
Inverse Opal

Once the nitrogen doped carbon inverse opal was synthesized and
structurally characterized, we studied its electrical and magnetic properties, and
more specific we measured the resistance, field emission, magnetoresistance and
magnetization. For this purpose this chapter is divided in sections for each
measured property.

4.1 Electrical properties

4.1.1 Introduction

Metallic materials present a resistivity at room temperature (i. e. 300 K) due
to collisions of the electrons with the lattice phonons and at low temperatures (i. e.
4 K) it is dominated by collisions with impurity atoms and mechanical imperfections
in the lattice. These phenomena contribute to the total resistivity as:

Eq. 4.1 p=pL+pi

Where p_ is the resistivity due to the thermal phonons and p; is the
resistivity caused by scattering of the electron waves by static defects that affect
the periodicity of the lattice. The slope of resistance (R) vs. temperature (T) for a
metal is SR/3T > 0 and for an insulator/semiconductor it is SR/6T < 0.

When these metals present a higher temperature, energy is transferred to
the loose electrons, making them move in less organized patterns and thus
decreasing its conductivity for higher temperatures.

On the other hand, the electron states in a semiconductor are filled up to
the valence band, located below the gap. This means that under an electric field
the electrons do not have enough kinetic energy to move around the lattice at low
temperatures, making them insulators. When increasing the temperature the
electrons gain more energy making them capable of crossing the gap to higher
electronic bands. In some cases this is not enough to produce a transistor device,
so additional carriers are introduced by doping.

When the temperature is low, the conduction of an insulator or a
semiconductor is governed by variable range hopping (VRH), also known as Mott
variable range hopping. This model describes conduction at low temperatures in
strongly disordered systems with localized states. Consider two states with a
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distance R between them and energies E; and E,. An electron may go from one
site to another if it adsorbs energy (o) from a phonon. The number of states within
a distance R per unit of energy corresponds to (47/3)R3N(Eg), where N(Eg) is the
density of localized states. Therefore the energy difference for a state within a
distance R is 4AE = 1/[(473)R®N(Er)], this means that for the longer the carrier
hops the activation energy is lower.

This carrier at a certain site posses a decay or localization length & The
probability of an electron to hop to a site at a distance R is governed by the factor
exp(-2R/¢&), meaning that at a larger tunneling distance, lower is the probability.
Since there is a competition between long range hoping and tunneling, there will
be an optimum distance (R) for the hopping to take place where the probability
exp(-2R/&) exp(4AE/ksT) reaches a maximum. This point is reached when 1/R* =
87N(Ep)kgT/&. Using this we find that the probability and therefore the conductivity
is proportional to exp(-(To/T)*), where To = (2417 ElksN(Er), kg is the Boltzmann
constant. For d-dimensional conduction (c) dependent upon the temperature (T)
the model is as follows (o, and T, are parameters from the material that weakly
depend on temperature, and d is an integer number giving the dimensionality of
the VRH) [1; 2]:

Eq. 4.2 o = g, e (To/DD

Now, if the temperature is high enough (T>>6p 6p is the Debye
temperature) the conductivity is governed by the electrons thermally excited
across the gap, this probability obeys the Boltzmann distribution with exponential
temperature dependence as follows:

Eq 4.3 o= O'Oe_(Eg/ZRBT)

E, is the size of the energy gap, also called activation energy of the
conductivity, and o, is the maximum conductivity determined by the scattering of
electron by phonons at high temperatures.

Regarding the conductivity of carbon materials; a two dimensional net
carbon (Figure 4.1 a) has shown a Mott like behavior (Figure 4.1 b), although at
different ranges of temperature the potential scaling of the temperature-dependent
resistivity varies. If the density of states enlarges far from the Fermi level, stronger
dependences are visible [3].

The electrical properties of carbon inverse opal have been studied
previously, showing a conductivity in the range of 12 — 80 S/cm [4; 5; 6], when the
temperature of the measurements was increased their conductivity was increased
which indicates that these materials are semiconductors. The effect of the pore
size (Figure 4.1 c-f) has also been studied were the tendency was clear; for larger
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pore sizes the conductivity was increased (Figure 4.1 g), which might be explained
by that small pore sizes tend to constrain the crystal formation of carbon. The
small pore size creates a greater interlayer spacing and a smaller crystalline size;
this may cause the electronic system to behave in a two-dimensional manner [6].
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Figure 4.1: (a) Scanning electron microscope (SEM) image of a carbon net. (b) Specific resistivity
vs temperature of a carbon net, on a semilogaritmic scale (images from ref. [3]). SEM images of a
carbon inverse opal with (c) 1 mm, (d) 120 nm, (e) 43 nm, (f) 11 nm pore size. (g) Resistivty vs
temperature of carbon inverse opal heat treated at 2800 °C with different pore sizes (images from
ref. [6]).

When nitrogen is introduced in to a carbon system it may donate an
electron that is harvested for a better conductivity [7], if it is introduced in a
substitutional manner in the graphitic structure [8; 9; 10; 11]. For example, when
carbon nanotubes are doped with nitrogen there is a strong 1 peak, which may
convert them from a semiconducting (zig-zag) carbon nanotube in to metallic [9;
10]. Another example is that in a graphene structure the introduction of nitrogen
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might change it from being metallic (non-doped graphene) to an n-type
semiconductor (N-doped graphene) [12].
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Figure 4.2: Temperature dependence of nitrogen doped carbon films ( Log(s) vs 1/T) (image from
ref. [13]).

It has been observed that for nitrogen doped amorphous carbon films the
activation energy and resistivity increase with a higher content of nitrogen, this
may be caused by a reduction in the density of states of the mobility gap, or by the
amount of triple bonded carbon-nitrogen in the material [14]. However in other
studies, the resistivity of similar films show a minimum resistivity at certain nitrogen
content, later on, it has a dramatic increase in resistivity (Figure 4.2 a). The low
resistivity was attributed to a high graphitic content among the entire structure [13].

The enhanced electronic properties by nitrogen doping make CNy materials
candidates for applications such as electron field emission [15; 16; 17], it has been
tested as an electrode for Li batteries [18] and for electrochemical cells [19; 20].
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4.1.2 Experimental methodology

The carbon inverse opals were made following the procedure explained in
chapter 2 with different pyrazine content, using opals with 300 nm silica particles.
The resistivity was measured with samples with a cross section of c.a. 1 mm? and
length of c.a. 5 mm, using a PPMS Quantum Design Device. In the PPMS the
resistivity was measured between 2 and 350 K for all samples, using a four probe
setup. The labeling of the samples is the same used as in chapter 2, all the
samples were synthesized using 300 nm silica nanoparticles; the lowest and
highest pyrazine content are at N1 and N3, respectively.

4.1.3 Results and discussions

The resistivity measurements against temperature for all samples, doped
and undoped, (Figure 4.3 a) show that the value of resistivity decreases to a
minimum when doping with nitrogen (until CIO300-N2), where at 300 K it reaches
a value of 0.024 Q cm, at higher nitrogen content the resistivity increases to a
value higher than the undoped carbon inverse opal (Table 4.3), similar behavior of
the decrease in resistivity has been observed previously for nitrogen doped carbon
films by Derradjia et al [13]. The curves present a decrease in its resistivity in an
exponential behavior when the temperature increases, this behavior is
characteristic for semiconductors according to the following the Arrhenius
equation:

(_E_a
Eq. 4.4 o = 0p€e kpT

In this equation o is conductivity (c = 1/p), oo is a maximum conductivity
determined by the scattering of electrons by phonons at high temperature, kg is
Boltzmann’s constant, T is temperature and E, is the activation energy. In a more
detailed manner, at temperatures above 150 K the samples exhibit activation
energies of 233, 357, 314 and 262 meV for CIO300, CIO300-N1, CIO300-N2 and
CIO300-N3, respectively (Table 4.3), these values were obtained from the slope of
the Inp vs. InT plots (Figure 4.3 b). Other works have reported activation energies
of 400-700 meV for amorphous carbon [21], 200-1000 meV for nitrogen doped
amorphous carbon [22] and 13-290 meV for carbon nanotubes (single wall and
multiwall) [23; 24].
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Figure 4.3: (a) Resistivity vs temperature of nitrogen doped carbon inverse opal at different
contents, all samples present a semlconductor behaviour. (b) LOg[p(T)/p(300)] vs Log 1[‘I’] of all
samples for T > 150 K. (c) Resistivity vs T2, (d) Resistivity vs T, (e) Resistivity vs T for the
studied samples. Notice that CIO300 does not have a linear behavior for any power of temperature.
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Table 4.1: Room temperature activation energies (E;) and resistivity of the undoped and doped
carbon inverse opals at different nitrogen content.

Ea (meV) R (Ohmcm)

Cl0300 233 0.537
CIO300-N1 357 0.038
ClIO300-N2 314 0.024
CIO300-N3 262 0.696

When plotting the dependence of the normalized resistivity (p(T)/p(300)) vs.
temperature (shown in Figure 4.3 b) in a double logarithmic scale we observe
different behaviors for all the samples, it is noticeable that the doped samples
suffer a greater change in resistivity when the temperature is increased, specially
for CIO300-N2, this might be due to the introduction of a n-type doping element
which may introduce more electrons in to the system thus increasing the
probability for more electrons to conduct with the addition of thermal energy.

At low temperature (< 150 K), the samples exhibit different behaviors; the
samples CIO300-N2 fit well for one dimensional variable range hopping (VRH)
(Figure 4.3 c), sample CIO300-N1 also fits in this plot although for temperature
below 8 K. For two dimensional VRH the sample CIO300-N1 fits well for
temperatures between 9 — 11 K (Figure 4.3 d), and sample CIO300-N3 exhibits a
three dimensional VRH (Figure 4.3 e). Surprisingly the undoped sample (C1O300)
did not fit any plot for VRH, meaning that the system exhibits a different
conduction mechanism possibly due to the degree of disorder in the atomic
structure where the electrons may have a more complex path, however a more
ordered structure along with determined nitrogen content, such as sample
CIO300-N2, exhibits one dimensional conductivity.

4.1.4 Conclusions

All carbon inverse samples doped and undoped show a semiconductor
behavior where the resistivity decreases when increasing the temperature of the
environment. Along with this, they hay different activation energies at
temperatures above 150 K depending upon the nitrogen content, clearly nitrogen
doped samples present a lower resistivity (up to sample CIO300-N2) and all of
them exhibit a higher activation energy when compared with the undoped
samples. At low temperature, all the samples exhibit different conduction
mechanisms, sample CIO300-N2 acts as a one dimensional VRH possibly due to
an optimum crystallinity of the sample and proper nitrogen doping, however a
more disordered sample like CIO300 does not exhibit any type of VRH. These
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results show that the introduction of nitrogen in the carbon inverse opal is capable
of altering the electrical properties such as the resistivity and the activation energy,
this kind of control can be used for other applications such as sensors and
electrochemical cells, due to the high surface area, conductivity and reactivity.
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4.2 Field emission

4.2.1 Introduction

Field emission is the emission of electrons due to the presence of an
external electromagnetic field. This emission can happen at the surface of a solid
material, this being a metal or a semiconductor, here the electrons tunnel through
a potential barrier. From a quantum mechanical point of view, this phenomenon is
because the wave function of an electron decays exponentially in to the barrier,
here the total energy of the electron is less than the potential energy. This means
that there is a finite probability for the electron to be outside of the barrier. When
thinking of this for a metal at low temperature, we may consider the metal as a
potential box where the electrons are filled up to the Fermi level. Now defining the
vacuum level as the energy level were the electron may escape from this potential
box, so the energy needed to go from the Fermi level up to the vacuum level is
known as the work function. Later, if we apply an external field the outside
potential may be deformed in a triangular manner (Figure 4.5), making a tunneling
effect for the electrons possible. From all the electrons in the system the ones at
the fermi level will have a higher probability to tunnel trough the barrier than the
ones below this level. This scheme is known as Fowler-Nordheim tunneling, this
theory predicts that current (I) will obey the following equation:

_E_Z Bg3/?
Eqg. 4.5 I—(pexp( - )

Here E is the local electric field, ¢ is the work function and B is 6.83x109 VeV=>?m
1
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Figure 4.5: Energy level scheme for an electron of a metal at zero temperature. The external field
creates a triangular potential barrier. The electrons tunnel better when having the highest energy
equal to the work function ®.

Regarding carbon inverse opal, as of now there are no reports for the field
emission of nitrogen doped carbon inverse opals. However, it has been observed
that Fowler-Nordheim (FN) theory may explain the field emission of carbon inverse
opal according to Ojima et al. [1]. When decreasing the pore size, the field
enhancement factor and the effective area are greater; further on, there is a higher
current density at lower electric fields (Figure 4.6 a). It was found that the pore size
and the effective emission area have an exponential relationship as y=k/x?. Field
emission is expected to be produced where the electric field is concentrated, this
would correspond to the sharp edges between pores (Figure 4.6 b and c), and this
means that there are six sites at the boundary of each pore. Taking this in
consideration it can be thought that at smaller pore radius the number of field
emission sites per area increases by a factor of r. Furthermore, when the carbon
inverse opal was heated at 2760 °C the threshold field was reduced [1].
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Figure 4.6: (a) Field emission curves measured at 40 mm of carbon inverse opals with different
pore size. (b) SEM image and (c) scheme ilustrating emission site. (d) Threshold electric field vs
heat treatment temperature (Images from ref. [1])

Much work has been done with other carbon material, particularly with
carbon nanotubes due to their interesting electrical properties. The electron
emission from carbon nanotubes (CNTS) is originated at the tips [2], now if these
CNTs are held in arrays on a substrate they may present current densities
between 1 and 10 mA/cm?, with electric fields from 2.7 to 6.1 V/um [3]. Multiwall
carbon nanotubes (MWNTS) have been used as electron emitters in different
presentations. Random oriented MWNT films immersed in epoxy have shown a
low turn on voltage between 1.5 and 4.5 V/um [4]. It has been observed that CNTs
present different electric field depending on the substrate material that is also used
as a catalyst. When the CNT are grown on stainless substrates, the field emission
presents a current density of 1 mA/cm? [5].

Now for nitrogen doped carbon materials, commonly carbon nanotubes
have been studied regarding their field emission properties. When multiwall carbon
nanotubes are doped with nitrogen (CNy) they exhibit good electron emission,
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experimentally its workfunction has been reported as 5.0 eV [6]. A route to
improve its emission is by the introduction of a higher concentration of nitrogen at
the tip, here a peak in the electronic structure near the Fermi-level is expected [7;
8]. This has been observed for CNy synthesized at different temperatures (700,
800 and 900 °C) where the x-ray photoelectron spectroscopy showed a higher
nitrogen content when synthesized at 800 °C, sample that showed a superior field
emission performance with 10 mA/cm? at 3 V/um [9]. Corrugated nitrogen doped
carbon structures show considerable lower turn on fields for emission current
density of 10 mA/cm? than the undoped carbon nanotubes (Figure 4.7 c). If the
CNy are corrugated they will present a more efficient emission from the side than
from the tip since these corrugations present lower and narrower potential barriers
for electron emission [10] (Figure 4.7 d and e).
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Figure 4.7: Transmission electron images of carbon nanotubes (a) undoped and (b) corrugated
doped with nitrogen encapsulating Fe,Os. (¢) Field emission current curves for carbon nanotubes |
undoped and doped with nitrogen Il film and 11l horizontally grown CNx-MWNTSs. (d) Calculated
electrosatic potential contour map for a peapod CNT. (e) Potential barrier “seen” by an electron
tunneling in to the vacuum from the top and side of the inset CNT model. (Images from ref. [10])

4.2.2 Experimental methodology

Following the synthesis of undoped and nitrogen doped carbon inverse opal
from chapter 2; the samples were labeled according the Table 4.2. Further on
sample CIO300 was heat treated in vacuum at 1450 °C and sample CIO300-N3
was also heat treated in vacuum at 1450 and 1750 °C.
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Table 4.2: Carbon and nitrogen source solution concentrations for 300 nm silica nanopatrticle opal.
ClI0300 CIO300-N1  ClIO300-N2  ClIO300-N3

Sucrose 25.00 16.67 12.50 8.33
Pyrazine 0.00 8.33 12.50 16.67
Water 72.42 70.83 68.75 66.67
Sulphuric acid 2.58 4.17 6.25 8.33

Preliminary electron field emission measurements were done in Nanotech
Institute at the University of Texas at Dallas. These measurements were carried
out in a vacuum chamber (Figure 4.8 c) at a base pressure of 10° Torr or lower.
The chamber is first pumped with a scroll pump to 10 Torr, and then a turbo
pump is turned on for further pumping. Working pressure of 5x10° Torr is usually
achieved after 1-1.5 hours, whereas it would take 25-30 hours to obtain 5x10®
Torr.

A diagram of the sample holder is shown in Figure 4.8 a. The aluminum
anode and cathode holders are fixed on a metallic base. Insulating layer of a teflon
tape on the base prevents shorting between the anode and cathode. It is also
possible to adjust the anode-cathode spacing by moving the cathode during
experiments. Using a linear motion feed through the spacing can be adjusted with
an accuracy of 15 um. The sample holder with the attached sample is placed into
the chamber to a place shown in a red circle in Figure 4.8 b. Glass windows in
front and on the top of the chamber allow visual observations of experiments.
Electrical connections in the back of the chamber are needed for supplying voltage
to a sample through the anode and cathode holders.
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Figure 4.8: (a) Sample holder, (b) schematics of a vacuum chamber, and photograph of the
electron field emission setup. Figure provided by Dr. Alexander Kuznetsov, Nanotech Institute,
University of Texas at Dallas.

The undoped and nitrogen doped carbon inverse samples studied for field
emission were usually attached to the cathode using double-sided carbon sticky
tape. Silver paint is then applied to ensure electrical contact to the cathode holder.

In the experiments polished tungsten plate was used as anode. External
control of anode-cathode spacing during the experiment is very useful since it
allows adjusting the distance without opening the chamber. However, it has one
significant drawback. It doesn’t allow measuring the distance exactly, only relative
change is measured. So the following indirect method was used to estimate the
distance between the anode and the cathode, here in order to determine the
distance is to measure threshold voltage of electron emission at different
distances. This dependence is usually a straight line. In theory, this line should
cross the origin because at the distance threshold voltage would be also zero.
Having that, it is possible to find absolute distance between the anode and
cathode. However, this method doesn’t work for some samples in which threshold
voltage is not linearly proportional to the distance.
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A high-voltage source-measure unit (Keithley 237) was usually used for
current-voltage measurements. Keithley 6517 was used when necessary. Both
devices were connected to a computer and LabView program was created to
control them. High voltage pulse generator model M25k-50N (HV Pulse
Technology, Inc.) was used for taking images with the phosphorous anode.

The curves were plotted according to Fowler-Nordheim (FN) theory, and the
slope of the curves were obtained and used in the following equation in order to
obtain the field enhancement factor:

Bg3/2d
s

Eq. 4.6 g =

Here B = 6.83x10° VeV ¥ m™, ¢ is the work function (5 eV), d is the inter-
electrode distance and s is the slope of the FN plot.

4.2.3 Results and discussions

The field emission |-V curves clearly show an exponential behavior typical
for field emitters. The nitrogen doped carbon inverse opal (CIO300-N1) has a low
emission current (~10" mA, Figure 4.9 a) when compared with the heat treated
samples (1 — 10 mA, Figure 4.9 b); the FN plots shows two linear behaviors, one
for low 1/E and another for higher values, we obtained the slope for low 1/E values
in order to obtain the enhancement factor (Figure 4.9 c); when analyzing the
threshold voltage (Vi) at 100 nA the non heat treated material exhibits higher Vi,
however it has a lower threshold field (Ey,) of 2.38 V/um (Figure 4.9 d and e, Table
4.3). Now, regarding the heat treated samples we observe emission currents in the
order of 1 — 10 mA, this increases with a higher annealing temperature, this has
been previously observed for an amorphous carbon nitride film [11]. Now, the
threshold field also decreases with a higher annealing temperature, for example
sample CIO300-N3 changes from 6.8 to 4.5 V/um for 1450 and 1750 °C,
respectively (Figure 4.9 f, Table 4.), the decrease in the Ey with higher heat
treatment temperatures has been reported previously by Ojima et al. [1]. From the
Fowler-Nordheim plots we obtain the slopes and calculate the field enhancement
factors (B) of the studied samples, here we observe 3 of 528 for the non heat
treated sample and higher values for the heat treated samples between 517 and
756. The enhancement of the field emission properties by heat treatment has been
observed previously for carbon inverse opal [1], this can be due to an increase of
the conductivity [12] that can be favored by a higher degree of graphitization [11;
13; 14; 15].
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Figure 4.9: Field emission mesurements of nitrogen doped and heat treated carbon inverse
opal. (a,b) I-V, (b,c) Fowler-Nordheim (FN) plots and (c,d) threshold voltage (left) CIO300-N1 and

(left) heat treated samples. The I-V curves were measured at 100 um, observe that the heat
treated samples exhibit a higher slope in the FN and the Ey, vs distance plots.
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Table 4.3: Treshold field (Ew, €V) and field enhancement factor () for the nitrogen doped and
heat treated samples of carbon inverse opal. Enhancement factor was calculated from Fowler-
Nordheim plots.

CIO300- Egr (V/um) B

N1 2.38 528
HT1450 6.4 756
N3-HT1450 6.8 517
N3-HT1750 45 701

4.2.4 Conclusions

The nitrogen doped carbon inverse opal seems to exhibit a lower threshold field
than the heat treated samples, meaning that the presence of nitrogen may also
lower the turn on voltage in carbon inverse opals, however the field enhancement
factor is not better than the heat treated samples. Further on, the heat treated
samples clearly show a decrease of the threshold field upon a higher heat
treatment temperature due to a higher degree of graphitization of the sample. In
this study we found that the introduction of nitrogen or the increase in crystallinity
of the carbon inverse opal may enhance the field emission, giving higher currents
and lower threshold voltages.
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4.3 Magnetoresistance

4.3.1 Introduction

Magnetoresistance (MR) is the change in electrical resistance when an
external magnetic field is applied. Many materials are characterized by the MR
percentage which is defined as follows:

Eq. 4.7 MR(%) = =

Where AR is the change in resistance and R is the resistance in the
absence of a magnetic field.

There are different kinds of magnetoresistance such as ordinary MR,
anisotropic MR, giant MR, tunneling MR, colossal MR and ballistic MR [1]; the first
three will be explained in the following paragraphs.

Ordinary MR exists in metals and semiconductors and has very small MR
for moderate magnetic fields < 1%. In this case the resistance measured between
point A and B of a sample increases when the magnetic field is applied. This is
caused when the magnetic field is orthogonal to the current path, called transverse
magnetoresistance effect, caused by the displacement of electrons from their
trajectories due to the Lorentz force. [1]. When the magnetic field is applied along
the current, AR is lower than the transverse MR, this is called longitudinal MR.
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Figure 4.10: (a) Magnetoconductance of carbon inverse opal heat treated at 830, 1540 and 2380
°C (image from ref. [2]). (b) Magnetoresistance of carbon inverse opals with different pore size,
measured at 2 K (image from ref. [3]).
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Concerning magnetoconductance (MC) measurements by Yoshino et al. [2]
have shown that it is dependent upon the heat treatment temperature, for 830 °C it
is negative; 1540 °C presents a transition from negative to positive at 30 K and for
2380 °C it is always positive. For Take et al. [3] the magnetoresistance (MR) is
negative at all temperatures and for smaller pore size its MR is more sensitive to
the magnetic field (Figure 4.10 b). Remember that the conductance is inversely
proportional to the resistance; therefore MC is proportional to the negative of MR.

Regarding other carbon materials, the positive MR has been attributed to
electron-electron interactions for amorphous carbon films [4; 5], single wall carbon
nanotubes [6] and carbon inverse opal [2]. V. Prasad studied amorphous carbon
films [5], proposed that the positive MR is due to the wave function shrinkage of
the electrons caused by the magnetic field, accompanied by a decrease of the
probability of tunneling. On the other hand, negative MR may appear when sn
electron is localized by the constructive interference of two paths of an electron
wave function that are phase coherent in a closed loop. However, if a magnetic
field is applied there will be a phase shift or incoherence in the loops, thus
reducing the resistance [6], this phenomenon may be known as weak localization.
Negative MR has been observed for single wall carbon nanotubes [6] and
amorphous carbon films [4]. The effect of structural disorder in carbon fibers has
been studied, varying the heat treatment temperature between 300 °C and 2500
°C. It was clear that at temperatures below 1200 °C the carbon fibers exhibited
positive MR and at higher heat treatment temperatures this MR is negative and
becomes more negative at higher temperatures, attributing the graphitization of
the carbon fiber to this behavior [7].

4.3.2 Experimental methodology

The carbon inverse opals were made following the procedure explained in
chapter 2 with different pyrazine content, using opals with 300 nm silica particles.
The resistivity was measured with samples with a cross section of c.a. 1 mm? and
length of c.a. 5 mm, using a PPMS Quantum Design Device. In the PPMS the
resistivity was measured between 2 and 350 K for all samples under a magnetic
field that varied between -5 and +5 T, using a four probe setup. The labeling of the
samples is the same as used in chapter 2, all the samples were synthesized using
300 nm silica nanoparticles; the lowest and highest pyrazine content are at N1 and
N3, respectively.
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4.3.3 Results and discussions

All the measurements show a non linear behavior that may be fitted by the
equation AX® for most of the cases. For the samples measured at 2 K we notice a
non linear behavior of the magnetoresistance (MR) respect to the nitrogen content
(Figure 4.11), when fitting this curves with the equation AX® we that samples C300
and C300-N2 have B near 2, and the other samples have exponent B near 1.6.
We may say that at low field the samples behave as H? and they somewhat
deviate at fields approaching 5 T possibly tending towards H'?, as expected for
electron-electron interactions. Further analysis at higher fields up to 10 T would be
appropriate in order to confirm the HY2 pehavior for high magnetic fields. Now
when analyzing samples CIO300, CIO300-N2 and CIO300-N3, we observe that up
to 10 K all samples present a positive MR and the MR response in nitrogen doped
samples are higher (Figure 4.12). Several researchers attribute positive MR to
electron-electron interactions for other carbon materials (amorphous carbon films,
single wall carbon nanotubes and carbon inverse opal) [2; 4; 5; 6]. We propose the
following possible scenarios causing the positive MR: 1) localization of electron at
or around the nitrogen atoms that become more fixed at higher magnetic fields, 2)
the electrons may also be trapped in ring currents around the periphery of the
pores [8] thus increasing the resistivity at higher magnetic fields, 3) strongly
disordered structure where spin effects prohibit certain charge transfer processes
[7; 9].

Starting at 50 K the MR is less symmetric and changes to a negative
response, similar transition (positive MR at low temperatures to negative MR at
high temperatures) has been observed in polyaniline/multiwall carbon nanotube
composite [10], boron doped amorphous carbon films [4] and carbon inverse opal
[2]. At 100 K, we observe that the samples exhibit a similar negative MR response,
although CIO300-N3 (parameter A between E-12 and E-10) gradually has a lower
response than CIO300 and CIO300-N2. This negative MR has also been observed
in single wall carbon nanotubes [6] and amorphous carbon films [4].
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Figure 4.11: Normalized resistance vs. magnetic field for nitrogen doped carbon inverse opal at
different contents, at 2 K.

Table 4.4: Fitting parameters for the magnetoresistance curves of the undoped and nitrogen doped
carbon inverse opals measured between 2 and 300 K, using the equation y=AX"

Parameter A

2K 10K 50K 100 K 200 K 300 K
CIO300 451E-12 3.07E-12 7.48E-10 -1.12E-08 - -2.31E-11
CIO300-N1 1.88E-09 -- -- -- -- --
CIO300-N2 8.74E-11 8.77E-12 4.23E-13  -2.23E-09 -- --
CIO300-N3 1.41E-09 2.14E-11 1.82E-08 -2.22E-12 -1.88E-11 -1.96E-10
Parameter B

2K 10K 50 K 100 K 200 K 300 K
CIO300 1.9862 1.9300 1.2615 0.9306 -- 1.2220
CIO300-N1 1.5680 -- -- -- -- --
CIO300-N2 1.9131 1.8984 1.8918 0.9454 -- --
CIO300-N3 1.6211 1.8000 0.7181 1.7177 1.4090 1.5181
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Figure 4.12: Normalized resistance vs. magnetic field for undoped and the highest nitrogen
content in carbon inverse opal at (a) 2 K, (b) 10 K, (c) 50 and (d) 100 K. 2 and 10 K have positive
MR, however, at higher temperatures it is negative and less symmetric.

4.3.4 Conclusions

Magnetoresistance measurements clearly show difference among samples,
at temperatures below 50 K the nitrogen doped samples are more positive than
the undoped sample, this possibly caused by a higher localization of electrons at
or around the nitrogen atoms, or due to the degree of structural disorder. When
the temperature increases, all samples show a transition towards negative MR
were the undoped and doped samples exhibit similar values, along with a lower
symmetric response. This transition from positive MR to negative MR may suggest
the dominance of weak localization at high temperatures. This study is useful to
understand better the electrical response of disordered carbon in the presence of
a magnetic field, specifically the amount of defects doping or curvature may play a
crucial role.
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4.4 Magnetic properties

4.4.1 Introduction

Materials may be classified in different magnetic phases such as
paramagnetism, diamagnetism, ferromagnetism or superparamagnetism.

Paramagnetic materials are attracted to magnetic fields, presenting a
relative magnetic permeability 21; generally their magnetic susceptibility is in the
order of 10 to 10®°. When varying the magnetic field applied to this material its
magnetization o magnetic moment is directly proportional to the field, this is
because only a certain amount of the dipoles will be oriented along the field
direction. Because of the thermal motion, the spins will be randomly oriented and
the dipoles will not interact with each other, therefore they will not retain any
magnetization in the absence of a magnetic field.

Materials with diamagnetism create a magnetic field in opposition of the
external applied magnetic field; this is contributed from the paired electrons and
the core electrons of an atom. Diamagnetic materials are water, wood, the majority
of organic compounds and metals with a significant amount of core electrons such
as mercury, gold and bismuth. These materials have a magnetic permeability less
than 1 and a magnetic susceptibility < 0, which is weaker than materials with
paramagnetism and ferromagnetism.

In a ferromagnetic material the magnetic moment of an atom tends to be
the same as its neighbor, so all the moments in the system want to be parallel.
Atoms with partially filled electronic shells may exhibit a net magnetic moment; this
would be the case of metals. The exchange force tries to keep a parallel or
antiparallel alignment of the moments of the atoms in a material. In the majority of
ferromagnetic materials the exchange interaction is much stronger than the dipole-
dipole interaction. A bulk ferromagnetic material can be divided in magnetic
domains, in an unmagnetized state all these domains may exhibit a different
magnetic orientation, in the presence of an external magnetic field they tend to be
aligned, with a higher field the magnetic alignment improves. The boundary
between two domains is called domain wall, which is seen as a gradual transition
at an atomistic level. These domains may be caused by the poly crystallinity,
crystal defects, impurities or even size and geometry. Pauli paramagnetism is the
response of electrons near the Fermi level to an external field, here a small
surplus of one spin type will dominate.
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Figure 4.13: Molecular model of a “holey-ball” (interconnected concentric fullerenes joined by
necks) containing 1320 atoms, which exhibits a maximum paramagnetic current in the heptagonal
rings. (a) Close up of (b) revealing the heptagonal rings and the currents induced. (images from ref.
[1]) (c) Magnetic moment (m) as a function of the number of = electrons per atom (or percentage of
doping concentration). (image from ref. [2])

In graphite it is thought that the m-electrons may travel free through the
hexagonal lattice, even through the hexagonal rings, therefore inducing a
magnetic field that opposes the external one. The magnetic susceptibility y
describes the response of the magnetization M to the applied magnetic field H, as
M = yxH. If the sign of y is negative then it corresponds to diamagnetism and if it is
positive it corresponds to paramagnetism. It is well known that graphite and
diamond are diamagnetic. Linus Pauling observed that organic molecules such as
benzene (Ce¢Hs), naphthalene (Cy1oH8), anthracene (Ci4Hj0), etc., which have
planar hexagonal carbon rings allow the flow of ring currents along the bond paths
when an external magnetic field is applied perpendicular to the molecule plane,
however if this field is applied parallel to the plane no ring currents are produced
[3]. This phenomenon may be explained by London theory [4; 5; 6], here the
presence of ring currents induced by an external magnetic field give rise to
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another field in the same direction as the external field although in the opposite
direction. This has been used to explain colossal paramagnetism in metallic
carbon nanotori with specific “magic radi” [7]. Further on J. A. Rodriguez-Manzo et
al. [1], studied the magnetic properties of nanotori by coalesced Cg, molecules and
joining the ends of Haeckelite tubes [8] along the 2-fold axis exhibit an increase of
the ring currents with size or diameter of the tori (Figure 4.13 ¢ and d). When the
Ceso molecules are covalently connected along the 3-fold axis, in some cases the
large ring currents are mainly localized on the heptagonal rings and are,
surprisingly, parallel to the magnetic field and not perpendicular. Now, for
concentric fullerenes termed “holey balls” [9], which could be a simplification of
entangled graphene surfaces, therefore resembling porous carbon, the
resemblance between them is the presence of negative curvature provided by
heptagons or octagons. Here they observed a high paramagnetic response in
holey balls, exhibiting maximum paramagnetic ring currents at the heptagonal
rings (Figure 4.13 a and b). They suggest that the magnetism is sensitive to the
presence of defects in the system, however for a toroid the paramagnetism may
be reactivated if the magnetic field is applied with an inclination angle. Now, if
these systems are doped with a small percentage (0.02—4%) of electrons or holes
they could exhibit unusually large paramagnetism. These systems will have a
diamagnetic response if when the HOMO occupation is a closed shell, however if
the HOMO is partially filled there will be large and positive magnetic moments.
Interestingly, when the electronic gap of these systems approaches zero, the local
ring currents are enhanced [2].

Theoretical studies of carbon nanoribbons show that when the edges are
armchair they are diamagnetic but when the edges are zig-zag these are
paramagnetic and temperature dependent. The total paramagnetism of the system
is a competition between the Pauli paramagnetism susceptibility and the orbital
diamagnetic susceptibility, due to the localized states near the edges the
paramagnetism is dominant at narrow width nanoribbons, when increasing this
width the temperature dependence increases and it becomes diamagnetic at lower
temperatures [10] (Figure 4.14 a and b).

The bombardment of protons and helium on graphite creates defects.
Samples bombarded with protons had a much greater magnetic signal than those
bombarded with helium [11]. When a single vacancy is created two free bonds
from the neighbors join and form a pentagon, leaving one atom with a sp? dangling
bond. When hydrogen atoms are close to a vacancy they will bond with two of the
free carbon atoms, this configuration creates a magnetic moment on the sp?
dangling bond (Figure 4.14 c and d), but if another hydrogen atom is introduced
this will bond with the remaining free bond and the magnetism of the vacancy is
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lost, although steric hindrance may be an obstacle for this configuration [11].
Theoretical studies show that nanopatterned graphite films may present
magnetism. When these present triangular holes or zig-zag edge channels,
ferromagnetism starts to manifest. In these systems magnetism is originated at the
localized edge were the sp? bonding is broken, the magnetic moments decay away
from the nanoholes or nanochannels [12] (Figure 4.14 e).

For schwarzite-like structures it has been observed theoretically that the
presence of higher polygons, which introduce negative Gaussian curvature, are
necessary for the presence of a magnetic ground state. Magnetism in these
structures requires the presence of radicals that introduce unpaired spins. The
negative curvature in a carbon lattice may introduce trivalent carbons which are
the source of spin polarization [13] (Figure 4.15).

Ferromagnetism has been reported in highly oriented pyrolitic graphite
(HOPG) when the magnetic field is applied parallel to the graphene layers (Figure
4.16 a). This phenomenon may be caused by topological defects or by strong
Coulomb interaction between electrons in graphite [14]. On the other hand, carbon
activated fibers heated at temperatures below 1100 °C show a paramagnetic
behavior at low temperatures, these materials turn diamagnetic at certain low
temperatures for samples heat treated up to 1100 °C, this magnetic transition
temperature is higher for samples heated at lower temperatures [15] (Figure 4.16
b).

A carbon nanofoam with a sp*/(sp?+sp®) ratio between 35% and 60%,
consisting of clusters with diameter between 4 to 9 nm, these clusters have
hyperbolic schwarzites structures. This material is paramagnetic (Figure 4.17 a)
presenting a coercive force at low temperatures, and it presents a strong
paramagnetic relaxation in time [16].

Carbon nanofoams produced from laser ablation at different Ar pressures
show a magnetic response that may be caused by three case scenarios.

(1) Higher order carbon rings may alter the alternation of double and single
bonds in the graphite structure. These may localize the n-electron clouds
and localize unpaired spins.

(2) sp® hybridization may be a barrier for n-electron delocalization and provide
a trap for spins.

(3) Vacancies in lattice may also cause a localization of the n-electrons.
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Figure 4.14: (a) Schematic structure of a carbon ribbon with zig-zag edges and (b) variation of the
susceptibility against tempereature of carbon ribbons at different widths (images from ref. [10]). (c)
Charge density and (d) spin density of a vacancy in graphite with thwo hydrogen atoms (images
from ref. [11]). (e) Spin density in a nanochannel in graphite (image from ref. [12]).
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Figure 4.16: (a) M vs H of highly oriented pyrolitic graphite with background subtraction (image
from ref. [14]). (b) Susceptibility vs temperature of activiated carbon fibers heat treated between
800 and 1500 °C (image from ref. [15]).

Susceptibility vs. temperature measurements of these materials show a
maximum which may correspond to the freezing temperature T; of the spin glass
(Figure 4.17 b). This phenomenon may be caused by the topology or local
variations of the exchange couplings between magnetic moments. At low
temperatures there is a rapid increase in susceptibility that might suggest that
some spins are unfrozen at T; and may not couple strongly, this might indicate a
near zero T.. The complex susceptibility suggests the presence of frustrated
coupling and negligible coupling. These moments may be originated from carbon
dangling bonds that are exchange coupled with other moments [17].

Ferromagnetism has been observed in nanodiamond irradiated with *°N,
this irradiation creates defects in the structure and at higher doses of irradiation
nitrogen atoms are incorporated in the lattice, these can introduce lone pair
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electron spins that can favor ferromagnetism and higher magnetization saturation
[18] (Figure 4.17 c).
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Figure 4.17: (a) Magnetizatin vs temperature of carbon nanofoam (filled circles), sample holder
(open circles) and gelatine sample holder (crosses), inset images are SEM (left) and transmission
electron microscope (right) images of the carbon nanofoam (images from ref. [16]). (b)
Temperature dependence of the suscpetibility of carbon nanofoam (image from ref. [17]). (c) M vs
H of nitrogen doped nanodiamond fabricated at different dose sizes (image from ref. [18]).

4.4.2 Experimental methodology

The carbon inverse opals were made following the procedure explained in
the chapter 2 with different pyrazine content, using opals with 300 nm silica
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particles. The magnetic moment was measured for powder samples held in a
plastic capsule with the aid of a Quantum Design PPMS. The labeling of the
samples is the same used as in chapter 2, all the samples were synthesized using
300 nm silica nanopatrticles; the lowest and highest pyrazine content are at N1 and
N3, respectively.

4.4.3 Results and discussions

The hysteresis curves for all the non doped and doped carbon inverse
opals show a paramagnetic behavior for temperatures below 50 K, although they
do not behave in a completely linear manner, this may suggest the formation of
some frustrated magnetic states that gradually change. Similar curves have been
reported before for other porous carbon materials [16; 17]. It is clear that there is a
gradual change from a paramagnetic to a diamagnetic magnetic state when
increasing the measurement temperature. In our magnetic analysis we discard the
possible influence of metallic impurities due to the absence of them during the
synthesis of the samples.

The moment vs. temperature curves clearly show a transition from a
paramagnetic to diamagnetic state for all the studied samples (Figure 4.18),
similar behavior has been observed for other porous carbon materials [16; 17].
When increasing the pore size the value of the magnetic moment decreases.
Furthermore, when observing the temperature range were the carbon inverse opal
changes from paramagnetic to diamagnetic, this range varies according to the
pore size (Table 4.5), this transition temperature is located at higher values for a
smaller pore size (Figure 4.18), this perhaps may be caused by a favored
formation of ring currents for smaller pore sizes, these ring currents have been
reported to form at the peripheria of the pores by Rodriguez-Manzo et al. [1]
(Figure 4.13 a, b), and a higher content of pores per volume. It is clear that below
this magnetic transition temperature there is a splitting from the measurements the
lower curves correspond to zero-field cooling and the others correspond to field
cooling, this splitting and the MvsH curves (Figure 4.18) suggest us that the
material is superparamagnetic at low temperatures. Another observation is the the
presence of a peak between 50 and 100 K, this has been attributed to a spin glass
state by D. Ar€on et al. [17] in a mesoporous carbon material.

It is clear that the magnetic transition temperature is more sensitive to the
pore size than nitrogen doping, thus suggesting that the ring currents are more
sensitive to thermal fluctuations, this can also be observed at temperatures above
150 K were there are fluctuations in the magnetization, those samples with higher
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magnetization fluctuations are those who have a lower magnetic transition
temperature (i.e. CIO300-N2, Figure 4.19 f), this may suggest that the relaxation
times are higher for samples with greater pore size, exhibiting a higher thermal
agitation which may cause the magnetization to suffer a stochastic process [19].
Further study of thermal conductivity may help understand, for now we may think
that the the sample with lower pore size is a better thermal conductor, since heat
is transferred perpendicular to the graphitic layers, therefore thinner carbon wall
thickness may cause it to be a better thermal conductor [20]. In the case of larger
carbon wall sizes the heat transfer may exhibit a greater heat gradient, thus also
causing a greater mangetization gradient throughout the carbon wall thus
originating a stochastic process.
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Figure 4.18: Hysteresis curves for non doped carbon inverse opals (left) and nitrogen doped (N2)
carbon inverse opals (right) with pore size of (a,b) 10, (c,d) 100 and (e,f) 300 nm, all curves were
measured at 3 K.
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Table 4.5: Magnetic transition temperature (K) where the sample changes from paramagnetic to
diamagnetic, measuremente for undoped and N2 doped carbon inverse opals with 10, 100 and 300
nm pore size.

10 nm 100 nm 300 nm
CIO300 127 87 NA
CIO300-N2 129 78 36

The magnetic properties of this porous carbon may arise due to following
mechanisms:

(1) Ring currents may arise at the necks of the pores [1], therefore those
samples with a higher content of pores will exhibit a higher content of ring
currents, exhibiting higher magnetizations and higher magnetic transition
temperatures. This tendency is observed for the samples with 10 nm pores
(Figure 4.18 and Figure 4.19). However, when doping the system with more
electrons it is not easy to predict the magnetic properties [2].

(2) Higher order carbon rings may localize the r-electron clouds and localize
unpaired spins [17; 13]. It has been studied before that the presence of an
odd number of pentagons or heptagons in a carbon structure may induce
trivalent carbon, therefore originating a net magnetism that can be exhibited
in positive or negative curved carbon nanostructures. A higher amount of
these rings may be present due to a greater content of pores per volume,
this would happen for smaller pore sizes [21]. The introduction of nitrogen in
the hexagonal lattice may localize electrons; however the proximity
between these dopants and curvature sites may be crucial for the magnetic
properties.
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4.4.4 Conclusions

Porous carbon materials such as carbon inverse opals present a
paramagnetic behavior when its temperature is below 100 K, although above this
temperature they suffer a transition to diamagnetic, the magnetic transition
temperature varies upon the pore size, i. e. smaller pore size gives a higher
magnetic transition temperature due to the favoring of and higher content of ring
currents. Now when they are doped with nitrogen their magnetic moment
decreases as well as the magnetic transition temperature decreases. The
paramagnetic properties may be due to localization of electrons around nitrogen
atoms and curvature sites, along with the formation of ring currents at the
periphery of the pores. These magnetic measurements aid the understanding of
magnetism in disordered carbon, especially for porous carbon. In order to increase
the magnetization of carbon, smaller pore sizes would be needed, a structure
similar to a Shwarzite, the introduction of rings with a higher order than 6 may
even favor the presence of ferromagnetism; therefore bringing a new class of
ferromagnetic material, where several ferromagnetic metals have a disadvantage.
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4.5 Conclusions regarding electrical and magnetic properties

From the studies of the physical properties of the carbon inverse opal
undoped and doped with nitrogen we clearly observed that both behave as
semiconductors, where the resistivity decreases to certain point when increasing
the pyrazine content used for synthesis. The obtained thermal activation energies
increased with introduction of nitrogen in the structure. Perhaps due to the degree
of crystallinity and nitrogen content, the sample CIO300-N2 exhibits one
dimensional variable range hopping, however a more disordered and undoped
sample (C1O300) does not exhibit variable range hopping.

Regarding the magnetoresistance, at temperatures below 50 K it was clear
that the nitrogen doped carbon inverse opal exhibits a higher positive
magnetoresistance, possibly due to a higher localization of electrons at or around
the nitrogen atoms. When increasing the temperature the MR becomes negative
due to weak localization.

The size of the pores significantly determines the magnetic properties of the
studied mesoporous carbon materials, at smaller pore size there is a higher
magnetization and the magnetic transition (paramagnetic/diamagnetic)
temperature slightly increases possible due to a higher number of ring currents.
On the other hand, the nitrogen doped sample has a lower magnetization although
possibly due to proximity between defects (nitrogen atoms and curvature) that
localize electrons; the magnetic transition temperature does not change. It is
evident that the ring currents are more sensitive to thermal fluctuations than the
localization of electrons around nitrogen or curvature sites, regarding the magnetic
properties.

When analyzing the resistivity, magnetoresistance and magnetic
measurements it is clear that the carbon inverse opal changes its electrical and
magnetic properties around 50 K. At low temperatures (below 50 K), the variable
range hopping, positive MR and paramagnetic behavior suggest that the material
tends to localize electrons near the curvature sites thus increasing resistivity and
magnetization. The resistivity increases with the introduction of nitrogen, however
the magnetization of the material decreases. We conclude that the degree of order
of the structure significantly determines the electrical and magnetic properties of
mesoporous carbon materials.

Now, when heat treating the carbon inverse opal the higher degree of
graphitization clearly improves the field emission properties. However, further
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experiments need to be done in order to elucidate the influence of nitrogen doping
upon the field emission of the carbon inverse opal.
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4.6 Sensing applications

4.6.1 Introduction
4.6.1.1 Carbon nanostructure sensors

Since the discovery of carbon nanostructures such as fullerenes [1], carbon
nanotubes [2; 3], and the isolation of graphene [4], there has been many research
to explore their interesting properties such as mechanical, electrical,
biocompatible, sensing, among many others. Regarding sensing capabilities,
commonly carbon nanotubes have been studied as sensors for O;, NO,, CO,,
Acetone, Ethanol, Chloroform, Toluene, etc. [5; 6; 7; 8; 9; 10; 11], these sensing
properties take advantage of the adsorption of an analyte by a physical o chemical
interaction, this interaction creates a different electronic state in the system CNT-
analyte, in the macro-world this may be visualized as a change in the current or
resistivity of the device, therefore indicating the presence of a foreign molecule in
the medium.

Single wall carbon nanotubes (SWNT) have been used as CO, sensors,
where the desorption is slow for high concentrations of the analyte [8]. The oxygen
sensitivity of SWNT has been studied, revealing that a modest band gap
semiconductor is less sensitive than a small band gap SWNT [5]. On the other
hand, when comparing SWNT with multiwall carbon nanotubes (MWNT) for its
sensitivity with NO,, SWNT may be up to six times more sensitive than MWNT [7]
(Figure 4.20 d).

Polymeric composites with carbon nanotubes have proven to be capable of
sensing NO,, acetone, chloroform, dichloromethane [6; 9]. For PMMA, the sensor
response is attributed to the swelling of the polymer and the polar nature of the
solvent, for the last possibility, it may be caused by hydrogen bonding with the
carbon nanotube. Also, when comparing the sensitivity of polypyrolle (PPy),
SWNT and the composite PPy/SWNT the composite showed a higher response
for sensing NO, (Figure 4.20 e).
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Figure 4.20: Carbon nanotube based sensors..Scanning electron image (SEM) of (a) single wall
(SWNT) and (b) multiwall carbon (MWNT) nanotube device (images from ref. [7]). SEM image of
(c) SWNT polypyrrole composite. (d) Normalized sensitivity for NO, at various concentrations for
SWNT and MWNT. (e) Sensitivity comparison for NO, for polypyrrole, SWNT and the composite
SWNT/polypyrrole (images from ref. [6]).

Even the new wave of graphene research has started to study its sensing
properties for H,O, NH3, CO, NO,, NO [12; 13; 14]. Most of the carbon sensing
materials research has been done with individual nanostructures and carbon
nanotubes prepared as aligned forests or two-dimensional foils, but there has not
been many research regarding porous carbon materials.

Polyelectrolyte stabilized enzymes glucose oxidase has been immobilized
on porous carbon structures. This material was used as an electrode inside a flow
cell in order to sense glucose, hydrogen peroxide transported by the solvent [15]
[16]. In a different study, a phenolic resin inverse opal has been studied as an oil
sensor. Here its optical properties were embraced in order to have a visual
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response. To the best of our knowledge porous carbon materials have not been
explored as gas sensors.

4.6.1.2 Theoretical simulations

Theoretical simulations of the sensing process are important in order to
have an idea of the mechanism and affinity of analytes to the desired system. The
introduction of defects such as oxidation form low-energy sorption sites on a
carbon nanotube promoting the nucleation for the condensation of the analyte
vapor. By controlling the oxidation it is possible to increase the sensitivity and the
chemical selectivity. On the other hand, calculations have shown that acetone
presents a hydrogen bond with a —COOH group [10] (Figure 4.21 a), this shows a
possible mechanism for sensing polar molecules with a functional oxygen group.

Theoretical calculations of graphene as sensors show that the orientation of
the molecule adsorbates (i. e. H,O, NH3, CO, NO;, NO) is important according to
the charge transfer [14]. Another study shows that when comparing paramagnetic
and diamagnetic adsorbates such as NO, and N;O, respectively, the
paramagnetic molecules induce a strong p-type doping. Thus T. O. Wehling et. al.
suggest that an open-shell is capable of doping graphene as long as the chemical
potential mismatch Ap between the adsorbate and graphene is higher than half the
Hund exchange splitting [13].

Y. -H. Zhang et al. made first principle studies for CO, NO, NO, and NHj3
with pristine, N-doped, B-doped and vacancy within a graphene structure [17].
With a vacancy in a graphene sheet it becomes a greater attractor for CO, NO,
NO, than pristine, N- or B- doped graphene, this vacancy causes a strong orbital
overlap between the analyte and graphene (Figure 4.21 b and c). Now, B-doped
structures show a N-B bonding for those molecules containing nitrogen, with the
strongest interaction with NHs. All the molecules studied in this work show
physisorption to pristine graphene.
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Figure 4.21: (a) Hydrogen binding of acetone to a carboxylic acid defect on a SWNT sidewall
(images from ref. [10]). Electronic total charge densities for CO on (b) pristine (P-) graphene and
(c) a vacancy defect (D-) on graphene (images from ref. [17]). A (5,5) SWNT doped with pyridinic
nitrogen sites with an (d) OH group and (e) NHs, left sides are models and right side images are

the corresponding total density of states (images from ref. [18]).

Boron doped carbon nanotubes exhibit a chemical adsorption for CO and
H,O, but with nitrogen doping they exhibit physical adsorption. The binding
between these molecules and the CNT is ionic type [19]. Another study shows that
pyridine-type sites promote chemisorption of molecules with OH groups [18].
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4.6.1.3 Doped carbon nanostructure sensors

Nitrogen doped carbon (CN,) materials such as films [20], graphene [17]
and carbon nanotubes [19; 18] add interesting properties to such materials,
making them more biocompatible [21], increasing its conductivity and chemical
reactivity. These CNy materials have been studied for sensor applications of
humidity, ethanol, acetone, chloroform, gasoline, pyridine, etc [18; 22]. When
exposing gas vapors to CNy materials it has been observed that their resistance
increases and decreases gradually after exposure, the original resistance may not
be reached possibly due to chemisorption.

Pellets of CNyx nanotubes are sensitive to acetone, ethanol, gasoline,
chloroform, and ammonia (Figure 4.22 a). These devices present a short
response, in the order of tens of a second [18]. On the other hand, amorphous
carbon nitride films have been integrated in MEMS as a sensor device, this device
proved to be a good humidity (Figure 4.22 b) and ammonia sensor with short
response and recovery time [23; 20].

Clean graphene devices show a low response to NHj3, but when it is

contaminated this response is enhanced (Figure 4.22 c), thus proving that
functionalized graphene is more convenient for sensor devices [24].
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Figure 4.22: (a) Sensitivity (resistance vs time) of CN, nanotube film for chloroform, acetone,
pyridine, ethanol, menthanol and gasoline vapors (image from ref. [18]). (b) Humidity sensor
(impedance vs humidity) of nitrogen doped carbon films (image from ref. [20]). (c) Sensor response
for a clean and non clean graphene (image from ref. [24]).

4.6.1.4 Photosensitive carbon nanostructures

Carbon nanostructures such as single wall nanotubes (SWNT) have the
ability to respond under illumination. A bundle of SWNT may present an elastic
deformation when illuminated with visible light; it can stretch, bend or be repelled
[25]. The photoconduction excitation energies of SWNT film samples agree with
the optical adsorption spectra of semiconducting SWNTs (Figure 4.23 a). This
photo response increases at lower temperatures and with higher light intensities
(Figure 4.23 b) [26; 27]. Infrared light may be used to induce resonant excitation in
a single semiconductor SWNT, where it can create a pair electron-hole [28]. The
photocurrent is proportional with the light intensity, in a film of SWNT the photo
induced relaxation time may take 4 seconds or more depending on the quality of
the semiconducting nanotubes [29; 27]. A particular study shows that NH; may
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adsorb on SWNT but under UV illumination it may be desorbed, and recover the
nanotube’s original electrical properties [30]. Another study shows that graphene
films have shown even a higher photoconductivity when compared with a SWNT
film (Figure 4.23 c), with a higher response when increasing light intensity and
external electric field [31].
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Figure 4.23: (a) Photoconduction spectra for SWNT film samples and optical adsorption spectra
(dotted line). (b) Photocurrent vs time at different incident light intensities of SWNT films (images a
and b from ref. [26]). (c) Photocurrent vs time of SWNT and graphene films (image from ref. [31]).

In this work, we study the gas and photo sensitivity of carbon inverse opal
undoped and doped with different contents of nitrogen, as well as two different
pore sizes of 100 and 300 nm. These materials were used to sense different
vapors (acetone, ethanol, chloroform).

4.6.2 Experimental methodology
Synthetic opal from SOLARNO was used as a template to infiltrate a water

solution of sucrose, pyrazine and sulphuric acid, following the procedure reported
in chapter 2. The concentrations of the reactants are according to Table 4.6.
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Table 4.6. Carbon and nitrogen source solution concentrations. Quantities are in % by wt, the

letter “y” corresponds to the particle size used.
ClOy ClOy-N1 ClOy-N2 ClOy-N3

Sucrose 25.00 16.67 12.50 8.33
Pyrazine 0.00 8.33 12.50 16.67
Sulphuric acid 2.58 4.17 6.25 8.33
Water 72.42 70.83 68.75 66.67

All samples were characterized by scanning electron microscopy (SEM)
using a FEI XL30-FEG microscope, operated between 10 and 20 kV, equipped
with energy dispersive X-ray spectroscopy (EDX).

The carbon inverse opal plates were cut into different pieces exhibiting
millimeter-size dimensions. Two copper contacts were placed on opposite
extremes of the carbon inverse opals in order to measure the electrical resistance
of the samples (Figure 4.24). The contacts were attached with silver paint
(Chemtronics conductive paint). This device was then placed inside a sealed
Pyrex chamber at room temperature and atmospheric pressure. The electrical
resistance measurements were performed using a SourceMeter (Keithley 2400)
system, providing a current of 3 mA. We used two gas flow controllers (MKS
Instruments). One channel carried Ar with a constant flow of 3 I/min, whereas the
other controller was used to carry 0.2 I/min Ar which is flowed through a bubbler
containing the solvent desired. The resistance acquisition data were recorded with
a PC card (National Instruments, SCB-68), which was connected to the gas flow
controllers and operated with a LabView® software.

Figure 4.24: Experimental set up for gas sensing. The entire system is closed allowing a flow Ar
and the entrance of electrodes to the sample (located in the center of the system).
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4.6.3 Results and discussions

4.6.3.1 Gas sensors

We measured the normalized electrical resistance in the presence of
different gas vapors (chloroform, ethanol, acetone). We then plotted the
normalized resistance which is defined by Ry = (R-Rg)/Ro, where R is the electrical
resistance registered in the measurement; Ry is the mean value of the resistance.
For our analysis, five cycles have been chosen, 80 s have been allowed for the
solvent vapor to enter in the reaction chamber, and 100 s for the purging of the
system with pure Ar.

The sensing properties measured are plotted in Figure 4.25, it is clear that
all samples present resistance changes when exposed with the gas vapor. The
overall tendency is that the introduction of nitrogen in the carbon inverse opal
increases its sensitivity, reflected by more pronounced peaks of resistance when
exposed to the vapors (Figure 4.25). For chloroform vapor (Figure 4.25 a and b),
the sensors show that the resistance after all cycles almost reaches its initial
value, this could suggest that there is no chemical reaction with the samples.
Unfortunately, the response intensity to the gas decreases after each exposure,
this could mean that there is a physisorption saturating the exposure sites. When
exposed to ethanol (Figure 4.25 ¢ and d) the intensity of the responses does not
vary significantly, but the background resistance increases which could mean a
chemisorption, clearly the samples with 300 nm pores present a better response
when being exposed. Now in the case of acetone, the signals do not show
significant variations after several cycles, with 100 nm pores all the samples show
an increase of the background resistance, contrary for some cases of 300 nm
pores. Curiously the sample with the highest content of nitrogen shows a negative
signal when exposed to acetone in both pore sizes, this case also happens with
the undoped material with 100 nm pore. Regarding pore size, 300 nm pore shows
a slightly higher response for all the tested solvents than the 100 nm pore
samples, this may be due to a higher degree of graphitization which may
contribute to a better resistance sensitivity to the exposure of these vapors.
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4.6.3.2 Photosensors

The photoresponse of carbon inverse opal with different nitrogen content
and pore size (300 and 100 nm) was measured by exposing the sample at some
mm (1-10 mm) of distance from a camera flashlight (ZENIT, BY-28A). The
exposure to the flash decreases the resistivity of all samples reaching a maximum
after several milliseconds (Figure 4.26), the samples with a pore size of 100 nm
present a greater change in its resistivity compared with 300 nm pore. It seems
that the introduction on nitrogen does not increase significantly its photosensitivity,
in the case of 100 nm pore it decreases the response. Furthermore, the relaxation
times after exposure are in the order of hundreds of milliseconds (i.e. 500
milliseconds), however graphene and SWNT films have shown faster response
times in the order of few microseconds or even nanoseconds with higher response
percentage variations [26; 31], nevertheless to the best of our knowledge to this
date there are no publications regarding the photoresponse of carbon inverse
opals.
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Figure 4.26: Photosensor measurements. Data was obatined with a light flash exposed to nitrogen doped
carbon inverse opal at different contents. The samples with 100 nm pores present a higher change in its
resistance.

4.6.4 Conclusions

It is clear that the carbon inverse opals with 300 nm pores have a greater
change in resistance when exposed to the solvent vapors, although with 100 nm
pores still have a clear response. The introduction of a certain amount of nitrogen
in the samples increases its sensitivity to these vapors, especially for chloroform.
In some cases the highest content of nitrogen shows an inverted response to the
vapors, meaning that its resistance decreases when the other sample increase
their resistance. This work shows that doped or chemically reactive porous carbon
may be further studied in order to be used as gas sensors,

Concerning photoconductivity measurements, it is clear that samples with

100 nm pore size present a greater response than 300 nm pores. When doping
with nitrogen the photoconductivity was not enhanced significantly. The relaxation
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times after flash exposure have a maximum of 500 milliseconds, these results
show that the response time to the flash exposure is relatively fast.

The combination of the semiconductor and photoconductive properties

make this material candidate for photosensors or perhaps in photovoltaic devices
as electrodes and photoconductive materials.
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5. Magnetism of Fe and FeCo Encapsulated in Aligned
Carbon Nanotube Arrays

5.1 Introduction

5.1.1 Metals encapsulated in carbon nanotubes

Different metals have been encapsulated in multiwall carbon nanotubes
(MWNTSs) such as Re, Pd, Ag, Au, Pb, Ni, Cr, Ge, Fe, Co, Cu, FeCo, FePt and
FeNi[1; 2; 3; 4; 5; 6; 7; 8; 9; 10] [11] (Figure 5.1).

500 nm d ) /30 nm Vg / \ j.' :':: m
Figure 5.1: Metal filled carbon nanotubes. Carbon nanotubes with elongated nanoparticles of (a)
Co (image from ref [6]), (b) Ni (image from ref [3]), (c) Cu (image from ref [7]) and an alloy of (d)
FeCo (image from ref [8]).

There are two methods to encapsulate particles inside carbon nanotubes.
One them occurs during the synthesis where the catalyst promotes the carbon
nanotube (CNT) growth and at the same time it is encapsulated [4]. The other
method consists in opening the CNT tips followed by filling of the void with an
external material [1; 2; 11].

Chemical vapor deposition method is one of the most used experimental
methods to encapsulate foreign materials. Regarding magnetic nanoparticles and
nanowires inside carbon nanotubes these materials exhibit large coercive fields
and a coherent reversal magnetization process [4; 5].

5.1.2 Iron nanowires

Fe nanowires have been synthesized using different methods. One of them
is the templating method; generally the template is porous anodic aluminum oxide
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(Figure 5.2). The nanoparticles obtained by this method are polycrystalline with
large aspect ratio (length of the order of microns) [12; 13]. These materials present
high coercivities (0.22-0.42 T) [12; 13; 14, 15; 16]. Another method is related with
the pyrolysis of organometallic precursors, with this method it is possible to
encapsulate ferromagnetic nanowires inside carbon nanotubes. Also high
coercivities have been obtained by this method (H.=0.13-0.23 T) [17; 18; 19].
Using the laser pyrolysis method, FesC spherical nanoparticles with diameter c.a.
20 nm have been produced [20; 21] showing a coercivity of 0.056 T and a
saturation magnetization around 120 A m?kg (emu/g). It is important to remark
that the magnetic properties of the nanosized systems are very different to the
corresponding bulk properties. For Example: Fe-Bulk exhibits very low coercive
field (6.0x10° T) with a saturation magnetization around 200 A m%kg (emu/g) and
a Curie temperature of 1043 K. In the case of cementite structures (Fe3C) they
exhibit a magnetic saturation of 169.3 A m?kg (emu/g) and a Curie temperature

of 480 K.

', 100nm (D) 100 nm

Figure 5.2: Fe nanowires made by porous anodic aluminum oxide template. (a) Anodic
aluminum oxide template with an ordered 2-D array of pores. (b) Fe nanowire with irregular shape
and polycrystallinity obtained by templating method. (images from ref [14])

The magnetic properties of metallic nanowires (Fe, Co, Ni) have been
studied, by other research groups, regarding the effect of the dimensions. It has
been observed that the coercivity and the remanence (M,) are inversely
proportional to the diameter of the nanowire [22; 19; 15; 23], furthermore, the
coercivity may also increase when increasing the length of the nanowire [24]. Also,
the magnetic saturation (Ms) may increase if the diameter of the nanowires is
smaller [23]. Regarding the ordering of these nanowire, if the distance between
nanowires decreases the dipole interactions shall increase therefore the hysteresis
curves will be less square-like (a lower value of M,/Ms) [19; 25].
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5.1.3 Applications

Encapsulated materials are an interesting current topic from the point of
view of fundamental physical-chemical properties and applications. Research
concerning magnetic nanomaterials have attracted attention due to the potential
applications in magnetic recording industry [26; 27] (Figure 5.3 a), biological
entities separation (Figure 5.3 b), targeted transportation of medicine, agents to
improve contrast in magnetic resonance imaging [28; 29] (Figure 5.3 c¢). Magnetic
recording industry requires smaller bits each generation. In order to satisfy this
demand, recently the fabrication of patterned magnetic nanostructures and
perpendicular magnetic recording has taken importance [26; 27]. In this context,
one alternative is to use small magnetic nanowires encapsulated in carbon

nanotubes.
(b) < magnet
o ©
o ©

remove
supernatant

(a)

Figure 5.3: Applications of magnetic nanowires. (a) Nano pillars may be used for magnetic
recording devices (images from ref [26]). Magnetic nanoparticles linked with biological entities may
be (b) targeted or act as a filtering agent (image from ref [28]). (¢) Iron oxide particles are studied
as magnetic resonance imaging contrast agents (image from ref [29]).

In this work, we investigated the magnetic properties of ferromagnetic
nanowires (Fe and FeCo) inside multiwall carbon nanotubes (MWNT), nitrogen
doped multiwall carbon nanotubes (CNy,) and multiwall carbon nanotubes with
carbonyl groups (COy). Ferrocene and/or cobaltocene in toluene or benzylamine
precursors are used in our chemical vapor deposition method. By controlling the
synthesis temperature, we could understand the size dependence of the magnetic
properties. In addition, by controlling the toluene concentration in the synthesis, it
is possible to change the chemical composition of the ferromagnetic nanowires.

5.2 Experimental Methodology

The iron encapsulated multiwall carbon nanotubes (Fe-MWNT) were
synthesized by pyrolyzing toluene/ferrocene solution (2.5% of ferrocene by weight
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in toluene) at 750, 800 and 850 °C by an aerosol pyrolysis system (Table 5.1) [30;
31] and by powder pyrolysis of ferrocene at 850 and 1050 °C in Ar atmosphere.
Iron encapsulated nitrogen doped carbon nanotubes (Fe-CN,) were synthesized
by CVD [32] with a solution of ferrocene in benzylamine at temperatures between
750 and 850 °C in Ar atmosphere according to Table 5.1. MWNT with carbonyl
groups on their surface (Fe-CO,) where synthesized to produce short and tall
forest morphologies [33] (see Appendix B), short COy (FxxEyySh) had a synthesis
time of 15 minutes and the long COy (FxxXEyyL) had a synthesis time of 3 hours;
the solution concentrations are shown in Table 5.1. Now, regarding the production
of FeCo nanowires the solutions used are a mixture of two with a 1:1 ratio, the
solutions for FeCo-MWNT are ferrocene 2.5% by wt in toluene and cobaltocene
2.5% by wt. in toluene this based on the work of Elias et al. [8], and for FeCo-CNy
the same concentrations are used, although with benzylamine instead of toluene.
TEM grids were prepared by sonicating the MWNTSs in isopropanol using an
ultrasonic bath during 30 minutes. All CNTs samples were analyzed by scanning
electron microscopy (SEM) and scanning transmission microscopy (STEM) using
a Philips FEG-XL30 microscope also by transmission electron microscopy (TEM)
with a HRTEM 300KV FEI TECNAI F30 STWIN G2 and a TEM 200 KV JEOL JEM
200CX. Iron content was analyzed with a thermogravimetric analyzer (TGA)
(Thermo Cahn, model VersaTherm) at a heating rate of 10 °C/min in air
atmosphere. The magnetic properties of the samples were measured using PPMS
(Quantum Design) equipment at different temperatures. The corrected hysteresis
loops were obtained by subtracting the offset background signals (sample holder)
as a function of the external field. The growth mechanism of encapsulated
nanowires in CNT is discussed in Appendix A.

Table 5.1: Solution concentrations, argon flow and synthesis temperature for Fe encapsulated in
MWNT, CN, and CO,.

Fe Toluene Ferrocene Ethanol Temperature
Nanowires (% by wt.) (% by wt.) (% by wt.) (°C)
MWNT-800 97.5 25 0.0 750
MWNT-800 97.5 25 0.0 800
MWNT-850 97.5 25 0.0 850
F25E10Sh 96.5 25 1.0 750
F25E25Sh 95.0 25 25 750
F25E10L 96.5 25 1.0 820
F50E25L 92.5 5.0 2.5 820

Benzylamine

CN,750 97.5 25 0.0 750
CN,800 97.5 2.5 0.0 800
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5.3 Results and discussions
5.3.1 Simulation

In order to compare our experimental results, we calculated the magnetic
behavior of iron nanowires. We used the micromagnetic theory based on the total
magnetic Gibbs free energy (E). In our simulations, we introduced the exchange
energy, magneto-crystalline anisotropy energy, magnetostatic energy and the
Zeeman energy. The effective magnetic field Het at a position inside the
ferromagnetic materials is given by Hes=-(CE/OM), where M is the magnetization.
The magnetization orientation follows the Landau-Lifshitz-Gilbert equation,

aM

Eq.5.1 dt 1+x2

M X Hypp — M X (M X H ,f)

(1+x2)1v1

where o is the gyromagnetic ratio, A is the damping coefficient. In order to solve
the Landau-Lifshitz-Gilbert equation the finite difference method is used. Our
calculations have been computed by Oriented Object Micro Magnetic Frame
(OOMMF) [34]. In the input parameters of the software we used a magnetic
saturation of 1.7 x 10° A/m, exchange stiffness of 21 x 10 J/m, anisotropy
constant of 48 x 103 J/m*® and a damp coefficient of 0.5. More information about
the OOMMF software can be found in Appendix D.
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In order to understand the role of the applied external magnetic field, we
have carried out magnetic simulations of Fe nanowires with semicircular tips using
the OOMMF code [34]. We started with the simulation of two separate nanowires;
one with a square tip and the other with a semicircular tip (see Figure 5.4). For the
square tip we observed that the reversal process is not gradual, it is step like, and
however, with semicircular tips this process is gradual between 0.3-0.4 T thus
showing the importance of the tip geometry for the demagnetization process.

Further on, we studied a single nanowire with semicircular tip maintaining
its diameter constant of 20 nm (see Figure 5.5 a) varying the height from 40 to 70
nm. All calculated hysteresis loops are squared indicating single domain
magnetization with curling nucleation sites at the round tips and the rest of the
body remains with a homogeneous magnetization during the entire reversal
process. This curling process has been reported previously for Fe,Pt, and Ni
nanowires [35; 36]. The coercive field values recorded in this study have large
values, ranging from 0.426 to 0.342 T. (see Figure 5.5 a). However, when the
length of the nanowires is kept constant (80 nm) and the diameter varied (20-50
nm), the hysteresis curves exhibited significant modifications. The values obtained
for coercive fields ranged from 0.069 to 0.450 T (see Figure 5.5 b), similar
diameter dependency of nanowires has been reported by Jian-Hua Gao et al. in
which a change from approximately 20 to 50 nm in diameter may reduce the
coercivity almost by 400 Oe [36]. Both results depicted in Figure 5.5 a and b,
demonstrate that the magnetic behavior is tightly dependent of the aspect ratio of
elongated nanowires; significantly more dependent upon diameter. Furthermore,
the demagnetization factor is more sensitive to variations upon the diameter for a
finite cylinder with similar dimensions [37; 38].
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Figure 5.5: Microgmanetic simulation made with OOMMF of a single Fe particle at different (a)
heights with constant 20 nm diameter and (b) diameter variation with constant 80 nm height. Top
row corresponds to hysteresis curves of the external magnetic field applied along the wire axis and
lower row corresponds to representations of the studied systems.

The next system studied consists of Fe nanowires with semicircular tips
were the diameter is constant (20 nm) whereas the height is chosen randomly
between 20-40 nm. The spacing between particles was varied between 50 and 10
nm (see Figure 5.6 a). The demagnetization process varies depending upon the
spacing between particles, for a lower spacing the first step of demagnetization is
at lower magnetic fields, this is caused by higher interactions between particles
where they start to behave as a single entity or particle, when increasing this
spacing the interactions decreases and the entire system behaves as the
contribution of each isolated particle where each step in the hysteresis curve
corresponds to the magnetization flip of a single nanowire. In order to assess the
effect of particle distribution we introduce between 1 and 3 disk-like particles (20
nm diameter) (see Figure 5.6 b), with one disk the hysteresis curves show the
introduction of a new step at lower magnetic field, now with three disks these
curves show a higher change in magnetization for the first step. This shows that a
non uniform particle distribution decreases the area of the curve but does not
affect the magnetic remanence nor the coercive field.
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Figure 5.6: Microgmanetic simulation of an array of aligned Fe particles with several
heights. (a) Hysteresis loops of a particle array varying interparticle separation from 50 to 10 nm.
(b) Hysteresis loops of a particle array varying the number of disks from 0 to 3, for statistical
analysis. Vector field of the magnetization in the array of particles with interparticle separation of (c)
50, (d) 25 and (e) 10 nm, and increasing the number of disks (f) 0, (g) 1 and (h) 3 disks.

In another case, we studied linear arrays of Fe nanowires with different
average inclinations (73° and 66°). It is clear that the coercive field (from 0.245 to
0.209 T) and the magnetic remanence (from 0.94 to 0.89) decrease when the
nanowires are less aligned (see Figure 5.7 a). We have also performed
micromagnetic simulations for a linear array formed by Fe nanowires with 20 nm
diameter distributed uniformly with spacing between wires of 50 nm. The height
was chosen randomly between 20-40 nm. The external magnetic field was applied
in three different directions (0°, 45° and 90°). We observed that the
demagnetization process is gradual; each step in the hysteresis curve
corresponds with the magnetization flip of nanowires with specific length. The first
steps that appear when the external field is decreased, correspond to the shortest
wires. The small aspect ratio of these wires makes the transition of the single-
domain at low magnetic field as shown in Figure 5.8. In any case, the process of
demagnetization of the system is more difficult when the external magnetic field is
applied parallel to the wire’s axis (0°). The hysteresis curves become smoother
(few steps), easier to demagnetize and the remanence reaches a minimum when
the field is applied perpendicular (90°) (see Figure 5.8). The changes in coercivity
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and magnetic remanence experimentally measured are
(qualitatively) with our micromagnetic simulations.
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Figure 5.7: Micromagnetic simulations of a linear array of Fe nanowires with same dimensions
although with different average inclinations. (a) Hysteresis loops for linear arrays with an average
inclination of 73 and 66°. Vector field of the magnetization of a linear array with an average

inclination of (b) 73 and (c) 66°.
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Figure 5.8: Microgmanetic simulation made with OOMMF of an array of aligned Fe particles with
several heights. (a) Hysteresis curves of the external magnetic field applied at 0, 45 and 90 °
respect the nantube axis. Vector field of the magnetization in the Fe particle array with the external
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5.3.2 Experimental

5.3.2.1 Fe@MWNT

Figure 5.9 depicts the scanning electron microscopy images of pure
multiwall carbon nanotubes forests encapsulating ferromagnetic nanowires
synthesized with toluene/ferrocene mixtures (MWNT-TF) at 800 °C and 850 °C
and ferrocene powder (MWNT-F) at 850 °C and 1050 °C. The SEM images show
that all samples exhibit forest like morphologies with multiple packed carbon
nanotubes (see Figure 5.9 a, ¢, e and g). High magnification images are shown in
Figure 5.9 b, d, f and h. From these images, it is able to observe that the sample
synthesized with toluene/ferrocene at 800 and 850 °C contain amorphous carbon
particles on the walls of the nanotubes. When ferrocene powder is pyrolyzed at
850 °C we observed from SEM and TEM the presence of some Fe nanoparticles
on the walls of the MWNTs (see Figure 5.9 f). However, if the temperature is
increased up to 1050 °C, the sample contains several byproducts of non-
cylindrical morphologies (see Figure 5.9 h). In all cases, the diameter of MWNTSs
remains almost constant (50-65 nm). We have also observed that the length of
MWNTs strongly depends on the used precursor and the synthesis temperature.
For ferrocene-toluene mixtures, the carbon nanotubes exhibit lengths of 150 pum,
290 um and 340 um for 750, 800 and 850 °C respectively. When the material is
synthesized only by the ferrocene pyrolysis, the nanotube lengths are 11 and 6 um
for 850 and 1050 °C, respectively.

Table 5.2 shows the length, diameter, and the coercive field of the different
encapsulated nanowires produced in this work. We measured the dimensions of
the Fe nanowires by STEM and found that the pyrolysis of toluene/ferrocene at
750 °C, 800 °C, 850 °C vyield average diameters of 9.2, 16 and 8.8 nm,
respectively (Figure 5.10 a, b, ¢). The average length of the Fe nanowires is 97.3,
49.2 and 49.4 nm for 750 °C, 800 °C and 850 °C, respectively. When ferrocene
powder is used in the nanotube synthesis at 850 °C, the length of the Fe-
nanowires ranges from 100-317 nm, with an average diameter of 19.5 nm. The
MWNT-TF have an average distance between MWNT of 145, 69 and 77 nm for
750 °C, 800 °C and 850 °C, and the MWNT-F 850 °C has an average distance
between MWNT of 78 nm however the samples at 1050 °C do not have data
because they exhibit particle by-products on the walls.
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Figure 5.9: Scanning electron microscopy (SEM) images for ferromagnetic nanowires inside
multiwall carbon nanotubes synthesized with ferrocene and toluene/ferrocene mixture at
temperatures between 800 and 1050 °C. Samples synthesized with toluene/ferrocene synthesized
at (a) and (b) 800 °C, whereas in (c) and (d) at 850 °C. Notice that the sample corresponding to
800 °C exhibits nanotubes with larger lengths and a dense forest. In (e) and (f) the sample was
synthesized only by pyrolysis of ferrocene at 850 °C and (g) and (h) at 1050 °C this last
temperature gives a higher yield of byproducts (not MWNT).

e
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TEM analysis of the Fe nanowires indicates that there is a clear difference
among the particle dimensions within the samples. The pyrolysis of
toluene/ferrocene yielded products having diameters below 16nm, and samples
produced by the ferrocene thermolysis exhibit larger diameters and lengths fairly
longer than those obtained using toluene/ferrocene mixtures (see Figure 5.11 a, ¢
and e). High resolution TEM images show the crystalline structure of these
particles, the interplanar distances for the particles in all samples is 2 A (Figure
5.11 3b, 3d and 3f), and the interlayer distance for MWNTSs was ca. 3.4 A. After
observing several nanowires for all the different samples produced in this study, it
was difficult to determine the general crystal growth direction, because of the
different crystal orientations observed. Several electron diffraction patterns were
obtained for MWNT-TF and MWNT-F at 850 °C (see Figure 5.12 b and d), for
MWNT-TF the planes (220) and (221) of the Fe3;C phase are present and for
MWNT-F a twinning effect in the electron diffraction pattern was observed, thus
suggesting the coexistence of two phases, namely alpha-Fe and Fes;C. The
crystalline planes are coupled as follows: Fe (110) - Fe3C (112), Fe (111) - Fe3C
(031) and Fe (200) - FesC (240).
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Figure 5.10: Diameter distribution of the samples formed by ferromagnetic nanowires inside
carbon nanotubes. Under different synthesis conditions: toluene/ferrocene at (a) 800 and (b) 850
°C and (c) only ferrocene at 850 °C.
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2

Figure 5.11: Transmlssmn electron mlcroscopy (TEM) |mages of Fe nanowires encapsulated in
multiwall carbon nanotubes (MWNT) synthesized with toluene/ferrocene at (a) and (b) 800 and (c)
and (d) 850 °C whereas in (e-g) only ferrocene was used as precursors in the chemical vapor
deposition (CVD). (a,c,f) Are high magnification images showing crystal order. (e) Is a TEM image
showing a long nanoparticle synthesized only with ferrocene at 850 °C. The right column shows
(b,d,g) a close up of the crystal lattice indicating interplanar distances.
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X-ray powder diffraction analysis demonstrated that the ferromagnetic
nanowires encapsulated in MWNT-TF contain mainly Fe3C (Figure 5.13). Our
XRD analysis also reveals the presence of the typical graphitic reflections (002),
which is associated to the nested carbon nanotubes. For MWNT-TF, we observed
intensities attributed to the planes (021), (004), and (313) of cementite (FesC).
Even though, we identify a peak of a-Fe (attributed to the plane (110)) (see Figure
5.13), the other intensities relating to the planes (200) and (211) are almost
negligible. In order to understand the role of toluene solution in the synthesis, we
have performed the pyrolysis using only ferrocene at 850 and 1050 °C. In contrast
with the case of toluene/ferrocene, here we found two different phases of the
ferromagnetic nanowires: a-Fe and Fe3C as shown in the XRD pattern (see Figure
5.13). Note that the a-Fe and Fe3C phases coexist; the intensities of the different
planes are well associated to these two phases. Note that for the pyrolysis
temperature of 1050 °C, the peaks corresponding to cementite are more intense.
The presence of a-Fe and Fe3zC nanowires inside MWNTs has already been
observed previously by other groups by pryolyzing ferrocene in an inert
atmosphere [17; 37; 38]. Our XRD, SEM and TEM analysis show that the MWNTs
encapsulate Fe3zC nanowires in MWNT-TF. On the other hand, there is a
coexistence of a-Fe and Fe;C for MWNT-F. We are proposing that for this last
case, the Fe nanowires have a Fe3C shell as described in Figure 5.14 in a similar
manner as observed by A.P. Shpak et al [39]. The Fe;C nanowires may be grown
by the excess of carbon (toluene and ferrocene) during the synthesis; on the other
hand with lower carbon content by pyrolizing only ferrocene there is a production
of Fe nanowires with a Fe3C shell.

The TGA analysis revealed that the MWNTs-TF samples synthesized at
750 °C, 800 °C and 850 °C contain byproducts that could not be oxidized,
considering that at the termination of the TGA they are in the form of Fe,O3; we
estimate an Fe content of 5.74, 1.71 and 3.81 % (Figure 5.15) in the samples.
Therefore, we propose that the sample corresponding to 750 °C, which results in
the formation of more Fe3C nanowires, causes the inhibition of nanotube growth
(Figure 5.14 a). The different contents of Fe3C could therefore result in significant
variations of the magnetic saturation; for samples with higher iron content, the
magnetic saturation tends to display a larger value.
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Figure 5.14: Structure modeling of ferromagnetic nanowires. The images in (a) and (b) represent a
single crystal iron carbide (FesC) nanowires whereas in (c) and (d) the images represent an a-Fe
nanowires coated by FesC. It is important to remark that we have used ferrocene and toluene in
our pyrolysis process. The structure depicts in (a) and (b) is favored for high for a mixture of
toluene/ferrocene (see Figure 5.13). The structure shown in (c) and (d) is favored for a synthesis of
only ferrocene (see Figure 5.13).
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Interesting results on the magnetic properties were obtained when these
samples were exposed to an external magnetic field (see Table 5.2). The
hysteresis loops were obtained for the samples exhibiting the forest-like
morphology, see Figure 5.16. Here, the external magnetic field was applied at
different angles with respect to the nanotube’s axis 0, 45 and 90 degrees. The
hysteresis loops at 2 K indicate that when the field is applied parallel to the
nanotube’s axis (0 degrees), MWNT-TF 750 °C sample presents a value of 0.22 T
for H. and MWNT-TF 800 °C exhibit He 0.19 T, whereas at MWNTSs-TF 850 °C H.
= 0.21 T. For MWNT-F, the H values obtained were 0.18 and 0.11 T for 850 °C
and 1050 °C, respectively. These values of coercivity are in the same range as
other reports of Fe encapsulated in multiwall carbon nanotubes (H. =0.13-0.23 T)
[17; 18; 40]. These magnetic measurements suggest that the diameter and length
of ferromagnetic nanowires, produced using toluene are important to determine
the mechanisms of magnetization reversal mode in these nanowires. We observed
that for MWNTSs-TF, the highest coercivity corresponds to the particles with a
thinner diameter (c.a. 9 nm); notice that MWNTSs synthesized at 750 °C and 850 °C
have similar diameters and coercivities despite having a considerable difference in
length (see Table 5.2). Now, for MWNTSs-F, the length of the nanowires was above
100 nm, and diameters ranged between 16 and 20 nm, however this greater
aspect ratio does not provide a higher coercivity when compared to the previous
case. These results suggest that the diameter of magnetic particles has a greater
impact on the coercivity than the length of these. Other Fe nanowires have shown
a tendency to exhibit higher coercivities for narrower diameters, although these
samples were prepared using porous alumina having nanowire lengths of a few
micrometers [15; 23; 41]. We also observed that when the sample presents
impurities (MWNT-F 1050 °C), such as magnetic particles located outside the
MWNTSs, these impurities heavily reduce the magnetic properties of the entire
sample. Furthermore, the normalized remanence (M,/Ms at 2 K) exhibits values of
0.46 for MWNTs-TF, and 0.48 and 0.29 for MWNTs-F at 850 °C and 1050 °C
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respectively (see Figure 5.17 b), these values that approach 0.5 are in accordance
with the expected value for an isotropic orientation of an array of particles [42].
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Figure 5.16: Hysteresis curves for Fe encapsulated in MWNT synthesized with toluene/ferrocene
at (a) 800 and (b) 850 °C and only ferrocene at (c) 850 and (d) 1050 °C. Measurements with
applied field at 0, 45 at 90 6 to the MWNT's axis at 2 K. Notice that in (b) the values of the coercive
field (0.21 T) are larger than in the other samples studied.
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Table 5.2. Fe nanoparticle average dimensions and magnetic properties for samples synthesized
with and without toluene at different temperatures. All values shown here were measured at 2 K.

Synthesis MWNT
temperature separation Diameter Length

C) (nm) (nm) (nm) H, (T) M./Ms
Tol/FeCp, 750 145 9.2 97.3 0.22 0.46
800 69 15.6 49.2 0.19 0.46
850 77 8.8 49.4 0.21 0.46
FeCp, 850 78 19.5 317 0.18 0.47
1050 - 16.6 154 0.11 0.29

In addition, we have performed several measurements varying the direction
of the external magnetic field from O degree (parallel to the nanotube’s axis) to 90
degree (perpendicular to the nanotube’s axis). The coercive field and remanence
exhibit a minimum value at 90 degree since it is difficult to magnetize
perpendicularly large aspect ratio nanowires (observed for sample MWNT-F 850,
see Figure 5.16 d). The low variations among the coercivity and remanence when
changing the external magnetic field angle could be caused by the spacing
between nanotubes (c.a. 70 nm). However this phenomenon has been observed
for larger magnetic wires with micrometer length and more than a 100 nm in
diameter, with a greater spacing among them (c.a. 800 nm). In figure 8 we show
the variation of the coercivity and the squareness upon temperature (3 — 300 K),
sample MWNT-TF 750 °C exhibits a linear variation from 0.22 T — 0.07 T, similar
linear behavior has been observed for other Fe-CNT reports [4; 5; 40], according
to these authors this variation may be due to the temperature dependent intrinsic
domain-wall pinning [37], however in our case we are studying monodomains due
to the size of the nanowires approaches the critical radius of 15 nm for Fe when a
magnetic particle behaves as a single domain [43].

156



5. Magnetism of Fe and FeCo Encapsulated in Alligned Carbon Nanotube Arrays

(a) 224 (b) 50
—8&—Toluene/FeCp, - 800 ) - —.— TolueneFFesz - 800
1 —A— Toluene/FeCp, - 850 0.454 *‘“"‘--,___-. —A~— Toluene/FeCp, - 850
0.20+ “\ —8—FeCp, - 850 s -l‘»“;‘______H___ —e—FeCp, - 850
| h —&—FeCp, - 100 0.404 —&—FeCp, - 1050
0.16+ \:\ 9
X 0.35-
»
= 0.12 .\ z ‘ :
% - = 0.304 L ]
[&] [
I 1 h"\ \ E 1 ‘\.
1 0.204 \
®.
0.04 T, ]
. . . . . . 0.154 . . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature [K] Temperature [K]

Figure 5.17: Coercive fields (H.) in (2) and normalized remanence magnetization (M,/Mg) in (b) as
a function of the temperature for all samples toluene/ferrocene synthesized at 800, 850 °C and
ferrocene pyrolysis at 850, 1050 °C.

From the experimental characterization presented above, we could
conclude the following: 1) the samples produced using a solution of
toluene/ferrocene (TF) are cleaner (less formation of non-nanotube byproducts)
than the samples produced via pyrolysis of pure ferrocene (F); 2) the MWNT-TF
nanowires tend to be an order of magnitude shorter and have a lower average
diameter when compared to the MWTN-F samples; 3) MWNT-TF encapsulated
nanowires are mostly in the form of Fe3C, whereas MWNT-F containing mainly Fe
nanowires appear to be covered with a thin layer of FesC (core shell type); 4) We
have also observed that in both cases, the nanowires are generally randomly
oriented, thus excluding the effect of crystal orientation upon the magnetic
properties, this random orientation is responsible for M,/Ms to approach 0.5; 5) the
slight change in coercive values agrees with the diameter variation between
samples, despite the huge length difference of the nanoparticle; 6) The purity of
the sample is another crucial factor, for MWNT-F nanowires produced at 1050 °C
there are more side products, which are responsible of decreasing the coercive
field and the magnetic remanence.
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Figure 5.18 Scanning electron microscopy (SEM) images for ferromagnetic nanowires (Fe) inside
multiwall carbon nanotubes doped with nitrogen (CN,) synthesized at temperatures between 750
and 850 °C. Samples synthesized at (a) and (b) 750 °C, in (c) and (d) at 800 °C, in (e) and (f) at
850 °C. Notice that the sample corresponding to 800 °C exhibits nanotubes with larger lengths and
a dense forest.
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The SEM images show that the CNy forest-morphology present a shorter
length when synthesized at 750 °C (11 pm) (Figure 5.18 a, b) however the
diameter and separation between nanotubes are similar for 750 and 800 °C (c. a.
24 nm) (Figure 5.18 b, d). When synthesized at 750 °C the Fe nanowires are more
sphere-like and are closer between each other (Figure 5.19 a and b). We also
notice that the nanowires are conical at the tips and they are sphere like along the
carbon nanotubes (Figure 5.19 e). We measured the nanopatrticle diameter in the
samples observing that by increasing the synthesis temperature the nanoparticle
diameter distribution widens and slightly shifts to larger diameters, 8.7, 7.6 and
12.3 nm for 750 °C, 800 °C and 850 °C respectively (Figure 5.20).
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Figure 5.19: Scanning transmission electron microscopy images of the Fe nanopartices
encapsulated in (a,b) CN,-700, (c,d) CN,-800, (e,f) CN,-850.
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Figure 5.20: Diameter distribution of Fe nanowires encapsulated in carbon nanotubes doped with
nitrogen synthesized at (a) 750, (b) 800, (c) 850 °C.
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Figure 5.21: (a) XRD pattern where (#) is the (002) plane of graphite and (*) is the (220) plane of
FesC. (b) Thermogravimetric analysis of CN, synthesized with between 750 and 850 °C.

When analyzing the XRD pattern the crystallinity of Fe;C is not clear, we
only observe the (220) plane and along with this the (002) plane of graphite is
evident (Figure 5.21 a). From the TGA analysis we estimate that the nitrogen
doped CNTs have an Fe content of 6.37, 3.11 and 3.85 % by wt. for CN,-750,
CNx-800 and CNy-850, respectively, and the decomposition temperature for all the
samples is between 350 and 400 °C (Figure 5.21 b). Surprisingly CN,-750 has the
shortest forest morphology (11 um) regarding its high content of iron, and vice
versa the lowest iron content CN-800 has the tallest forest morphology (188 um).

The forest synthesized at 750 °C presents a higher coercivity (0.22 T at 2K)
and squareness (M,/Mg) (0.43 at 2K) at all the temperatures measured (Figure
5.22), however this sample does not have the lowest nanowire diameter which
does not agree with the finding for Fe-MWNT, previously described. The table 5.3
has the nanowire dimensions and magnetic properties for comparison. We also
notice that the squareness of all samples do not present a linear behavior for
M/Ms vs. T, here there is a maximum at 50 K (Figure 5.22 c). Perhaps a) the
shape and short length of these nanowires give rise to a different magnetization
process; b) a mixture of conical and sphere like nanowires need to be taken in
account in order to explain the findings.
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Figure 5.22: (a) Hysteresis curves for Fe;C encapsulated in CN, synthesized at 750, 800 and 850
°C, measured at 2 K. Coercive fields (Hc) in (b) and normalized remanence magnetization (M,/Ms)
in (c) as a function of the temperature for all samples synthesized at 750, 800 and 850 °C.
Measurements were made with powder sample.

Table 5.3: Fe nanowires encapsulated in CN,; average dimensions and magnetic properties. All
values shown here were measured at 2 K.

Temp (°C)  Diameter (nm)  Length (nm)  H. (T) M,/Mg

750 8.7 11.9 0.22 0.43
800 7.6 24.2 0.16 0.39
850 12.3 47.5 0.20 0.42

5323 Fe@CO,

By observing the SEM images we found that for the short COy forests the
CNTs are taller at 1.0% by wt. of ethanol (43 um) (Figure 5.23 a-b). Now, for the
long COy the forest morphology is taller for 2.5% by wt. of FeCp, with 1.0% by wt.
of ethanol (2500 um). We performed a statistical analysis for the encapsulated
magnetic nanowires and we observe that they tend to be longer and wider at 1.0%
by wt. of alcohol for the short and long CO4 (Figure 5.24 a-b). The diameter
distribution shows that both solutions used give similar nanoparticle dimensions c.
a. 13 nm diameter and 54.5 nm long for the long CO4 and c. a. 10.5 nm diameter
and 24 nm long for short COy (Figure 5.25). In general for the CO, we observe that
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the encapsulated nanowires in short CO, have lower diameter and length
compared with the long COsx.

- -1 sooyumdill W | 500 i
Figure 5.23: Scanning electron microscopy (SEM) images for ferromagnetic nanowires (Fe) inside
multiwall carbon nanotubes functionalized with oxygen groups (CO,) synthesized during 15
minutes and 3 hours. Samples synthesized during 15 minutes with (a, b) 1.0% by wt. ethanol and
in (c, d) with 2.5% by wt. ethanol. Lower images were synthesized during 3 hours with in (e, f)
FeCp, 2.5% and Ethanol 1.0 % by wt., and in (g, h) FeCp, 5.0% and Ethanol 2.5 % by wt.
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Figure 5.24: Scanning transmission electron microscopy images of the Fe nanopartices
encapsulated in CO, synthesized during 15 minutes and 3 hours. Samples synthesized during 15
minutes with (a, b) 1.0% by wt. ethanol and in (c, d) with 2.5% by wt. ethanol. Lower images were
synthesized during 3 hours with (e, f) FeCp, 2.5% and Ethanol 1.0 % by wt., and in (g, h) with
FeCp, 5.0% and Ethanol 2.5 % by wt.
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Figure 5.25: Diameter distribution of the CO, synthesized during 15 minutes and 3 hours. Under

different synthesis conditions: during 15 minutes with (a) 1.0% and (b) 2.5% by wt. of Ethanol and

during 3 hours with (c) FeCp, 2.5% and Ethanol 1.0 % by wt., and in (d) FeCp, 5.0% and Ethanol

2.5 % by wt.
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Figure 5.26: (a) X-ray powder diffraction patterns and (b) thermogravimetric analysis of
ferromagnetic nanowires inside CO, synthesized during 15 minutes (Sh) with 1.0% and 2.5% by wit.
of ethanol and 3 hours (L) with FeCp, 2.5% and ethanol 1.0 % by wt. and FeCp, 5.0% and ethanol
2.5 % by wt.
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From the XRD patterns we find that the short (F25E**Sh) and the long
(F25E**L) CO samples have the characteristic (002) plane for carbon nanotubes
and there is a presence of Fe3C patrticles (Figure 5.26 a), this is more clear for the
long COy with 2.5% by wt. of FeCp, (F25E10L). For the long CO, F25E10L there
is a characteristic peak for FesC which is the plane (133) around 78 26. TGA
results tell us that the short CO have an iron content of 5.14 and 6.98 % by wt. for
ethanol at 1.0 and 2.5 % by wt. respectively, due to the height of the F25E25Sh
forest we can think that they have a greater filling factor of Fe (Fe %/forest height)
inside the carbon nanotubes. On the other hand, the long CO, have 7.12 and
14.32 % by wt. of Fe inside F25E10 and F50E25 (Figure 5.26 b), respectively, this
tendency is in accordance with the amount of ferrocene used, where a higher
amount of ferrocene gives a greater content of Fe in the CNT sample. Surprisingly
the long F25E10L has a greater content of Fe than the short F25E10Sh, this may
be explained by a higher content of byproducts in the long COy, here we observed
in SEM that the section of the nanotube on the top side of the forest has a greater
amount of byproducts anchored on the wall of the CNTSs.

The magnetic properties of powder samples of CO, were measured, here
they have a slightly larger coercivity, magnetic saturation and more square like
(M//Ms) hysteresis curve at ethanol 1.0% by wt. (Figure 5.27 a, c and d) (H. = 0.25
and M,/Ms = .51), here the nanoparticle aspect ratio (length/diameter) 2.11 is
slightly higher than with 2.5% by wt. of ethanol 2.08, explaining a slighter
enhancement of the magnetic properties. The long COy coercivities do not change
significantly between synthesis conditions (Figure 5.27 b) since the Fe nanowire
dimensions are similar, however they present high values of coercivity c. a. 0.26 T,
this might be explained by the combination of the low diameter and high content of
nanowires. We also observe that the magnetic saturation is larger for the
concentration FeCp, 5.0% by wt. where this a greater content of Fe in the sample
as observed by TGA. The dimensions and magnetic properties of the studied
samples are presented in the table 5.4.
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Figure 5.27: (a) Hysteresis curves for Fe;C encapsulated in (a) short 1.0 and 2.5 % by wt. of
ethanol, E10 and E25 respectively measured at 2 K, and (b) long CO, (2.5 and 5.0 5 by wt. of
ferrocene) measured at 5 K. Coercive fields (H) in (c) and normalized remanence magnetization
(M/Mg) in (d) as a function of the temperature for short CO,. Measurements were made with
powder sample.

Table 5.4: Fe nanowires encapsulated in CO,; average dimensions and magnetic properties. All
values shown here were measured at 2 K.

Temp (°C)  Diameter (nm)  Length (nm)  H. (T) M,/Mg
Short E10 11.9 29.1 0.25 0.51
E25 8.9 18.6 0.23 0.48
Long F25 14.4 68 0.26 0.47
F50 12.5 53.8 0.26 0.46
5.3.2.4 FeCo@MWNT

The SEM images of the MWNT forest morphology with FeCo nanowires
show that when synthesized at 750 °C the CNTSs are shorter (77 um) and they are
less aligned (Figure 5.28 a,b), all of these forests do not show any impurity layer
on the surface of the CNTs, showing that all the magnetic material is encapsulated
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inside the CNTs. The STEM images show that the particles are elongated (Figure
5.29) with different size distribution depending upon the synthesis temperature,
our statistical analysis shows that for 800 °C the distribution is narrower and
located at a smaller size (8.89 nm) (Figure 5.30 a).

MWNT - 750

" 4i f

Figure 5.28: Scanning electron microscopy (SEM) images for ferromagnetic (FeCo) nanowires
encapsulated inside multiwall carbon nanotubes, synthesized at (a) and (b) 750 and (c) and (d)
850 °C .

168



5. Magnetism of Fe and FeCo Encapsulated in Alligned Carbon Nanotube Arrays

) MWNT-750

100 nm

100 nm

Figure 5.29: Scanning transmission electron microscopy images of the FeCo nanopartices

encapsulated in MWNT synthesized at (a,b) 750 and (c,d) 800 °C.
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Figure 5.30: Diameter distribution of FeCo nanowires encapsulated in MWNT'’s. Under different
synthesis temperatures: (a) 750 and (b) 800 °C. Notice that at 800 °C the diameter distribution is

wider.
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Figure 5.31: (a) X-ray powder diffraction patterns and (b) thermogravimetric analysis of
ferromagnetic nanowires (FeCo) inside multiwall carbon nanotubes synthesized at 750 and 800 °C.

The XRD patterns of these samples show the characteristic (002) plane of
carbon nanotubes along with two characteristic planes (102) and (031) for FesC,
however around 45 26 the peak could also be associated to the plane (110) of
FeCo (Figure 5.31 a). The plane (102) for Fe3C is more intense for MWNT-800.
The XRD shows the possibility of a mixture of Fe and FeCo nanowires in the
samples. The TGA results clearly show that MWNT-750 suffers decomposition at
a lower temperature than MWNT-800 and it has a higher content of metal inside
the entire sample (Figure 5.31 b).

The magnetometry measurements give smooth hysteresis curves where
MWNT-800 has a higher magnetic moment (Figure 5.32), perhaps due to a higher
content of Fe3C according to the XRD pattern (Figure 5.31 a) with more elongated
nanowires (Table 5.5), although both samples present similar coercivities (0.12 T)
and a slight difference in the squareness (M/Ms between 0.41 and 0.44), the
measured values of the coercivity (0.12 T) are similar than those reported by A. L.
Elias et al. [8], at room temperature it is larger (H. = 0.09 T) than bulk FeCo (H. =
0.07 T).
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Figure 5.32: (a) Hysteresis curves for FeCo encapsulated in MWNT synthesized at 750 and 800
°C, measured at 2 K. Coercive fields (H.) in (b) and normalized remanence magnetization (M,/Ms)
in (c) as a function of the temperature for all samples synthesized at 750 and 800 °C.
Measurements were made with powder sample.

Table 5.5: FeCo nanowires encapsulated in MWNT; average dimensions and magnetic properties.
All values shown here were measured at 2 K.
Temp (°C)  Diameter (nm) Length (nm)  H (T) M/Mg
750 9.8 72.1 0.12 0.44
800 8.9 106.0 0.12 0.41
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5.3.2.5 FeCo-CN,

CNx - 800

inside multiwall carbon nanotubes doped with nitrogen synthesized at (a) and (b) 750 and (c) and
(d) 850 °C.

We observe from the SEM images that the CN, forests have similar heights
(c. a. 24 um), although CN,-750 is slightly taller (Figure 5.33), however this forest
gualitatively shows a higher spacing between carbon nanotubes. The STEM
images (Figure 5.34) along with the statistical analysis show that the nanowires
have similar diameter (7.145 nm) and length (24.2 nm), (see Figure 5.35).
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Figure 5.34: Scanning transmission electron microscopy images of the FeCo nanopartices
encapsulated in CN, synthesized at (a,b) 750 and (c,d) 800 °C.
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Figure 5.35: Diameter distribution of FeCo nanowires encapsulated in MWNT’s under different
synthesis temperatures: (a) 750 and (b) 800 °C.
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Figure 5.36: (a) X-ray powder diffraction patterns and (b) thermogravimetric analysis of
ferromagnetic nanowires (FeCo) inside multiwall carbon nanotubes doped with nitrogen
synthesized at 750 and 800 °C.

The XRD analysis shows the presence of a metallic material with a peak
around 44 26 that may be attributed to Fe3C or FeCo, and it has the characteristic
(002) plane for carbon nanotubes (Figure 5.36 a). From the TGA we observe that
CN,-800 has lower decomposition temperature and it has a higher content of
metal inside the CNTs (Figure 5.36 b).

The magnetic properties measured by VSM show smooth hysteresis curves
for both samples (Figure 5.37 a), were the samples synthesized at 800 °C have a
greater magnetic moment, which may be explained by a higher content of
ferromagnetic material. The coercivity is similar for both samples (0.095 T) (Table
5.6 and Figure 5.37 b), regarding the squareness there is a non linear behavior
having a maximum at 50 K (Figure 5.37 c). The similarity of the magnetic
properties is due to the similar nanoparticle dimensions.
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Figure 5.37: (a) Hysteresis curves for FeCo encapsulated in CN, synthesized at 750 and 800 °C,
measured at 2 K. Coercive fields (H;) in (b) and normalized remanence magnetization (M,/Mg) in
(c) as a function of the temperature for all samples synthesized at 750 and 800 °C. Measurements
were made with powder sample.

Table 5.6: FeCo nanowires encapsulated in CN,; average dimensions and magnetic properties.
All values shown here were measured at 2 K.
Temp (°C)  Diameter (hm)  Length (nm)  H.(T)  MJ/M;
750 7.1 24.2 0.10 0.37
800 7.1 24.2 0.09 0.37

5.4 Conclusions

We have synthesized MWNT, CNy and COy encapsulating ferromagnetic
nanowires (Fe and FeCo) using chemical vapor deposition. In the case of Fe-
MWNT, the chemical composition of ferromagnetic nanowires was controlled by
monitoring the toluene in the pyrolysis process. We have obtained that when only
ferrocene is used in the CVD method, the nanowires exhibit a coexistence of the
o-Fe and Fe3;C phase and when toluene and ferrocene are used the ferromagnetic
nanowires present the FesC crystal structure. The measurements of magnetic
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properties revealed large coercivities at low temperature, even larger than the
corresponding to the bulk of the iron. These coercivities strongly depend on the Fe
particles diameter, and are not affected by the length of the particles as shown by
micromagnetic simulations and experimental magnetometry measurements. We
also observed that at low synthesis temperature, the purity of the carbon nanotube
is low (there is a lower coercive field and magnetic remanence).

Regarding the Fe-CNy the nanowires also present a Fe3C structure, here
the measured magnetic properties show similar coercivity values as Fe-MWNT,
which might be caused by the similarity in the diameter of the nanoparticle,
however the length is significantly shorter for Fe-CNx.

The Fe-COy, samples present the highest coercivity among all the studied
samples, specially the long CO,, however the nanowires do not have the smallest
diameter although these samples have the highest content of iron.

For the synthesis of FeCo-MWNT and FeCo-CNy there is a possible mixture
of Fe3C and FeCo nanowires. We found that the magnetic properties of FeCo-
MWNT are lower than Fe-MWNT, this same comparison happens for Fe-CNy and
FeCo-CNy. However, for bulk Fe and FeCo, the alloy has a higher coercive field.
When comparing the FeCo-MWNT and FeCo-CNy they present similar magnetic
properties, given that the diameters of the nanowires are alike, however their
lengths are not.

The experimental results may present lower values than our simulations
due to dipole interactions occurring between large aspect ratio magnetic particles,
miss alignment of carbon nanotubes (i. e. tilted or curved CNTSs). Although the
importance of the nanoparticle dimensions is predominant in experimental and
simulation results, in both cases when having lower diameter nanowires the
coercive field increased. Therefore, the length of the particles may have a
significant effect, although our results indicate it has a small value almost
negligible upon the magnetic properties of magnetic nanowires. However, in the
case of very elongated nanowires in COy (length > 50 nm), there are high
coercivities. Other factors such as aspect ratio, magnetic material content,
chemical composition of the magnetic nanowires and degree of alignment of the
carbon nanotubes may also influence the magnetic properties.
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These findings suggest that in order to produce a magnetic recording
device short and well aligned carbon nanotubes with thin nanowires (i. e. 5 nm
diameter and 25 nm long) would be a good candidate for these applications.
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6. Conclusions and Perspectives

6.1 Contributions

One of the objectives of nanoscience and nanotechnology is the use of
nanostructures as building blocks in order to create new materials. For this
purpose, self-assembly is widely used by many researchers giving new materials
with interesting properties. In this work we have studied two nanosystems: carbon
inverse opal and carbon nanotube forests.

6.1.1 Carbon inverse opal

Carbon inverse opal (CIO) is of interest due to its high surface area and the
ordering of the pores allows it to behave as a photonic crystal (see chapter 2 and
3). First, we synthesized and characterized carbon inverse opal via chemical vapor
deposition (CVD) and solution based infiltration. All samples produced by CVD
gave thin layers of carbon on the surface of the silica nanoparticles, these layers
were thin enough in order to preserve certain optical transmission of the entire
sample when immersed in chloroform. When the solution based infiltration was
used we observed different levels of infiltration giving thin layers of carbon or a
completely filled opal. Next, we doped the carbon inverse opal with different
contents of nitrogen, here the pyrazine concentration was varied for synthesis in
order to obtain different nitrogen concentrations in our carbon material. When
using a higher content of pyrazine there was an increase of the carbon structural
ordering reflected in the Ip/lg for 10 and 100 nm pore size, however with 300 nm
pore size there was a decrease of ordering; also the (002) interplanar distance
decreases. Further on, the thermal decomposition temperature slightly increases
when introducing pyrazine in the synthesis.

This doping was used for carbon inverse opal with pore sizes of 10, 100
and 300 nm. Regarding the materials with 300 nm, the fcc ordering of the pores
allows is it to present a photonic band gap, at the same time the nitrogen doping of
this material altered the photonic band gap blue-shifting it to certain maximum
value (see chapter 3).

Further on, in order to have a better understanding of the effect of nitrogen
doping we studied the physical properties of CIO doped with different contents of
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nitrogen; here we studied resistivity, magnetoresistance, magnetization and we
made preliminary measurements of field emission, along with this vapor sensing
and photoconductivity tests were realized.

Our resistivity measurements show that the introduction of nitrogen in the
CIO decreases its resistance from 0.30 to 0.02 Q@ cm, however afterwards it
increases up to 0.69 Q cm, possibly due to a higher degree of structural disorder.
It was clear that around 150 K, there is a change in the conduction mechanism of
all studied samples (chapter 4). For temperatures below 150 K all the nitrogen
doped samples exhibit variable range hopping (VRH) in 1-D, 2-D or 3-D, however
the undoped carbon material did not exhibit any characteristic VRH this may be
attributed to a higher structural disorder.

The magnetoresistance (MR) measurements also show a transition of the
properties of the undoped and nitrogen doped carbon inverse opal, although
around 50 K. At temperatures below 50 K all samples exhibit a positive MR, were
the nitrogen doped samples exhibit higher values. This positive MR may be
caused by electron-electron interactions, along with this we propose two
mechanisms: 1) localization of electron at or around the nitrogen atoms that
become more fixed at higher magnetic fields, 2) the electrons may also be trapped
in ring currents around the periphery of the pores [1] thus increasing the resistivity
at higher magnetic fields. For temperatures above 50 K we observed a less
symmetric and negative MR, here the MR values of the nitrogen doped and doped
materials are similar, the negative MR was attributed to weak localization.

When measuring the magnetic properties of ClO, we observed a transition
in its properties around 100 K, below this temperature all nitrogen doped and
undoped samples exhibit a paramagnetic response and above mentioned
temperature there is a gradual transition towards a diamagnetic behavior. The
paramagnetic behavior at low temperature was attributed to the formation of ring
currents and localization of electrons at higher order carbon rings (these rings
induce curvature in the structure). The pore size heavily defines the magnetic
transition (paramagnetic/diamagnetic) temperature, with a smaller pore size this
temperature is higher, and along with this the magnetization is higher. The
introduction of nitrogen in the system gave lower magnetization values, possibly
due to a higher content of electrons in the system allowing a higher interaction
between the magnetic moments. We found that the magnetic transition
temperature is more sensitive to the pore size than the introduction of nitrogen in
the system.
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The physical properties (resistance and magnetic) of the studied carbon
inverse opal change around 50 K. When held at low temperatures (below 50 K),
we believe that the material tends to localize electrons near the curvature sites
thus increasing resistivity and magnetization. We observed that the resistivity
increases with the introduction of nitrogen, however the magnetization of the
material decreases. We conclude that the degree of order in the structure
significantly determines the electrical and magnetic properties of mesoporous
carbon materials.

Vapor gas sensing experiments reveal that nitrogen doped carbon inverse
opals have a greater response compared with the undoped counterparts, this was
more pronounced in the case of chloroform. Surprisingly, some tests with highest
content of nitrogen exhibited an opposite response, for example a decrease in
resistivity was observed instead of an increase (as shown for the other samples). It
was clear that the carbon inverse opal with 300 nm pore size exhibited a greater
response than the 100 nm pore size materials. On the other hand, the
photoconductivity measurements reveal that the porous carbons with 100 nm pore
size exhibit a higher decrease in its resistivity when exposed to a flash of light,
compared with the 300 nm pore size samples.

6.1.2 Encapsulated magnetic nanowires inside carbon nanotubes

We have studied the magnetic properties of MWNT, CNy and COy
encapsulating ferromagnetic nanoparticles (Fe and FeCo). Overall, our simulations
and experimental studies reveal that the dimensions of the nanowires is important
in order to determine the magnetic properties, specifically we found that with lower
diameter the coercivity is increased, despite the length of the nanowires. We also
observed that the misalignment of the carbon nanotubes (i. e. tilted or curved
CNTSs), dipole interaction between the magnetic nanowires, magnetic material
content, chemical composition of the nanowires may influence the magnetic
properties.

Particularly, in the case of Fe-MWNT we observed that the thermolysis with
only ferrocene may favor the coexistence of a-Fe and Fe3C, where possibly the
FesC is a thin layer surrounding the a-Fe, however when toluene and ferrocene
are used in the CVD method the nanowires exhibit an FesC phase. The
experimental magnetic measurements reveal the coercivities strongly depend on
the Fe nanowire’s diameter, and do not exhibit strong length dependency.
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For the Fe-CNy system the magnetic properties exhibit coercive field values
similar as the Fe-MWNT, this can be due to the similarity of the nanowire
diameter, however the length of the nanowires are shorter. When analyzing Fe-
COy, these present the highest coercivities among all the studied sample, this can
be due to the greater content of iron in the sample, however the nanowires do not
exhibit the lowest diameter.

The FeCo nanowires encapsulated in MWNT and CNy exhibit a mixture
between Fe3;C and FeCo nanowires. The obtained magnetic properties for FeCo-
CNT are lower than Fe-CNT, this is for both cases of MWNT and CNy, this is
surprising since in the bulk FeCo has a greater coercivity than Fe. Due to the
similarity between the dimensions of the nanowires in FeCo-MWNT and FeCo-
CNy, the observed magnetic properties are alike.

6.2 Future work

6.2.1 Carbon inverse opal

Preliminary experiments of carbon shells shown in chapter 2 are of interest and
they may be studied due to following possibilities:

1) Synthesis of boron doped carbon inverse opal may also be of interest
because it may introduce a p-type doping, thus modifying its structural and
therefore electrical properties [2; 3].

2) A higher surface area, since the interstitial spaces between the initial silica
particles are not filled, and it resembles a bicontinuos surface in which one
region can be filled with material A and the other region with a material B,
where both materials will never be in contact. These shells may also be
doped with nitrogen, boron or other elements in order to provide interesting
properties.

3) The possibility of encapsulating other nanostructures inside of these shells
may be of interest. For example, metallic or semiconductor nanoparticles
may be anchored on the carbon walls in order to be applied in energy
storage or solar cells.

If larger pores are used, then these materials may be used as a 3D bio-

scaffold, this may be enhanced by nitrogen doping along with the anchoring of
specific biomolecules that enhance cell growth.
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In order to have a better understanding of the studied material theoretical
studies may be pursued in order to elucidate the origin of the changes in the
optical properties due to doping of carbon. In a similar manner the magnetic
properties may also be studied, however in order to have a better understanding,
closer to experimental characterization, the studied system may present co-defect,
meaning that it may be doped (for example with nitrogen) and at the same time the
introduction of carbon rings different than six member, the latter may be a Stone—
Wales transformation or the introduction of curvature. The study of ring currents in
porous carbon may be of interest in order to understand better how to obtain a
more paramagnetic or even ferromagnetic carbon material, this could be seen in
the concept of pore size, to elucidate at what pore size will there be a more
ferromagnetic or paramagnetic behavior.

Sensors are of great interest in order to detect the presence of toxic or
explosive molecules that may be present in a determined environment; therefore
the use of materials with high surface area may give a better response. Therefore
further experimental and theoretical studies of mesoporous carbons as sensors
could lead to more reliable sensors, perhaps the introduction of specific molecules
or nanoparticles on the surface of the carbon walls may enhance the sensing
application [4; 5; 6]. The theoretical study of co-defects (doping and carbon rings
different than six member) may also be studied to pursue an enhancement of
reactivity or molecule sensing.

The higher degree of conductivity of the carbon inverse opal may be
exploited as an electrode for photovoltaic devices, the pores may be used as
reservoirs for photosensitive molecules or nanoparticles, thus having a greater
surface area to harvest solar radiation.

6.2.2 Encapsulated magnetic nanowires inside carbon nanotubes

Since there is a better understanding of the magnetic properties of iron
nanoparticles encapsulated in carbon nanotubes, an approximation of a magnetic
recording device based on a pattern of this nanostructured system may be tested.
In average, if we consider each CNT as a bit with 62 nm diameter, each magnetic
nanowire to have 14.6 diameter and the CNT will be separate between each other
with a distance of 83 nm (these numbers were obtained by averaging obtained
results in chapter 5), therefore a density of 39 Th/m? (25 Gb/inch?) can be
obtained, if we consider a compact array of CNT with no separation between them
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we may obtain 170 Th/m? (110 Gb/inch?), however current research with magnetic
granular media can obtain 10 nm grains with 1.5 Pb/m? (~1 Th/inch?) [7; 8.

Interestingly nanostructured FePt and CoPt may present higher coercivities
than nanostructured Fe, obtaining values around 0.9 T - 2 T for FePt [9; 10; 11]
and 0.8 T for CoPt [12]. Therefore, a better study of these alloys encapsulated in
carbon nanotubes is of interest in order to search for a system with the best
magnetic properties for determined applications.

The studied magnetic systems (FE@CNT) are of interest in medicine for
biotargeting, other studies of biocompatibility [13], chemistry [14; 15] and
pharmacology [16] of carbon nanotubes may be joined with Fe@CNT for
applications in drug delivery, magnetic resonance imaging contrast agents among
other applications in medicine [17].

Regarding a simulation point of view, a more detailed study of the optimum
diameter and length of magnetic nanowires with different composition may be
useful in order to have an idea of a goal system for a determined application that
may require ferromagnetic or paramagnetic materials. Along with this, a better
understanding of 3D arrays of magnetic nanowires may be of interest to obtain
more knowledge of the system obtained in the laboratory.

187



6. Conclusions and Perspectives

6.3 References

1. Magnetism in corrugated carbon nanotori: the importance of symmetry, defects, and negative
curvature. J. A. Rodriguez-Manzo, F. Lépez-Urias, M. Terrones, H. Terrones. 2004, Nano Lett.,
Vol. 4, pp. 2179-2183.

2. Boron-doping effects in carbon nanotubes. W. K. Hsu, S. Firth, P. Redlich, M. Terrones, H.
Terrones, Y. Q. Zhu, N. Grobert, A. Schilder, R. J. H. Clark, H. W. Kroto, D. R. M. Walton. 2000, J.
Mater. Chem., Vol. 10, pp. 1425-1429.

3. Electrical transport in pure and boron-doped carbon nanotubes. B. Wei, R. Spolenak, P. Kohler-
Redlich, M. Riihle, E. Arzt. 1999, Appl. Phys. Lett., Vol. 74, pp. 3149-3151.

4. Carbon nanotube gas and vapor sensors. D. R. Kauffman, A. Star. 2008, Angew. Chem. Int. Ed.,
Vol. 47, pp. 6550-6570.

5. Functionalized carbon nanotubes for molecular hydrogen sensors. J. Kong, M. G. Chapline, H.
Dai. 2001, Adv. Mater., Vol. 13, pp. 1384-1386.

6. Understanding the sensor response of metal-decorated carbon nanotubes. D. R. Kauffman, D.
C. Sorescu, D. P. Schofield, B. L. Allen, K. D. Jordan, A. Star. 2010, Nano Lett., Vol. 10, pp. 958-
963.

7. Direct magnetic patterning due to the generation of ferromagnetism by selective ion irradiation
of paramagnetic FeAl alloys. E. Menéndez, M. O. Liedke, J. Fassbender, T. Gemming, A. Weber, L.
J. Heyderman, K. V. Rao, S. C. Deevi, S. Surifiach, M. D. Barg, J. Sort, J. Nogués. 2009, Small, Vol.
5, pp. 229-234.

8. Magnetic recording at 1.5 Pb m-2 using an integrated plasmonic antenna. B. C. Stipe, T. C.
Strand, C. C. Poon, H. Balamane, T. D. Boone, J. A. Katine, J.-L. Li, V. Rawat, H. Nemoto, A.
Hirotsune, O. Hellwig, R. Ruiz, E. Dobisz, D. S. Kercher, N. Robertson, Tho. 2010, Nature
Photonics, Vol. 4, pp. 484-488.

9. Intrinsic and hysteresis properties of FePt nanoparticles. J. A. Christodoulides, M. J. Bonder, Y.
Huang, Y. Zhang, S. Stoyanov, G. C. Hadjipanayis, A. Simopoulos, D. Weller. 2003, Phys. Rev. B,
Vol. 68, p. 054428.

10. Compositionally controlled FePt nanoparticle materials. Shouheng Sun, Eric E. Fullerton,
Dieter Weller, C. B. Murray. 2001, IEEE Trans. Magn, Vol. 37, pp. 1239-1243.

11. Ferromagnetic FePt nanowires: solvothermal reduction synthesis and characterization. Y. Hou,
H. Kondoh, R. Che, M. Takeguchi, T. Ohta. 2006, Small, Vol. 2, pp. 235-238.

188



6. Conclusions and Perspectives

12. High-yield solvothermal formation of magnetic CoPt alloy nanowires. Z. Zhang, D. A. Blom, Z.
Gai, J. R. Thompson, J. Shen, S. Dai. 2003, J. Am. Chem. Soc., Vol. 125, pp. 7528-7529.

13. Viability studies of pure carbon- and nitrogen-doped nanotubes with entamoeba histolytica:
from amoebicidal to biocompatible structures. A. L. Elias, J. C. Carrero-Sanchez, H. Terrones, M.
Endo, J. P. Laclette, M. Terrones. 2007, Small, Vol. 3, pp. 1723-1729.

14. Bioelectrochemistry and enzymatic activity of glucose oxidase immobilized onto the bamboo-
shaped CNx nanotubes. N. Jia, L. Liu, Q. Zhoua, L. Wang, M. Yan, Z. Jiang. 2005, Electrochimica
Acta, Vol. 51, pp. 611-618.

15. Bamboo-like CNx nanotubes for the immobilization of hemoglobin and its bioelectrochemistry.
N. Jia, L. Wang, L. Liu, Q. Zhou, Z. Jiang. 2005, Electrochem. Commun., Vol. 7, pp. 349-354.

16. Functionalized carbon nanotubes in drug design and discovery. M. Prato, K. Kostarelos, A.
Bianco. 2008, Acc. Chem. Res, Vol. 41, pp. 60-68.

17. Applications of magnetic nanoparticles in biomedicine. Q. A. Pankhurst, J. Connolly, S. K.
Jones, J. Dobson. 2006, J. Phys. D: Appl. Phys., Vol. 36, pp. R167-R181.

189



Appendix A Synthesis of Fe Encapsulated in Carbon Nanotubes

Appendix A

Synthesis of Carbon Nanotubes Ensapsulating Fe
Nanowires

Introduction

Among the synthesis methods for carbon nanotubes three of them are
mainly used, which are arc discharge, laser ablation and chemical vapor
deposition. Highly crystalline carbon nanotubes can be produce by arc-discharge
as identified by ljima [1], this method consists of the passage of current (80-100 A)
between two electrodes in an inert atmosphere (helium). During the process the
anode is consumed and in there is a deposit on the cathode, this deposit contains
carbon nanotubes and nested polyhedral graphene particles.

Experimental

The method used in this work to grow carbon nanotubes (CNT) is by
chemical vapor deposition (CVD) by aerosol pyrolysis [7; 8] (see Figure Al). The
experiment consists of a glass container with a solution of a carbon precursor
solvent and an organometallic molecule. First the furnace is heated up to a
determined temperature while a flow of inert gas passes by. Once the temperature
is achieved the solution is sonicated and creates a cloud with the carbon precursor
and the catalyst, an argon flow is used to carry this aerosol through the quartz
tube that is inside a cylindrical furnace. When this aerosol reaches temperatures
above 700 °C it starts to react, during this reaction the organometallic molecule is
broken down and the metal atoms aggregate forming a nanoparticle on the
surface of the quartz tube [8], this growth can be selective since it has been
observed that CNTs only grow on SiO, regions and not on Si [9; 10]. Now the
carbon atoms start to diffuse into the nanoparticle and reach a point of saturation,
in this moment the carbon atoms leave and at the surface of the nanoparticle they
start to create a rolled hexagonal lattice which is the carbon nanotube, in this
method all the carbon nanotubes grow vertically aligned upward from the
substrate. Depending on the diameter of the nanoparticle it can determine the
resulting diameter [11; 12; 13; 14; 15; 16; 17] (see Figure A2) and even the
number of walls. Now during the synthesis the iron nanopatrticles also travel along
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the carbon nanotube growth axis, thus being encapsulated [18; 19; 20]. The
resulting material consists of an aligned array of carbon nanotubes.

Figure Al. Experimental chemical vapor deposition setup. (a) Glass container with solution of
carbon precursor and metal catalyst. (b) Inlet for inert gas. (c) Quartz tube. (d) Cylndrical furnace.

Depending upon the solution content and synthesis conditions SWNT and
MWNT can be produced. Different catalyst have been used to grow CNTs such as
Fe, Ni, Co, Au, Ag, Pt, Pd, Cu, if other elements are in the solution these carbon
nanotubes can be doped with N [21], N-P [22] or contain oxygen functional groups
on their walls [23], or other elements may be introduced in carbon nanotubes such
as B [24; 25; 26], Si [27] and S [28] . Even other carbon structures may be
produced such is the case of carbon nanoribbons [29].
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(a) @ . (o) I

Figure A2. Root growth of a SWNT. (a-c) ETEM image sequence of Ni-catalyzed CNT root
growth. (d-f) Schematic ball-and-stick model of different SWNT growth stages. (Image from ref
[17]).

Simulations

The growth of carbon nanotubes has been studied in a theoretical manner
showing that the metal catalyst nanopatrticle is converted in to a carbide and due
to the heating between 800 — 1400 K process the carbon atoms are segregated to
the surface of the nanoparticle [30; 31], if these carbide particles are heated below
600 K these particles are covered by graphene sheets and in the case of
temperatures above 1600 K three-dimensional soot-like structure is formed. In the
beginning stage the carbon atoms are dissolved in to the catalytic nanopatrticle,
due to the constant intake of carbon the nanoparticle reaches a supersaturation
point. At the surface of the nanopatrticles carbon atoms tend to create linear chains
and aromatic rings, if more carbon atoms are introduced in to the catalyst these
tend to move towards the aromatic rings and form different scenarios depending
upon the heating temperature as mentioned previously. During the ring formation
process five-, six-, seven-, and eight-membered rings are created and broken
repeatedly by the constant intake and out take of the C atoms [32] (Figure A3).
The hexagonal ring unit remains rather stable and form graphitic islands. The
number of graphitic islands depends on the carbide cluster size. The larger islands
usually grow faster than smaller ones, and the smaller islands may also dissolve
back into the FeC cluster. If two or more islands are close enough these can
coalesce. Once that a large island is formed this may lift of and form the cap of the
single wall carbon nanotube. The size of the catalytic nanoparticle can also
determine the diameter of the carbon nanotube; this has been studied theoretically
showing small variations of the CNT/nanoparticle diameter for clusters between 20
and 200 atoms of Fe [33].
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a. 600 K h.800 K c. 1000 K d. 1200 K e. 1400 K f. 1600 K

Figure A3. Fe5oC at different temperature simutlations. (a) Graphene, (b-e) SWNT and (f) soot
structures obtained between 600 and 1600 K. (Image from ref [32])
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Appendix B

Long multiwall carbon nanotubes with
oxygen functional groups

We were interested in synthesizing tall forests of carbon nanotubes by
CVD, as a result of this interest an article titled “Controlling the dimensions,
reactivity and crystallinity of multiwall carbon nanotubes using low ethanol
concentrations” was published. Here were able to control the diameter, reactivity,
crystallinity and the height of the carbon nanotube forests, by the introduction of a
low concentration of ethanol in the solution of toluene/ferrocene used for the CVD
synthesis. In general, when increasing the amount of ethanol the diameter of the
MWCNTSs was decreased. The crystallinity was analyzed by the Ip/lgc Raman ratio,
here the minimum values by ethanol concentration varies according to the amount
of ferrocene used for the synthesis. Further on, the infrared spectroscopy
measurements reveal that the MWCNT synthesized with ethanol exhibit a higher
degree of oxygen functionalization than when synthesized only with toluene and
ferrocene, therefore we named these MWCNT as CO,. Interestingly, we found
optimum ethanol concentrations for the solutions, at specific ferrocene contents, to
grow higher MWCNT forests. In order to search for a growth limit several hour
synthesis were carried out with 2.5% by wt. of ferrocene, and 1 % by wt. of ethanol
in toluene, the forests grew 0.64, 1.27, 5 and ~ 7 mm for reaction times of 0.5, 1, 3
and 7 hours (see Figure B1). We found that the growth rate is equivalent to 1
mm/hour. For synthesis time of 3 hours we find that our forests exhibit fibers of
MWCNTSs on the surface, below, these fibers the MWCNTs exhibit impurities, such
as particles, on the walls of the MWCNTSs, when observing the forest downwards
the amount of impurities decrease. We attribute the gradient of impurities along
the height of the forest due to the exposure time of the MWCNTs grown in the
initial stage, these are continuously exposed to the CVD therefore it is more likely
that impurities are somehow anchored on the walls, on the contrary the final stage
or “newer” section of the forest has a lower amount of time exposed to the CVD.
For further detail about this work the published article is attached in the following
pages.
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Figure B1: Long CO,. These CO, were synthesized during (a) 0.5 hours, (b) 1 hours, (c) and (h) 3
hours and (i) 7 hours. (d-g) SEM images of the surface and lower of the 3 hour synthesis, it is clear
that the higher section exhibits more impurities and the lower section is more pure.
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Abstract

We study the role of ethanol in the thermolytic synthesis of multiwalled carbon nanotubes. We show that low concentrations of eth-
anol control the length and diameter, as well as the crystalline quality of the produced nanotubes. We statistically evaluated the dimen-
sions of the tubes as the concentration of ethanol is increased. The quality of the samples results in more crystalline products when low
concentrations of ethanol (~1-2%) are used in the experiments. In addition, the introduction of ethanol during the synthesis seems to
incorporate coordination groups on the surface of nanotubes that cause an enhanced reactivity and a better solubility.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The unique and fascinating properties of carbon nano-
tubes (CNTs) [1] have motivated intensive research in the
fabrication of nanocomposites (as reinforcement fillers),
electronic components (interconnects) [2], field emission
sources [3] and hydrogen storage devices [4]. It is notewor-
thy that certain CNT applications require specific dimen-
sions and different levels of homogeneity (e.g. diameter,
length, reactivity, crystallinity and purity). In this context,
various researchers have developed different CNT synthesis
methods followed by purification techniques. Unfortu-
nately, the current CNT production methods usually yield
products with a wide distribution of diameters, lengths and
other characteristics. As a consequence, one of the most
important challenges in the CNT field consists in the ability
to achieve real control in the CNT dimensions, reactivity
and crystallinity so that real devices based on these struc-
tures are produced.

* Corresponding author. Fax: +52 444 834 2010.
E-mail address: mterrones@ipicyt.edu.mx (M. Terrones).

0009-2614/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2007.12.073

The chemical vapor deposition (CVD) method based on
the pyrolysis of hydrocarbons over metal catalysts, has
shown advantages when compared to other synthesis meth-
ods because aligned CNTs bundles can be produced in a
single step process, without further purification treatments,
at a relatively low cost and without prior preparation of
substrates [5,6]. Various attempts aimed to control the
CNT dimensions by varying the metal concentration in
the hydrocarbon precursors have been reported [7,8].
Alternatively, the deposition of sputtered catalyst film of
different thicknesses has also proven size-selective growth
of CNTs [9]. Other studies related to the effects of temper-
ature on the CNT growth (diameter and crystallinity) have
also been carried out [10].

More recently, Hata et al. demonstrated that it is possi-
ble to improve the CNT purity when extremely small con-
centrations of water (e.g. ppm) were added during the CVD
process. These experiments resulted in clean single-walled
carbon nanotube (SWCNT) forests free from amorphous
carbon [11]. Other authors have also used pure ethanol
(EtOH) to produce SWCNTs [12,13]. However, and to
the best of our knowledge, the effect of EtOH during the
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Characterization tools

Scanning electron microscopy

Here, electrons from a thermionic or field-emission cathode are accelerated
by a voltage. The beam cross-section may have a diameter of 10-50 um for
thermoionic and 10-100 nm for field-emission guns, further on it may be reduced
to an electron probe of 1-10 aided by a two- or three-stage electron lens system.
Usually the final probe-forming lends operates at relatively long working distances
(i. e. 5 mm).

Here an electron beam irradiates a sample where the same or different
electrons leave the sample. The image formation is made by the electron-
specimen interaction. The most important interactions are secondary electrons
(SE), backscattered electrons (BSE) and Auger electrons (AE). The SE are formed
when there is an inelastic excitation, when the electrons have an energy higher
than the work function before they are decelerated to the Fermi level. Here the
electron-specimen interactions provide voltage contrasts, “negatively biased areas
appearing bright and positively biased regions are dark”.

The backscattered electrons are generated by the deceleration of electrons
“that have suffered multiple energy losses and undergone multiple scattering
through large angles”. Therefore, they depend upon the surface topography,
exhibiting a better shadow effect than the SE, since the BSE move on straight
trajectories. The backscattering coefficient depends upon the mean atomic
number Z, this may allow the observation of the difference among phases in the
sample. [1]

Transmission electron microscopy

A transmission electron microscope mainly consists of an electron gun and
magnetic lenses. The electron gun consists of a filament cathode and an anode
with a hole to define the optic axis. The magnetic lenses are made of coils with a
current centered on the optic axis; this configuration provides a magnetic field
distribution. If the electrons are closer to the optic axis, they will suffer no
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deflection. Once the electrons travel through the sample they are diffracted in
several directions depending on the crystal orientation. To see the diffraction
pattern, the intermediate lens is adjusted to focus on the back focal plane of the
objective lens. Now, to obtain the image the intermediate lens is adjusted so that
its object plane coincides with the image plane of the objective lens. The contrast
may be caused by thickness variation or composition variation. [2]

In a TEM the small wavelength of the electrons gives a very large radius of
the corresponding Ewald sphere, even larger when compared with the spacing
between reciprocal lattice points. The electrons that are transmitted through the
sample produce reciprocal lattice points which are elongated along the thin axis of
the sample. The reciprocal lattice image produced by the TEM is known as
diffraction pattern and is obtained by the direction of incidence of the electrons. [2]

Energy Dispersive X-ray analysis

The chemical analysis of materials may be done by a quantitative x-ray
microanalysis, were each element has characteristic energies were an electron
from an inner shell is excited to a higher level, leaving an electron hole. Then, an
electron from a higher energy shell fills the electron hole, here the difference in
energy between the shells is released in the form of an X-ray. These characteristic
energies of each element allows us to determine the chemical composition of a
certain material. [1; 3]

X-Ray diffraction

X-rays of a known wavelength are irradiated on a sample, varying the angle
of irradiation in order to obtain an x-ray diffraction spectrum. Particularly, we used
the powder method. Here, each particle of the powder has a random orientation
with respect to the incident beam; therefore every set of lattice planes will be
diffracted. The diffraction arises from the periodic arrangement of atoms, here
determined directions will satisfy Bragg’'s law thus scattering the incident beam.
These directions have a distance between scattering centers that are the same
order of magnitude as the wavelength of the wave motion. From the diffraction
spectrum we can determine the spacing d of various planes in a crystal, with a
known wavelength source. Experimentally the measured angle is 26 which is
between the diffracted beam and the transmitted beam. [2]
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X-ray photoelectron spectroscopy

Here the sample is irradiated with highly monochromatic x-rays photons,
the sample absorbs the photons and there is an emission of photoelectrons from
the electronic core with a kinetic energy equal to the energy of the incident photon
minus the binding energy of the electron in the material; other electrons will collide
with other electrons from topper layers of the sample, they will have a lower
energy and be part of the noise signal of the spectrum. Typically the electrons that
are emitted come from the layer near the surface c. a. 10 - 100 A in depth. [4] The
instrument is under high vacuum in order to eliminate excessive surface
contamination. The obtained spectrum will have peak, with a characteristic binding
energy for each element, and for each element there can be several peaks
corresponding to the binding of two elements, these sub-peaks can be correlated
with chemical bonds.

The quantification of the chemical composition may be obtained according
with the area and kinetic energy of the peak with the following equation:

E A

ool

W is the number of “counts”, Ex is the kinetic energy of the peak, A is the area, o is
the electron elastic-scattering cross section and A is the electron attenuation
length. This equation is applied to each deconvoluted peak for a determined
element, later all the W values are summed. This is repeated for all the identified
elements in the sample, further on the sums for all the elements are normalized in
order to obtain an atomic percent for the analyzed area.

Raman spectroscopy

This technique is used to study vibrational, rotational or other low frequency
modes in a system. The Raman effect is the inelastic scattering of a photon by a
crystal, where a phonon or magnon is created or annihilated. In the first-order
Raman effect there is one phonon involved and in the second-order Raman effect
there are two phonons involved in the scattering of the photon. The photon
emission may be caused by the absorption (anti-Stokes) or emission (Stokes) of
phonon, here the emitted photon may have; the frequency incident photon
frequency (w) plus the frequency of the adsorbed phonon (W) (anti-Stokes), or it
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may be w — W for Stokes scattering. [4] The shift in energy gives information about
the phonon modes in the studied system.

PPMS (resistivity, magnetoresistance, magnetometry)

The physical properties measurement system (PPMS) used is a tool that
allows the measurement of heat capacity, resistivity and vibrating sample
magnetometry.

In the case of resistivity, the sample was mounted with a four wire
configuration, this allows a great certainty for the current and the voltage drop
across the sample and thus calculate the resistance with Ohm’s law. [5] The
PPMS has a sample holder (known as puck) with the possibility to mount three
different samples with the four wire configuration. The system has the capability to
vary the temperature and even apply a determined external magnetic field; this
gives the possibility to measure resistivity versus temperature and resistivity
versus magnetic field (magnetoresistance) at different temperatures. In order to
obtain values that are comparable, the geometry of measured samples is taken in
to account as follows:

l
Pspec = pZ

Here pspec is the electrical resistance; p is the electrical resistivity; | is the distance
between the middle wires from the four wire configuration; and A is the cross
section area of the current flow.

To measure the magnetization the vibrating sample measurement mode
was used, here the sample is attached to the end of a sample rod. The sample is
vibrated near a detection coil, where the center of oscillation is located at the
center of a gradiometer. The voltage induced is synchronously detected and
amplified with the pickup coil. This mode is capable to detect magnetization of less
than 10 emu at a data rate of 1 Hz. [6]

The principle of operation is that the changing magnetic flux will induce a
voltage in a pickup coil, according to the following equation:

Voo do _ (dd)) (dz)
col = gt ~ \dz/) \dt
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@ is the magnetic flux, z is the vertical position of the sample with respect to the
coil, and t is time. In case of a sinusoidal oscillation the voltage follows this
equation:

Veoir = 2fCmAsin(2mft)

C is a coupling constant, m is the DC magnetic moment of the sample, A is the
amplitude of oscillation, and f is the frequency of oscillation.
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Micromagnetic simulations

In a micromagnetic model the total energy of the system is the sum of the
exchange energy, anisotropic energy, Zeeman energy and demagnetization
energy. There are short and long-range interactions between magnetic moments;
the short range interactions are related with exchange interaction and anistropic
energy, and the long range interactions are the Zeeman energy and the
demagnetization energy.

The exchange interaction tends to align neighbor spins; this will tend to
produce small magnetic uniform regions known as magnetic domains. The
expression for the interaction energy is given by Ejn= -2JinSa'Sg Jint is the
exchange integral for the two electronic wave functions of each atom, and Sa and
Sg are the total spins of each atom. From this equation it is clear that if neighbor
magnetization vectors exhibit an angle between them there will be an increase in
energy.

The Heisenberg exchange energy is invariant with respect to the choice of
coordinate system. It has been observed experimentally that due to the structure
of a material there can be a favored direction called the easy direction, this
direction make the alignment of the magnetization easier, this effect is known as
crystalline anisotropy. The crystalline anisotropy energy is the work required to
make the magnetization lie at a certain angle compared with the easy direction,
this energy is usually expressed as a power series of trigonometric functions of the
angles the magnetization makes with the principal axis of the system Ean = K1sin0
+ K,sin®® + .... For example, Iron has a cubic structure; however the cube edges
are the easy directions. This anisotropy energy usually is temperature sensitive.
For small particles there may be shape anisotropy (also known as dipolar
anisotropy), here the favored magnetization direction is determined by the
geometry of the particle.

The magnetostatic or demagnetization energy is derived from Maxwell’s
eqguations considering the absence of electric fields and free currents. This energy
tends to divide a magnetic material in to uniform magnetic domains. This division
is harder to produce in nanostructures, to a point where they may exist as
monodomain. Sometimes these structures may exhibit different spin configurations
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resembling figures such as onions, whirlwinds, flowers, vortexes, etc. These
configurations are mainly ruled by the geometry of the structure.

The Zeeman energy is the interaction of the magnetization of a material
with the external magnetic field and it reaches a minimum when the magnetization
vectors are parallel with the applied magnetic field.

For our micromagnetic simulations we used the Object Oriented Micromagnetic
Framework (OOMMF) [1], this may be download from the website:
http://math.nist.gov/oommf/ .

The energy terms that are used in the code are the following:

Eexcn = f(Aexch[V 7,71’(773)]2)(137,

Ho ;o —
Ezeem = f (_70(1\4 'Hm)> d3r

— V'M (7~ d3 _,.M —
N fia ot b

The exchange energy is obtained by the point product of eight neighbors
[2]. The magnetostatic energy is calculated with the Fast Fourier Transformations
of a scalar potential. The magnetization of the nanosystem is obtained as a
solution of the dynamic equation of Landau-Lifshitz-Gilbert, this is because
ferromagnetic materials do not have a linear magnetization and this equation may
describe the magnetization on the microscale:

61\7f_ w W x
at  (1+22)

- Aw

Herr ~ 5 M, (M X M X Hefp)

Where the effective field is:
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o is the gyromangetic ratio and A is the damping constant.

The OOMMF code is capable to obtain the behavior of the magnetization
when an external magnetic field is applied and therefore obtain hysteresis curves.
The code has the versatility to use black and white figures in GIF or PPM format,
these are used as masks in order to simulate a desired system, due to the study of
nanostructures the choice of the unit cell size that divides the nanomagnet is

important in order to obtain reliable results, in our case we chase a unit cell size of
2 nm.
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Cylindrical ferromagnetic nanowires encapsulated inside multiwalled carbon nanotubes (MWNTs) are
synthesized by pyrolyzing either ferrocene powder or ferrocene-toluene mixtures. By changing the way
the precursor is thermolyzed, we have been able to control the composition of the ferromagnetic
byproducts. In particular, we noted the coexistence of a-Fe and Fe;C phases when only powder
ferrocene is theromolyzed in an inert atmosphere. However, when toluene—ferrocene solutions are
sprayed and thermolyzed, only Fe;C nanocrystals are produced. Magnetic measurements of the aligned
nanotubes containing these cylindrical nanowires revealed large coercive fields as high as 0.22 T at 2 K.
Interestingly, these magnetic coercivities strongly depend on the Fe particles’ diameter, and are not
affected by the length of the particles, which was also confirmed using micromagnetic simulations. Our
experimental and theoretical results indicate that short and well aligned carbon nanotubes containing
narrow ferromagnetic nanowires (i.e. 5 nm diameter and 25 nm long) would be suitable for producing

prototypes of magnetic recording devices.

Introduction

Magnetic nanomaterials are attracting the attention of numerous
scientists due to their fascinating physico-chemical properties
and possible applications. Some of these applications include
magnetic recording,’? separation of biological species,® targeted
transportation of drugs,* contrast improvement in magnetic
resonance imaging,’ etc. In order to apply ferromagnetic nano-
wire arrays in magnetic recording, the fabrication of patterned
nanostructures and perpendicular magnetic recording have been
proposed.’? However, magnetic materials have the disadvantage
of facile oxidation. Therefore, one alternative is to use small
magnetic nanowires encapsulated in carbon nanotubes. Using
different synthetic methods, different metals have been encap-
sulated inside multiwalled carbon nanotubes (MWNTs) such as
Fe, Ni, Co, FeCo, FePt, FeNi and Fe;C.** In particular, the
chemical vapor deposition (CVD) method is one of most
successful methods able to encapsulate these ferromagnetic
materials. These magnetic nanoparticles and nanowires encap-
sulated inside carbon nanotubes have exhibited large coercive
fields and a coherent reversal magnetization process.>!
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curves and the vector representations of a linear array of Fe nanowires
inside carbon nanotubes. The external magnetic field was applied in
three different directions (0°, 45° and 90°). See DOI: 10.1039/c0jm00660b

Furthermore, the magnetic properties remain stable even at high
temperatures.'®

Fe nanowires have also been synthesized using a templating
method,?*** in which the template is generally porous anodic
aluminium oxide. The Fe nanowires obtained using this method
are polycrystalline with large aspect ratios (length of the order of
microns).?*?! These materials display large coercive fields
(0.22-0.42 T)**2* at low temperatures (<10 K), and it is likely
that an iron oxide layer is also formed thus changing the
magnetic response. An alternative method is the pyrolysis of
organometallic precursors; with this method it is possible to
encapsulate ferromagnetic (such as Fe) nanowires inside carbon
nanotubes; no oxide layers are formed in the process. In addition,
high coercivities have been obtained by this method (Hc = 0.13—
0.23 T).>*2® Using the laser pyrolysis method, Fe;C spherical
nanowires with diameters of ca. 20 nm have been synthesized,
showing a small coercivity of 0.056 T, and a saturation magne-
tization of around 120 A m*kg (emu g').:3

In this work, we have investigated the magnetic properties of
ferromagnetic nanowires of different dimensions and composi-
tions, encapsulated inside MWNTs. Ferrocene and ferrocene—
toluene mixture precursors were used in our CVD process. By
changing the toluene concentration in the synthesis process, it is
possible to vary the chemical composition of the ferromagnetic
nanowires, and therefore their magnetic properties. By varying
the synthesis temperature, we could also control the magnetic
properties because their morphology is being modified.

Experimental

The MWNTSs containing cylindrical encapsulated nanowires
were synthesized by pyrolyzing toluene/ferrocene solutions (2.5%
of ferrocene by weight in toluene) at 700 °C, 800 °C and 850 °C
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