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3 Methodology

In the previous chapter some background on Carlamofubes science has been
laid. Some of the synthesis methods for producinity Ipristine and Boron doped
Carbon Nanotubes have been briefly described. Thea, main physical
properties of Carbon Nanotube and doped Carbon tNbes have been
presented, together with the main characterizatiethods found in literature.

In the present chapter, the methodologies usechénpresent thesis will be
introduced. It will be described in detail the espental setup for producing the
Carbon Nanotube material, as well the synthesipsst@he characterization
methods and the objectives of each analysis teabmgll also be described.

In the next chapter, a discussion of the resutimmfthe characterization methods
will be conducted to see if the objectives of therkvwere achieved, and to
compare with existing empirical results from litiernze.

3.1. Experiment proposal

In this section, it will be summarized the generaperiment schedule, and the
seized objectives. First a retrospective of pagks/that inspired this thesis is to
be given. Then, the thesis experimental proposklb&i posed. And at last, the
expected results will be stated.

As described, in section “ Substitutional Doped @ar Nanotubes synthesis”,
there exist some work in the literature on the Isgsis of Boron doped Carbon
Nanotubes by Chemical Vapor Deposition.

The works by Ayala et. al. [15,34], demonstrate preduction of B-doped
SWNTs using high vacuum CVD, with the peculiaritjat the precursor
substance, is at the same time the Boron sourdedpiropyl Borate, B(OgH>)3),
for it contained both Carbon and Boron atoms instsicture. The authors
investigate the structure and Boron incorporatiop t¢hanging synthesis
temperature.

In the work by Monteiro et. al., [35,36], using th@me synthesis methods from
Ayala et. al., it is studied a new precursor/Boswurce molecule (Triethyl
Borate, B(OGHs)3), and compared to the previous one, used by Agahd. in
[15,34]. In Monteiro et. al. works, the effects thle synthesis temperature is
investigated as to its effects on structure andoBancorporation profile of the
aforementioned substances.

In reference [14], Boron doped multiwall Carbon Nubes are produced using
as precursor Methane (GHKand as Boron source Trimethyl Borate (B(QJzH
The authors study the change in structure of theywed tubes, by changing the
feed rate of the Boron source. That is, insteadtdying temperature influence
on the synthesis, this work studies the changénéndioped Carbon material by
actually changing the amount of Boron being fed thie reaction.
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It should be believed that a way for tailoring colied doping levels is to control
the proportion of Carbon atoms to Boron atoms béitgduced into the reactor.
In the work done by Xu et. al. [64], for exampliee tauthors managed to produce
gradient doping profiles on Nitrogen doped Carbandtubes, by continuously
changing theV source concentration on the precursor solutioe Jame should
be possible to be done éhdoped Carbon Nanotubes, although no report exists
the literature, to the best of this thesis authknswledge.

This thesis proposes to study the Boron incorpomaprofiie on SWNTs by

synthesizing Boron doped SWNT with different prapmr of Carbon to Boron

being fed into the CVD reactor, but keeping synthdsmperature constant
throughout different synthesis. It will be usedpascursors Ethyl Alcohol (as a
standard undoped material, like was done in [3Bijlisopropyl Borate, Triethyl

Borate, and Trimethyl Borate, and solutions of éhes

It is expected that different doping levels will peoduced. The different doping
levels will be measured using XPS.

Also, since the idea is to study the feasibilitycohtrolling the doping level, a
quick characterization technique, would be benaficKPS technique, although
useful to measure doping levels, takes hours t@dmmplished, and fails to
measure very low doping levels. As discussed iti@e¢ Physical properties of
Boron doped Carbon Nanotubes”, Raman techniqueahgeod sensibility to
detect low Boron doping concentrations; thus, coblkl used as a quick
measurement of Boron concentration of synthesizaiemal.

It has been done in [36], a calibration between XBfing measurements afid
peak position. In the present work, a similar aaliilon will be done and will be
compared with literature results.

3.2. Experimental Description

This section describes how the experiments wer®mpeed, and what equipment

was used. First, it will be described the cataystthesis, that is, how the catalyst
used to synthesizing Carbon Nanotubes was prep&ecdond, the synthesis

equipment will be described; then, the synthesipsst and, at last, the

characterization equipment, and methodology wiltbscribed.

3.2.1. Powder Catalyst synthesis

Powder catalyst production has been reported ifitdmture, [5,15,28,35]. The
general idea is to disperse a mesoporous matedigD(Al,0;) and a metal
containing substance (Nitrates, Acetates, etc.d, liquid solution. The mixture is
dried while dispersing, to produce a homogeneousnaa

In this thesis work, it has been used the sameeaeas [35], which is adapted
from [65].

The powder catalyst is composed of a mixture of Initrate, and Magnesium
Oxide M g0O) mesoporous powder. The mixture is prepared byfeflewing
recipe:
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* Add in a Beaker, Magnesium Oxid& §0, Sigma-Aldrich325 mesh>
99 %), 5g, and Iron Nitrate NonahydrateFd(N0O3).9H,0, Sigma-
Aldrich, > 98 %), 2.5 g.

* Add Methanol until the mixture reach€8 ml, and cover the Beaker so as
to slow the evaporation rate of Methanol.

» Stir the mixture using a magnetic stirrer 8®rmin, so as to make a
homogeneous mixture.

* Sonicate the material f@4 hours so as to disperse the Iron Nitrate and the
Magnesium Oxide in the Methanol. At the end of sation, one will have
a hard, but still immpregnated with some residuatidaol, material.

» Calcinate ab0 °C for 24 h to evaporate the Methanol.

» Grind the resultant solid in a crucible, until adipowder is formed.

3.2.2. Synthesis system

It was built a home-made high vacuum chemical vageposition system to
synthesize our material, the same one as usedbijnWhich is similar from the

setup used in [65]. The system is composed bagicdlla vacuum chamber,
vacuum pumps, a furnace, gas suppliers, a neeblle,\amd a quartz crucible. In
this section, a broad description of the physicahponents of the system will be
given.

3.2.2.1. Vacuum chamber

The vacuum chamber is composed of all the partswilhbe pumped to high
vacuum conditions. The vacuum chamber’s most immpbgart is the quartz tube,
which is the reactor where the synthesis will happe

The quartz tube is 1 inch diameter per 1 meter .loffge advantage in this
chemical vapor deposition setup is that the reazdarbe easily detached from the
system, to be cleaned in between synthesis. Thee pieat allows it is a pair of
moveable adaptors (Figure 22), that links the quaitie to KF25 flange.

== KF25 flange

O-ring

Figure 22: This figure is a schematic of the tulde2K adaptor. On the left side the quartz tube

enters, sliding on the O-ring. On the right sidhe, KF25 flange allows the quartz tube to be linked
to the rest of the vacuum system.

The connection of the quartz tube and the adap&septs no leak problem, so
that high vacuum conditions are achievable.
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3.2.2.2. Vacuum pumps

There are two pump systems. The first one, whicltamposed of a single
mechanical pump, is used for control of the synthesnbient conditions. The
second one is composed of a turbo molecular (Rfeifihodel TC600) and a
backing mechanical pump for the cleaning step.

The first pump system, hereafter referred to as pum will be mainly used
during supply of gases to control the pressurehefdhemicals in the vacuum
chamber. The second pump system, hereafter referrasl pump B, will be used
during raise of temperature to the synthesis teatpex to keep a high vacuum
condition.

3.2.2.3. Furnace

The furnace is an electrical furnace. It is 30cndeyiand capable of keeping
uniform temperature inside, so that no temperatweslient is expected in the
reaction zone. The quartz tube crosses the furrtacbe heated, in its central
portion, only.

The furnace used is programmable, which allowsues to choose the objective
temperature, and at what rate will the temperatsee

3.2.2.4. Gas/vapor suppliers

The only gas/vapors to be supplied in the experimaesH, gas, and vapor from
the precursor substances.

The H, (99.99% pure, from White Martins) kept in a highessure vessel, is
supplied to the CVD system by a mass flow contraifel00sccm.

The precursors used in this work are all in ligpithse at ambient condition and
are kept in small quartz tubes which are opendti¢govacuum chamber through
valves at the moment of the synthesis. The precigspply system is another
advantage of this CVD setup. The tube has a fldikgdormat in its open end, so
that it can be connected to KF16 flange (Figure ZB)s setup makes change of
precursor an easy maneuver.

The precursor tube connection to KF16 presentsetecthble vacuum leak. This
way, by opening the precursor tube to the vacuuamtier for a few seconds
before synthesis start, no contamination with aphesc air is expected during
synthesis.

By using liquid precursors, it was possible to explow rates of deposition in a
simple way: the liquid being stored in the precurade, when opened to the
vacuum chamber, will evaporate in a rate dictatgdhie vapor pressure of the

liquid, which is in thel - 100 torr range, in our case.
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Figure 23: This figure shows how the quartz tubgeisigned so that it can easily be connected to a
metallic KF16 flange.

3.2.2.5. Needle Valve

A needle valve (model EVN 116, from Pfeiffer) contieg the vacuum chamber
to pump A is of utmost importance in the systemisctionality. When feeding
the reactor with chemical vapor or gases the systggumped by pump A, with a
speed determined by the needle valve. This wayutieg controls the ambient
pressure in the chamber during reaction.

3.2.2.6. Quartz Crucible

A quartz crucible is used to store the catalysteAfoading the crucible with
catalyst material, it is pushed into the reactathva clean metallic stick, so that
the crucible sits in the middle of the furnace.

10

ojapiaps A @
O} Nimi= - —m[s%

e \

QB

Figure 24: The complete assembly of the vacuunesystThe numbers identify the components.
(1) pump B, (2) gate valve, (3) mass flow contngl(d) valve, (5) precursor tube, (6) quartz tube
adaptor, (7) furnace, (8) quartz tube, (9) needleey (10) pump A, (11) quartz crucible.

The complete CVD high vacuum system is sketchdedgare 24, above.
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3.2.3. Synthesis Procedure

This section is devoted to the description of theps used to synthesize the
SWNTs of this thesis.

Synthesis steps are as follows:

* Purging theH, supply and the tubes with the precursor. FirstHhenass
flow controller (MFC) is turned on at0 sccm, until 0 sccm flow is
reached. Then, the precursor tube’s valve is opéretd seconds. Third,
the system is evacuated to high vacuum, less4hah0~> mbar.

* The temperature is raised in step$0FC, until 200 °C. At each step, the
pressure will rise because of Nitrogen oxide (dguosition of Iron
nitrate) and moisture degassing of the catalysgrsoshould wait until the
pressure reaches values lower thahx 10~ >mbar, before proceeding to
the next50 °C step.

e At 200 °C, the temperature is raised directly 760 °C. In this stage,
degassing still happens although in a slower stggump A is to be used,
which will keep~0.1 torr vacuum conditions.

* At 700 °C, the reduction of the metal catalyst is perforrbgdlowing H,
in a10.0 sccm rate, and keeping pressure in the chamb@&5abrr for
10 min, by adjusting the needle valve.

 Temperature is set to rise 00 °C, while the chamber is evacuated
to< 1.0 x 10~ *mbar.

* At 800 °C, synthesis takes place. The precursor tube isempéo the
reactor, and the pressure in the chamber is céedrbly the needle valve
to be right lower than the ambient vapor presstite precursor, so that
one prevents turbulent flow in the reaction zongntBesis proceeds for
10 min.

e The precursor tube is closed, and the chamberdsuated by pump B,
while furnace is shut off. The system is cooled doto ambient
temperatures and under high vacuum conditions.

The only variable in the above steps is the preswssbstance used, and the vapor
pressure kept during synthesis.

To organize the different synthesis made, Table @skd. In it, each synthesis is
referred to as an experiment run, and a descrigtidhe precursor substance, and
vapor pressure used is given. The values for tleeupsor vapor pressures at
laboratory ambient temperatuiz3(°C) were taken from [66].

For the final experiment runs, it was attemptedreate a Nanotube junction
situ, by changing the precursor suddenly in the midafiehe synthesis step
(5 min for each precursor). It is expected to work sirasewill be seen in the next
chapter, the diameter distribution for differeneqursors are similar, giving a
higher chance that Nanotube growth will keep gaaogtinuously when changing
precursor.

3.3.Characterization Methods

This section will give a brief description of theethods used to analyze the
material synthesized in the present work. Eachactarization method will be


DBD
PUC-Rio - Certificação Digital Nº 1011917/CB


PUC-RIo - Certificacdo Digital N° 1011917/CB

61

described in terms of the equipment used, and wehaixpected by using this
method.

substance Ambient vapor pressure Controlled presdueactor
1 | Ethanol 52 torr 65 torr
2 | TiB 7.7 torr 7 torr
3 | TiB+TeB (5: 2 volume) 9.7 torr 9 torr
4 TeB 14.8 torr 13 torr
5 | TeB 14.8 torr 25 torr
6 TeB 14.8 torr 23 torr
7 TmB 125 torr 90 torr
8 | TmB (@ 2°C) 441 torr 36 torr
9 | TmB (@ 2°C) 441 torr 36 torr
10 | TmB (@ 2 °C) 441 torr 15 torr
11 | TeB/Ethanol 14.8 torr / 52 torr 13 torr / 65 torr
12 | TiB/TeB 7.7 torr / 14.8 torr 90 torr / 40 torr
13 | TiB/TeB 7.7 torr / 14.8 torr 7 torr / 13 torr

Table 2: This table presents the experiments doit@s thesis. The first column identifies each
experiment run number. In the second column, theeations TiB, TeB, and TmB mean
Triisopropyl, Triethyl, and Trimethyl Borate, regpi@ely. The third column has the vapor
pressures of the precursor liquids estimate&zB&t, except for experiment run (6), where it is
estimated a2 °C (the liquid precursor is kept at this temperaiarthis run). The fourth column
presents the pressure kept inside the vacuum chiéglibe needle valve during synthesis step.

3.3.1. Raman Spectroscopy

This thesis used a Raman Spectrometer NTegra &pectn the company NT-
MDT. The spectrometer usé53 nm solid state laser.

Raman Spectroscopy will be the main characterimatiethod, in the sense that it
will be the one to give insight into the physicsBafron doped SWNTSs.

The RBM band will be analyzed to check qualitatyvédr changes in diameter
distributions between different experiment runs.

The ID/IG ratio will be calculated as to understand the atffef Boron on the

structure of SWNTSs; and the peak positidng; ~, G*, andG’ will be analyzed to

characterize shifts owing to Boron doping. All taeesonances will be fitted by
Lorentzians to get the parameters peak positi@a, and bandwidth (full width at
half maximum, FWHM). In the analysis, linear baakgnd will be subtracted
from the signal to remove influence from amorphmagerial produced.

Special attention will be given 6~ andG* peak shifts. They will be analyzed
taking into account the RBM band, so that shifte aorrectly assigned as a
doping effect, and not as diameter dependent effes in section “ Raman
Spectra of Carbon Nanotubes”, the subsection “ éatg Mode (G)").
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To calibrate Raman with doping levels, the peaktsiwill be plotted against
doping concentration, as measured by XPS (nexiosgcilhe calibration will be
compared to other results in the literature.

3.3.2. X-Ray Photoelectric Spectroscopy

A surface analysis chamber equipped with a hemigieanalyzer Alpha 110
from Thermo has been used in this thesis. All expant runs were analyzed with
Al Ka line 1486.6 eV

For interpreting quantitatively XPS, each elemeaakp observed in the spectra
will be deconvolved in its components, after sutitom of a Shirley-type
background. For the deconvolution step, it will tieded the positions of each
component. This information can be found in literat and is illustrated in the
tables below.

Bls
Peak Reference Lyu, Avyala, Jacques| Cermignani | Monteiro Jacobsohn,| Suzuki, Michal,
components [37] [15,62] [67] [68] [35,36] [69] [61] [70]
Elemental B 187 187 188 188 187.5
B,C 187.9 187.8 187.8| 187.5 187.5
B-C sp systems 189 189 188.8| 188.5 188.5
(in graphite or
BCy)
BC,O 190 190 ~190.5 189.8 190
BCGO, 192 192 ~192.1 192
Mg-B-O 192.4
compounds
B,0O; 193.2 | > 192.8 | 193.2 193 193.1 193.2
B in SWNT 191.5 191.4 191.8
to192.1 to 191.8
B in DWNT 191.4
B in MWNT 191.5

Table 3: This table presents some published comp@usitions in théd1s peak.

The importance of XPS to this thesis is to meadogng levels. The problem is
that no standard exists for the quantification ofdh doping levels on SWNTSs,
mainly because it is not completely established phsition of B —C bond
component inBls spectra, mainly because curvature effects havebeen
completely understood ( [34,35,37,61,62]). In [38],has been theoretically
calculated that & 3eV shift is to be expected fd& — C component position in a
(10,0) SWNT in relation toB — C component position in graphite owing to
curvature effects of SWNTs. As a consequere; C component in(10,0)
SWNT is to be found around191.5 eV, and this result agrees with experimental
results shown in Table 3, even when considering OW/N

Another objective of XPS in this work is to check by-products in the synthesis,
for example Boron oxide, Boron carbide, etc.; beeatlne formation of these by-
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products is a competing process to substitutionabrporation of Boron on
SWNT. This analysis will be important to understaimel doping profile.

On the Results chapter, the component positionsdfon the present thesis will
be compared to literature results shown in Talde@Table 4.

At last, XPS will be used to estimate productioel¢yiby the same method used in
[35].

Cls

Peak Reference| Lyu, Ayala, Jacques, | Monteiro, | Jacobsohn,

components [37] [15] [67] [35,36] [69]

C-C 284.5 284.5 284.5 2845 -
285

C-O0 286.5 ~286

Cc=0 288.5

B.C 282.6 282.9

B-C in graphite 281.8 284.0

Oxi Boron carbide 283.8

m = " shake up

Table 4: This table gives some published resulterpositions 001s components positions as a
function of chemical environment.

3.3.3. Scanning Electron Microscopy

It is used a JSM-6701F scanning electron micros¢Sg#vl) by JEOL company,
to characterize morphology of the produced samgdlesib micrometer scale.

The SEM microscope is used to compare qualitatidéfgrent experiment runs
with respect to Carbon Nanotube yield and morphpldss SEM has limited

resolution capabilities, no individual SWNT is egfexl to be imaged with this
method, but SWNT soots, and MWNTs. Nonetheless, pkdm general

morphology should give insight into the qualitytbé produced SWNT.

For example, the existence of big amounts of anmmurphmaterial, and scarce
Carbon Nanotube material is an evidence for low SWhld. Also, length of the
observable Carbon Nanotube and Carbon Nanotube soexpected to be a good
estimate of the produced SWNT length.

SEM is used in two operation modes: secondary relechicroscopy (SEl), and
SCANNING transmission microscopy (STEM).

SEI mode of operation is used to observe samplggaBiced, that is, with no
preparation, other than laying the material onrapga holder. As a consequence
SEIl is mainly used to characterize yield.

STEM is used as an attempt to observe the innectste of the produced
MWNTs, and to observe smaller diameter tubes. Bffe from SEI, it needs
some preparation step to disperse the producedrialaté is used a similar
dispersion recipe as can be found in [15], and:[28]

Sonicate approximatel mg of the synthesized Carbon Nanotube material
10 ml isopropanol foB0 min.

n
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