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1. Abbreviations and symbols

A - electrode geometric area

BDD - boron-doped diamond

BTDE - boron trifluoride diethyl etherate

¢ "oz concentration of the oxygen in the bulk
CNT — carbon nanotubes

CTAB - cetyltrimethylammonium bromide
DHP — dihexadecyl hydrogen phosphate
Doz — oxygen diffusion coefficient

F — Faraday constant

FWCNT — few-walled carbon nanotubes
GC — glassy carbon

GO — graphene oxide

HOPG - highly oriented pyrolytic graphite
| - current

lq — diffusion-limited current

Io — disk electrode current

I« — Kinetic current

Ir —ring electrode current

Jja — diffusion-limited current density

Jk — Kinetic current density

ki — reaction rate constant

K-L - Koutecky-Levich

n —number of electrons transferred per O, molecule



N- collection efficiency

ORR - oxygen reduction reaction

PG — pyrolytic graphite

Q — quinone

Q" - quinone radical anion

ri — disk electrode radius

r, — ring electrode inner radius

rs —ring electrode outer radius

RDE - rotating disk electrode

RRDE - rotating ring-disk electrode

SDS - sodium dodecyl sulphate

SEM — scanning electron microscopy

SHE - standard hydrogen electrode

TEM — transmission electron microscopy

XPS — X-ray photoelectron spectroscopy

o4 — thickness of diffusion-convection layer

v — Kinematic viscosity of the electrolyte

v — scan rate

o — electrode rotation rate

1BC — boron-doped carbon with a mass ratio 1/5
2BC - boron-doped carbon with a mass ratio 1/10
3BC - boron-doped carbon with a mass ratio 1/20

4BC - boron-doped carbon with a mass ratio 1/40



2. Introduction
The oxygen reduction reaction (ORR) is one of the most substantial reactions in energy-

conversion systems such as fuel cells and metal-air batteries. The ORR takes place on a fuel
cell cathode side and its kinetics directly affects the overall efficiency of a fuel cell [1].
Unfortunately, the kinetics of the ORR is rather slow because of the high energy demand of
breaking the O=0 bond (494 kJ/mol). In order to speed up the process, ORR catalyst is
needed. At current technology platinum-based catalysts have shown the best catalytic activity
towards the ORR. Since platinum is expensive and has many other disadvantages like
dissolution and sensitivity for impurities, alternative catalyst is needed which would have the
similar electrocatalytical activity to that of platinum, but could overcome mentioned
drawbacks. Therefore searching non-platinum catalyst for ORR with up-mentioned properties
is one of the key issues for large-scale production of fuel cells. For recent decades carbon
materials have attracted a lot of attention for ORR as individual catalysts and as catalyst
supports due to their low cost, good conductivity and high surface area. Many different types
of carbon materials have been examined, e.g. pyrolytic graphite (PG) and highly oriented
pyrolytic graphite (HOPG), glassy carbon (GC), carbon nanotubes (CNT), graphene, boron-
doped diamond (BBD), etc. Since there is a vast number of different forms of carbon and the

possibilities for modification is immense there is still a lot to discover in the area.

This work consists of two parts in which the first one includes preparation of surfactant
coated carbon nanotubes and investigation of electrocatalytic activity of these materials
towards the ORR. The second part involves synthesis of boron-doped carbon nanomaterials
and studying of the ORR process on these catalysts for anion exchange membrane fuel cell
(AEMFC) applications. In addition, physical characterisation of as-prepared catalyst materials
were carried out using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). For
electrochemical characterisation the rotating disk electrode and rotating ring-disk electrode

methods were used.



3. Literature overview

3.1. Oxygen electroreduction
Oxygen electroreduction is a rather complicated reaction involving multi-electron transfer. It

contains of several steps and depends on many characteristics like the type of electrode
material, catalyst and electrolyte solution. In aqueous solutions the ORR has two main
pathways: four-electron reduction and two-electron reduction [2]. Four-electron reduction is
preferred when it comes to fuel cells and metal-air batteries because only water is produced
during this reaction. Through the two-electron reduction hydrogen peroxide is produced,
which accelerates fuel cell materials degradation, but is preferred in industries where
production of H,0; is the primary goal. Simplified O, reduction mechanism in acid media is
illustrated on Scheme 1 [3]. Main ORR processes with corresponding thermodynamic
electrode potentials at standard conditions are presented next. All the potentials are given with

respect to the standard hydrogen electrode (SHE) potential, which is zero at all temperatures.
In acid aqueous electrolyte solution:

O, + 4H" + 4" — 2H,0 1.229 V vs. SHE (1)
0, + 2H" + 26" > H,0, 0.67 V 2)
Hydrogen peroxide can further reduce or catalytically decompose into water:

H,0, + 2H* + 2¢” — 2H,0 1.76 V (3)
2H,0, — 2H,0 + O, (4)

In alkaline aqueous solution:

O, + 2H,0 + 46" — 40H 0.401 V (5)
O, + H,0 + 2¢" — HOy + OH’ -0.065 V (6)
HO, + H,0 + 2¢” — 30H 0.867 V @)
2HO; — 20H + O, (8)
[1,3, 4].
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Scheme 1. Simplified mechanism of O, reduction in acid media, where k; indicates reaction
rate constant for different steps and (ads) demonstrates adsorbed state.

3.2.  Oxygen electroreduction on bulk carbon electrodes

Since carbon materials with large surface area have been widely used as a support material for
ORR catalyst a lot of interest has been shown towards carbon-based electrodes. Depending on
a type of carbon material and electrolyte solution the ORR mechanism can wary widely. The
ORR activity of carbon materials has been widely studied in alkaline media since most of the
carbon materials exhibit good electrochemical behaviour at higher pH values [5]. Various
carbon materials have been studied, such as glassy carbon (GC), pyrolytic graphite (PG),
highly oriented pyrolytic graphite (HOPG), boron-doped diamond (BDD), amorphous carbon,
etc. [6]. Oxygen reduction on carbon materials has a complicated mechanism and involves
many steps and intermediates. Mostly two-electron electroreduction takes place on carbon
electrodes but with some of the materials e.g. oxidized glassy carbon and oxidized graphite,
further reduction of peroxide to water at more negative potentials is possible [7, 8]. As
mentioned earlier the ORR pathway depends strongly on solution pH. It has been found that
at higher pH values O, reduction is not that dependent on pH as it is at lower pH values [5].
The product of ORR is also dependent on pH [9]. At higher pH values this dependence occurs
due to quinone groups on a carbon material [10]. It has been reported that the attachment of
the quinone radical anions (Q*) leads to enhancement of O, reduction [11, 12]. This is
because Q° reacts with molecular oxygen and forms superoxide radical (O2") which further
reacts rather fast [10, 11].

The following ORR pathway on quinone groups has been proposed in the literature [13, 14]:

Q+e—Q” 9)
Q" +0,—> 0" +Q (20)
0" +H,0 +e —HO, + OH" (12)
20," + H,0 — HO; + O, + OH’ (12)
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3.3.  Oxygen electroreduction on carbon nanomaterials
Since the discovery of carbon nanotubes (CNTS), a tremendous work has been done to study

the material. CNTs are very unique material due to its chemical, structural, electronic and
mechanical properties and therefore have received a lot of interest also among electrocatalyst
studies. As mentioned before, the ORR proceeds mostly via two-electron process on carbon
materials in alkaline media and hydrogen peroxide is formed, but depending on the CNT
preparation method and electrode potential peroxide can be further reduced and both H,0,
and OH" will be produced [15]. The ORR on CNTs strongly depends on oxygen functional
groups on nanotubes surface. Matsubara and Waki showed that multi-walled carbon
nanotubes (MWCNT) treated with acid exhibited better performance as ORR catalyst
compared with untreated MWCNTSs [16]. Although CNTs show little activity in lower pH
solutions they still can be used as a catalyst support in acidic media because of their good
conductivity [17, 18].

Graphene is another carbon material which has attracted a lot of attention among
electrochemists. It has many advantages like good electrical conductivity, high specific
surface area, chemical and thermal tolerance [19]. One of the most efficient ways to produce
graphene is by thermal or chemical reduction of graphene oxide (GO). After thermal
treatment of GO the oxygen-containing groups are removed from the material surface leaving
defects and vacancies, which act as active sites for further treatment, e.g. heteroatom doping.
For electronic applications further modification of graphene is needed while graphene itself
has poor electron donor and acceptor properties [20]. Another drawback is that graphene
layers tend to restack due to van der Waals interactions and therefore the number of active
sites will be decreased [21]. In order to overcome these mentioned barriers and to enhance
graphene electrochemical properties, carbon nanotubes have been introduced to the graphene
material as separators [22-28]. Choi et al. demonstrated that in the CNT and graphene
assembly nanotubes performed as circuits for electron transfer and as separators for

preventing graphene sheets to restack [27].

3.4. Oxygen electroreduction on heteroatom-doped carbon nanomaterials
Doping carbon materials with heteroatoms changes their electronic properties and has found

to be an easy and effective way to improve the ORR kinetics [29, 30]. Heteroatom-doped
carbon materials are attractive due to their low cost, superior tolerance to fuel impurities, long
term stability, good electrocatalytic activity towards the ORR and environmental friendliness

[29-32]. Mostly N, P, S and B doping have been studied because of their reasonable atomic
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size in order to enter into carbon network [29, 33-37]. It has been demonstrated that by
introducing atoms with different electronegativity than the host atomic network, the
electroneutrality of the material will be broken and therefore favourable adsorption sites for
O, are created [38]. O, molecule, which is slightly negatively charged while approaching the
carbon network, favours adsorption on the positively charged sites, which is carbon connected
to the nitrogen or phosphorous dopant and boron in boron-doped carbon material [39-41].
Most examined heteroatom doped materials are different forms of carbon like single-, double-

and multi-walled carbon nanotubes, graphene and nanodiamonds [28, 38, 42-46].

Nitrogen-doped carbon materials have been most extensively studied in comparison to the
other catalysts doped with other heteroatoms [28, 39, 47-50]. Based on previous investigation
results, nitrogen atom can be incorporated into carbon network in the form on pyridinic-,
pyrrolic-, graphitic- or quarternary-N [51]. It has been proposed that the biggest role in
catalytic activity plays graphitic- and pyridinic-N species, which accelerate O, reduction and

promote four-electron electroreduction [52].

Recent studies show that also phosphorus-doped carbon materials exhibit enhanced catalytic
activity towards the ORR compared with non-doped materials [53]. It is suggested that in
carbon network phosphorous has good electron-donating properties and therefore increases
electron delocalization in the material which creates active sites for ORR [54]. Although P-
doping improves material electrocatalytic activity it is mostly used as co-dopant with
nitrogen. Choi, et al. showed that additional P-doping increased N-doped carbon material
activity for 108% [29].

3.4.1. Oxygen electroreduction on boron-doped carbon nanomaterials
In recent years boron-doped materials have caught a lot of interest and it has been found to

have even slightly better electrocatalytic properties than N-doped materials [55].

There are several methods for doping boron into carbon network: i) chemical vapour
deposition, ii) thermal annealing, iii) two-step thermal treatment and iv) single-step pyrolysis
[31, 32, 38, 44, 46, 56, 57]. Some of these methods can be quite complicated while involving
several steps and a presence of catalysts. On the other hand pyrolysis is effective and rather

facile method for boron-doping.

Lazar et al. demonstrated that depending on the chemical nature of doping, boron can be
added into carbon network by substitutional or additive doping [43]. After substitutional

doping boron will be bonded to carbon sp? network by replacement of carbon atoms within

12



the carbon structure [57]. As a result the host network acquires p-type conductivity [53, 58].
Additive doping introduces sp® carbon atoms into sp? carbon network while BH; species are
added on the surface and on the edge of carbon material [43]. From thermodynamic point of
view substitutional doping is preferred more than additive while transforming sp? in-plane
carbon to sp® out-plane carbon requires a lot of energy [43]. Most common bonding
configurations of boron incorporated into carbon network are BCO,, BC,0, BC3 and B4C [29,
31, 32, 46, 57, 59]. Jo and Shanmugam demonstrated that the catalyst which contained higher
amount of B3C, B4C and BCj3 species was more active towards the ORR [32]. This indicates
that higher B/C ratio is driving force to enhance the ORR kinetics, which was also showed by
Cheng et al. [46].

Yang et al. showed that positively charged boron atoms promote chemisorption of O, and
then act as a bridge from which electrons from adjacent carbon atoms move to chemosorbed
O, which weakens the O-O bond and leads to the ORR process [38]. Fazio et al. demonstrated
that on a B-doped graphene associative oxygen reduction is preferred rather than dissociative
[45]. This means that after the adsorption of O,, end-on dioxygen species (BGOO) are
formed, which will be directly reduced to hydroperoxo species (BGOOH) without going
through energetically expensive side-on intermediate as it is with the dissociative mechanism
[45].

3.5.  Oxygen electroreduction on carbon nanotubes modified with

surfactants
While carbon nanotubes have hydrophobic nature it is difficult to obtain uniform dispersion in

aqueous solvents. This means that they tend to form agglomerates, which in turn decreases
material surface area and therefore catalytic activity decreases. There are two ways to get
better dispersion of carbon nanotubes, one is mechanical and other is chemical approach.
Mechanical approach involves ultrasound bath and high-share mixing, but these methods can
be quite time consuming and ultrasound can lead to disintegration of nanotubes [60].
Chemical method includes covalent and non-covalent approaches in which the first one
includes chemical reaction which can change nanotubes initial properties [61]. Non-covalent
method on the other hand includes adsorption onto the nanotube surface and electronic
properties of nanotubes will remain unchanged. Both polymers and surfactants are used to
disperse carbon nanotubes by non-covalent chemical methods. For electronic applications
polymers are not suitable while they can also participate in charge delocalisation and therefore

alter electronic properties of the material [62]. Using surfactants is easy and effective way to
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disperse carbon nanotubes. There are three different types of surfactants which can be used —
non-ionic, cationic and anionic surfactants. Non-ionic surfactants adsorb onto carbon surface
through n-n stacking interactions and charged surfactants through Coulomb attraction [63].
The enhanced dispersion occurs due to electrostatic repulsion in the presence of ionic
surfactant and due to steric effect in the presence of non-ionic surfactant [64]. It has been
demonstrated that there is an optimum amount of surfactant that can be adsorbed on the
nanotube surface and if this amount is exceeded charge transfer within CNT network will be
affected [65].

3.6. Methods for electrochemical characterization

3.6.1. Rotating disk electrode method
The rotating disk electrode (RDE) method is one of the most frequently used methods for

studying kinetics and mechanism of electrochemical reactions. Its main advantage is that the
rate of mass transport to the RDE surface is uniform. During the rotation the electrolyte
solution is dragged onto the surface of RDE while centrifugal force pushes the electrolyte
solution away from the centre. This flow of electrolyte is supplemented by a flow normal onto
the RDE surface and therefore during the rotation the flow rate towards the electrode and
around it is laminar [2]. Since the solution flow towards the electrode is laminar the rate of
mass transport can be calculated using Levich equation [2]:

ja = 0.62nFch Dy, *Pv=1/01/2 (13)

where jq is the diffusion-limited current density, n is the number on electrons transferred per
O, molecule, F is the Faraday constant (96,485 C/mol), Doy is the diffusion coefficient of
oxygen (cm%s), and c’o; is the O, concentration in the bulk (mol/cm®), v is the kinematic
viscosity of the electrolyte (cm?s), w is the rotation rate (rad/s). Based on this theory the
limiting current is a linear function of the reagent concentration and therefore it is possible to

calculate the diffusion coefficient of the reacting species.

Usually measured currents follow the mixed kinetic case and therefore diffusion-limited

current density and the kinetic current densities both have to be taken into account.
i = 2 (14)

Jk is the Kinetic current density.
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The Koutecky-Levich (K-L) equation can be used to calculate the number of electrons

transferred per O, molecule:

1_1,1_ 1 1 15
I I 1g  nFAkCp,P 2/3,,-1/6¢b (,)1/2 (15)
k d n 0, 0.62nFADO2 1% Co,w

where | is measured current, I, and l4 are kinetic and diffusion-limited currents, respectively, k
is the rate constant for oxygen reduction, A is electrode geometric area, F is the Faraday
constant (96,485 C/mol), Do, is the diffusion coefficient of oxygen (cm?/s), cop” is the
concentration of the oxygen in the bulk (mol/cm®), v is the kinematic viscosity of the
electrolyte (cm?/s) and w is the rotation rate (rad/s). From the slope of K-L lines the number
of electrons transferred per O, molecule or diffusion coefficient can be found. Also exchange
current density and the electron transfer coefficient can be found from the intercept of K-L
plot [66].

3.6.2. Rotating ring-disk electrode method
In electrochemistry the rotating ring-disk electrode (RRDE) method is a powerful tool

especially when intermediate compounds are needed to detect. While RDE consists of one
disk electrode then RRDE consists of one disk electrode and a ring electrode, which both
work independently. Difference between RDE and RRDE comes in when centrifugal force
pushes the electrolyte solution away from the centre which now moves to ring electrode
where quantitative analysis of reaction products is taking place. Important parameters are the

disk radius and the ring inner and outer radius.

For quantitative measurements of disk reaction products, parameter called collection

efficiency has to be found using the following equation [4]:

v=1-P ) (@ - (@) -] -@ - [ED O e

where N is collection efficiency, ry is disk electrode radius, r, and rs are ring electrode inner

and outer radius, respectively.

Equation (16) demonstrates that by increasing the ring electrode area the collection efficiency

increases.

The percentage of produced H,O, can be calculated using the equation:

2IR/N
ID+1R/N

x 100 (17)

0 —_
/01‘1202 -

15



where Ip is disk electrode current and I is ring electrode current.

The value of n can be also calculated from the RRDE data:

4ip
n =
Ip+IR/N

Ring electrode

Insulating ring.__
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Disk electjod
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|
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Scheme 2. Rotating ring-disk electrode [2].
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4. Experimental

4.1. Preparation of surfactant coated FWCNTSs
Over 99.6 wt% pure few-walled carbon nanotubes (FWCNT) received from Noda Lab (Japan)

was used as a carbon nanotube material and several surfactants were used as modifying
agents. Octylphenoxypolyethoxyethanol (Triton X-100), cetyltrimethylammonium bromide
(CTAB), sodium dodecyl sulphate (SDS) and dihexadecyl hydrogen phosphate (DHP) were
all purchased from Sigma-Aldrich.

FWCNTs were mixed with ethanol and Milli-Q water (Millipore, Inc.) and lastly surfactant
was added. Triton X-100 concentration in the mixture was 0.3%, CTAB was 0.3%, SDS was
1% and DHP was 0.1%, with these concentrations the critical micelle concentration was
exceeded [64]. Mixtures were sonicated for 1.5 h in ultrasound bath and then left to magnetic

stirrer for overnight in order to get better dispersion.

4.2. Preparation of B-doped carbon nanomaterials
The FWCNTSs were mixed with GO, which was synthesised from graphite powder (Graphite

Trading Company) by modified Hummers method [67, 68]. Boron trifluoride diethyl etherate
(BTDE) (Sigma Aldrich) was used as boron source for doping. Firstly, the FWCNTSs were
oxidized at room temperature in a mixture of 1:1 H,SO, and HNOj3 solution in order to
introduce defects and oxygen functional groups on a surface, which in turn increases the

probability of boron doping of CNTSs.

Pyrolysis method was used to synthesise B-doped carbon nanomaterials. The FWCNTSs and
GO with a ratio of 1:1 were mixed with a BTDE. Four different mass ratios were prepared
(FWCNT and GO/boron source = 1/5, 1/10, 1/20 and 1/40) and designated as 1BC, 2BC, 3BC
and 4BC, respectively. All the mixtures were sonicated for 1 h, then placed into quartz boat
and dried in a vacuum oven at 70 °C for 30 min. Materials were pyrolysed in argon
atmosphere at 800 °C at a rate of 7 °C/min for 2 h and then cooled to a room temperature. For
comparison purposes also pyrolysis at 600 °C and 1000 °C were carried out with the catalyst

material mixture which carbon/boron mass ratio exhibited best catalytic activity at 800 °C.

4.3. Physical characterisation of prepared catalyst materials
X-ray photoelectron spectroscopy (XPS) was used to analyse surface composition of as

synthesized B-doped carbon nanomaterial. Catalyst material was suspended in ethanol and
deposited on a polished glassy carbon (GC) plate (1.1 x 1.1 cm) after which the plate was
dried in vacuum oven at 70 °C. Electron energy analyser (SCIENTA SES100) and non-
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monochromatic twin anode X-ray tube (XR3E2) with characteristic energies of 1253.6 eV
(Mg K12, FWHM 0.68 eV) and 1486.6 eV (Al K2, FWHM 0.83 eV) were used for XPS
studies. Pressure in the analysis chamber was below 10”° Torr. To collect the survey scan the
energy range from 800 to 0 eV, pass energy 200 eV and step size 0.5 eV was applied. For
obtaining high resolution spectra at certain regions pass energy of 200 eV with step of 0.1 eV

was applied.

To examine the surface morphology of nanocarbon catalysts, scanning electron microscope
(SEM) Helios NanoLab 600 was used. Catalyst material was suspended in ethanol and
pipetted onto a polished GC disk. Several different areas of the sample were examined in

order to receive the average characteristics.

To examine catalyst material at near atomic level, transmission electron microscope (TEM)
Tecnai 12, was used. Measurements were carried out at a 120 kV accelerating voltage. 300
mesh copper grid (Agar Scientific) which was coated with carbon, was used as a substrate for

catalyst solution.

Raman spectra of the as prepared catalyst material was collected using spectrometer
(Renishaw inVia). Ar* laser with wavelength of 514 nm was used for excitation. Laser beam
was focused into a spot approximately 1 pum of diameter and signal was collected with CCD

detector.

4.4. Preparation of modified GC electrodes and electrochemical

measurements
The electrochemical measurements were performed with a standard three-electrode system

using the rotating disk electrode (RDE) method. Saturated calomel electrode (SCE) was used
as a reference electrode and Pt foil was used as a counter electrode. GC disk (GC-20SS, Tokai
Carbon) with a geometric area of 0.2 cm? was used as a working electrode. GC disks were
pressed into Teflon holder and polished to a mirror finish using aluminium oxide slurry
(Buehler) with a grain size of 1 pm. After polishing the electrodes were sonicated in Milli-Q

water and isopropanol both for 5 min.

For electrode preparation with surfactant-modified carbon nanotubes, 0.05 mg/cm? of catalyst
material was dropped onto the GC surface and dried in oven at 70 °C for 30 min.
Measurements were carried out using four different surfactants in three different electrolyte
solutions with different pH value. 0.1 M KOH (pH = 13), 0.1 M phosphate buffer (pH = 7)
and 0.5 M H,SO, (pH = 0.3) electrolytes were used.
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For electrode preparation with B-doped carbon material, the as-prepared doped material was
suspended in isopropanol (4 mg/ml) containing 0.25% Tokuyama ionomer AS-4. 20 pl of the
prepared catalyst solution was dropped onto the polished GC surface and then dried at 70 °C
in vacuum oven for 30 min. Measurements were carried out in O, saturated 0.1 M KOH

(Merck) solution.

The electrode rotation rate (w) was varied from 360 to 4600 rpm using EDI101 rotator
(Radiometer) and speed control unit CTV101. Potential was applied using Autolab
potentiostat PGSTAT30 (Eco Chemie B.V., The Netherlands) and experiment was controlled
by using General Purpose Electrochemical System (GPES) software. The prepared catalyst
material activity was evaluated by cyclic voltammetry (CV) and linear sweep voltammetry

(LSV) measurements, with the scan rate of 100 mV/s and 10 mV/s respectively.

Also the RRDE measurements were carried out with FWCNTs materials. As received
FWCNTs were mixed with ethanol and mixture was dispersed in ultrasound bath for 1.5 h.
GC disk with Pt ring and geometric area of 0.2 cm? was used as a working electrode (Pine
Research Instrumentation, Inc., Grove City, PA, USA). GC disk was pressed into Teflon
holder and polished to a mirror finish using alumina slurry (Buehler) with grain size of 1 um.
After polishing the electrode was sonicated in acetonitrile (Sigma-Aldrich), isopropanol and
Milli-Q water for 5 min. Measurements with three different loading (0.05, 0.1 and 0.2
mg/cm?) of the catalyst material were carried out in O, saturated 0.1 M KOH solution with a
scan rate of 10 mV/s. Rotation rate was varied from 360 to 3100 rpm.
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5. Results and discussion
5.1. Oxygen reduction on FWCNT modified GC electrodes

5.1.1. Physical characterisation of FWCNTSs
Scanning electron microscopy (SEM) was used to investigate the surface morphology of

FWCNTs. From Fig. 1 one can see that nanotubes are rather well dispersed, average diameter

of nanotubes is approximately 10 nm and no visible amorphous carbon particles or other

impurities can be detected.

Figure 1. SEM image of Noda FWCNTSs deposited on glassy carbon disk electrode.

5.1.2. Electrochemical characterisation of FWCNT/GC electrodes
RRDE method was used to study oxygen reduction on ultrapure FWCNT-modified

electrodes. Measurements were carried out in O, saturated 0.1 M KOH solution with a scan
rate of 10 mV/s and in a potential range from 0 to -1.2 V. The amount of catalyst material on
the electrode surface was varied as follows: 0.05, 0.1 and 0.2 mg/cm?. Figures 2-4 illustrate
the electrochemical ORR behaviour on FWCNT modified GC electrodes, with the amount of
0.05, 0.1 and 0.2 mg/cm? respectively. It can be seen that no significant change in the ORR
activity with different loading of catalyst material can be detected. The onset potential in all
cases is approximately -0.25 V. The reduction current increases while increasing the rotation
rate of an electrode and prewave is formed at a potential of -0.5 V. It can be assumed that the
prewave is contributed by oxygen functional groups on nanotube surface. The amount of
H20, produced on the FWCNTSs is measured on the platinum ring of the RRDE. Detected
amount of H,O, increases when electrode rotation rate increases because at higher rotation
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rates H,O, moves faster from disk electrode to ring electrode and therefore has less time to be
further reduced or decomposed. The percentage of H,O, produced was calculated using the
equation (16).

The number of electrons transferred per one O, molecule was calculated using Koutecky-
Levich (K-L) equation (15). K-L plots on Figures 2-4 (b) indicate that ORR on FWCNT/GC
in under diffusion-convection limited current at lower rotating rates and under diffusion-
limited current at higher rotating rates. From the inset graphs (see Fig. 2-4 (b)) can be seen
that the number of electrons transferred per O, molecule is approximately two in all measured
potential range and for all different catalyst loadings.

0.0 - 8 ¢
3
2
021 B =
1 6r 1 t
'y
2 - ] v
04L ] 42 10 0.8 0.6 0.4 I
-4 3 g Etv T
E - 4r v i -
:: 0.6 4 - v ’ - [ ]
T, =
08t O ] 20 M
1.0 (a) | ol (b)
-14 12 10 -08 -06 -04 -0.2 0.0 0.00 0.05 0.10 0.15 0.20
E/Vvs SCE o' | rad™'%s™
T T T T T T T T 100 T T T T T
012 | - N
s § i 38 ]
5 80 | ¥
0.10 | 1 s n
! .
n
oo *
60 |
E 0.06 3
= 2 40
0.04 360
1 = 610
0.02 | I 4 960
20 ¥ 1900
0.00f © (d) + 3100
1 1 1 1 1 1 1 1 0 1 1 1 1 I 1
14 12 10 -08 -06 -04 -0.2 0.0 -14 1.2 -1.0 -0.8 -0.6 0.4 -0.2 0.0
E/Vvs SCE E/Vvs SCE

Figure 2. (a) RRDE voltammetry curves of oxygen reduction on a FWCNT/GC electrode, (b)
K-L plots with inset graph illustrating number of electrons transferred per O, molecule, (c)
ring electrode current-potential curves and (d) the percentage of H,O, produced. The loading
of catalyst on the electrode was 0.05 mg/cm?. Measurements were carried out in O, saturated
0.1 M KOH, » =10 mV/s, = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 rpm. In K-L plots
symbols correspond to different potentials: (H) -1.2 V, (@) -1.1 V, (A)-1.0 V, (V) -0.9 V,
(®)-08V,(€)-0.7V,.
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Figure 3. (a) RRDE voltammetry curves of oxygen reduction on a FWCNT/GC electrode, (b)
K-L plots with inset graph illustrating number of electrons transferred per O, molecule, (c)
ring electrode current-potential curves and (d) the percentage of H,O, produced. The loading
of catalyst on the electrode was 0.1 mg/cm“. Measurements were carried out in O, saturated
0.1 M KOH, » =10 mV/s, w = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 rpm. In K-L plots
symbols correspond to different potentials: (M) -1.2 V, (@) -1.1 V, (A)-1.0 V, (V) -09 V,
(®)-08V,(€4)-0.7V,
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Figure 4. (a) RRDE voltammetry curves of oxygen reduction on a FWCNT/GC electrode, (b)
K-L plots with inset graph illustrating number of electrons transferred per O, molecule, (c)
ring electrode current-potential curves and (d) the percentage of H,O, produced. The loading
of catalyst on the electrode was 0.2 mg/cm®. Measurements were carried out in O, saturated
0.1 M KOH, » =10 mV/s, w = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 rpm. In K-L plots
symbols correspond to different potentials: (M) -1.2 V, (@) -1.1 V, (A)-1.0 V, (V) -09 V,
(®)-08V,(€4)-0.7V,

5.2.  Oxygen reduction on FWCNT-surfactant modified GC electrodes

5.2.1. Electrochemical characterisation of FWCNT-surfactant modified

electrodes in alkaline media
Several different surfactants were used to achieve better dispersion of carbon nanotubes and

electrocatalytic properties of these surfactant covered FWCNTSs were investigated. Triton X-
100 was used as a non-ionic surfactant, CTAB as a cationic surfactant, SDS and DHP as
anionic surfactants. From Fig. 5 one can see that the reduction current values have increased

compared with ORR on FWCNTs without the surfactant (for example, see Fig. 2). This
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indicates that the specific surface area of the electrode has been increased by avoiding natural
agglomeration of the CNTs. It is also obvious that dispersibility of FWCNTs has been
enhanced compared with unmodified FWCNTSs. In Fig. 5, K-L plots are presented and it can
be seen that the K-L lines are not parallel which indicates that the number of electrons
transferred per O, molecule (n) is not the same in studied potential range. This can also be
seen from the inset graphs of Fig. 5 (b), (d), (f) and (h) that the n value increases at more
negative potentials. At lower overpotentials the value of n is two and H,O is produced during
the reaction. At more negative potentials the n value increases, which shows that H,O, further

reduces to water.
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Figure 5. ORR polarisation curves and K-L plots on FWCNT-surfactant modified GC
electrodes. Inset graphs show the potential dependence of the number of electrons transferred
per O, molecule. Measurements were carried out in O, saturated 0.1 M KOH, v = 10 mV/s, @
= (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm. In K-L plots symbols
correspond to different potentials: (W) -1.2 V, (@) -1.1V, (A)-1.0V, (V) -09V, (®) -0.8
V,(€)-0.7V,(»)-06V, (@®)-05V, (*k)-04V.

Fig. 6 shows that FWCNTs modified with CTAB has the most positive onset potential
compared with other surfactant-modified FWCNTs, unmodified FWCNTs and bare GC
electrode. This could be because of FWCNTs modified with CTAB had most even dispersion
compared with other surfactant containing mixtures. FWCNT modified with DHP has the
lowest current values and can be said that among these four surfactants DHP showed the

lowest dispersing ability.
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Figure 6. Comparison of the RDE voltammetry curves for ORR on a bare GC and on a
FWCNT and FWCNT-surfactant modified GC electrodes. Measured in O, saturated 0.1 M
KOH, » =10 mV/s, @ = 1900 rpm.

5.2.2. Electrochemical characterisation of FWCNT-surfactant modified

electrodes in neutral media
Oxygen reduction on FWCNT-surfactant modified GC electrodes was also studied in 0.1 M

phosphate buffer solution with pH = 7 (see Fig. 7). As it was expected, at lower pH values the
electrocatalytic activity of modified carbon nanotube catalyst decreases while the nature of
active sites on FWCNTs change. From Fig. 7 (b), (d), (f) and (h) inset graphs, it can be seen
that unlike from the electrocatalytic behaviour in alkaline media the number of electrons
transferred per O, molecule is two in the whole studied potential range and does not increase
at more negative potentials, meaning that H,O, is the final product and does not reduce

further to water.
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Figure 7. ORR polarisation curves and K-L plots for FWCNT-surfactant modified GC
electrode. Inset graphs shows the potential dependence of the number of electrons transferred
per O, molecule. Measurements were carried out in O, saturated 0.1 M phosphate buffer, » =
10 mV/s, @ = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm. In K-L plots
symbols correspond to different potentials: (H) -1.2 V, (@) -1.1 V, (A) -1.0 V, (V) -09 V,
(®)-08V,(€)-0.7V,(»)-06V, (®)-05V, (%)-04V.
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From Fig. 8 it can be seen that FWCNTs modified with CTAB has the most positive onset
potential compared with other surfactant-modified FWCNTSs, unmodified FWCNTSs and bare
GC electrode, referring to better dispersion of FWCNTSs in the presence of CTAB. The same

situation was also detected in alkaline media (see Fig. 6).
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Figure 8. Comparison of the RDE voltammetry curves for ORR on a bare GC and on a
FWCNT and FWCNT-surfactant modified GC electrodes. Measured in O, saturated 0.1 M
phosphate buffer, » = 10 mV/s, w = 1900 rpm.

5.2.3. Electrochemical characterisation of FWCNT-surfactant modified

electrodes in acid media
Electrocatalytic ORR behaviour of FWCNT-surfactant modified GC electrode was also

studied in acidic media. As it was mentioned before, carbon materials exhibit rather poor
electrocatalytic activity towards the ORR in acidic media, which can also be seen from Fig. 9.
From these studies it can be said that in a potential range from 0.8 to -0.1 V the FWCNT
material can be used as a catalyst support while having good conductivity but does not

contribute to catalytic activity itself.
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Figure 9. ORR polarisation curves and K-L plots for FWCNT-surfactant modified GC
electrodes. Inset graphs show the potential dependence of the number of electrons transferred
per O, molecule. Measurements were carried out in O, saturated 0.5 M H,SOg, v = 10 mV/s,
o = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm. In K-L plots symbols
correspond to different potentials: (H) -0.6 V, (@) -0.55V, (A)-05V,(V¥)-0.45V.

From Fig. 10 one can see that also in acid media carbon nanotubes modified with CTAB have
the most positive onset potential and highest reduction current values. FWCNTs modified
with DHP exhibit the lowest reduction current values and also have the most negative onset

potential, indicating that using DHP the dispersion on FWCNTSs was not enhanced.
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Figure 10. Comparison of the RDE voltammetry curves for ORR on a bare GC and on a

FWCNT and FWCNT-surfactant modified GC electrodes. Measured in O, saturated 0.5 M
H2SO4, v = 10 mV/s, @ = 1900 rpm.
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5.3.  Oxygen reduction on boron-doped carbon nanomaterial modified GC
electrodes

5.3.1. Physical characteristics of boron-doped carbon nanomaterial
SEM was used to examine electrode surface after modification with boron-doped carbon

nanomaterial. Fig. 11 presents SEM micrograph of a 1BC catalyst material. It can be seen that
graphene flakes are evenly spread all over the material. It is possible to recognise some

agglomeration of materials and also some restacking of graphene sheets.
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Figure 11. SEM image of a 1BC catalyst material.

Transmission electron microscopy (TEM) was used to explore carbon composite material
structure and surface morphology after B-doping. While in some regions graphene flakes and
nanotubes are well dispersed, it was also detected that in some regions restacking of graphene
flakes takes place. From Fig. 12, it is possible to see graphene sheets cohered between the
carbon nanotubes. In such way bigger restacking of the graphene to graphite is avoided. The
current image shows approximately 4 layers of graphene together with FWCNTS, but it has
been proven by the TEM study that there are regions where single-sheets are presented as

well the areas where up to 8-layer graphene restacking has been taking place.
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Figure 12. TEM image of B-doped graphene and CNTs. The image shows at least 4 layers of
graphene with CNTs doing under and over the graphene sheets. Catalyst material 1BC was
used for studying.

The graphitisation degree and ratio of carbon defects in the 1BC catalyst material were
investigated by Raman spectroscopy. Fig. 13 illustrates that before B-doping the composite
material exhibits an intense D and G peak at 1310 and 1584 cm™, respectively and after the B-
doping D and G peak appear at 1303 and 1586 cm™, respectively. It is known that D band
represents existence of sp° sites and G band sp? bonds. An intense D band indicates that a lot
of defects have been created into carbon network during the acid treatment, leading to a sp®
configuration. The ratio between D and G band intensities (Ip/lg) is 1.69 for undoped carbon
nanomaterial and 1.76 for B-doped carbon nanomaterial. While the bigger value indicates

more defects it can be said that boron doping creates more imperfections.
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Figure 13. Raman spectra of FWCNT/GO and B-doped FWCNT/GO.
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X-ray photoelectron spectroscopy (XPS) was used to study the surface chemical composition
of the 1BC catalyst material. On Fig. 14 (a), the XPS survey spectra show the presence of
boron, carbon, oxygen and fluorine atoms with atomic percentages of 1.7, 92, 6 and 0.6%,
respectively. A distinguishable B1s peak appeared at 192.5 eV, C1s peak at 284 eV, O1s peak
at 534.5 eV and F1s peak at 685.5 eV. Cl1s peak was deconvoluted into five separate peaks
(see Fig. 14 (b)), C=C peak at 284 eV, B-C peak at 285 eV, C-C peak at 285.5 eV, C-O at
286.5 eV and O-C=0 at 288.2 eV. On Fig. 14 (c), high resolution B1s XPS spectrum showed
the appearance of three distinguishable peaks for different boron species, B,O3;, BCO, and
BC,0 at 193, 192.2 and 190.8 eV respectively. The proportion between different boron
species is 60% of B,03, 22% of BCO, and 18% of BC,0. The binding energy of the B1s peak
(192.5 eV) is positively shifted compared with pure boron binding energy (187.1 eV) [69].
This indicates that boron has been incorporated into carbon material by replacing C atoms in

sp® carbon network.
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Figure 14. (a) XPS survey spectra of B-doped carbon material. High resolution XPS spectra in
the C1s (b) and B1s (c) regions.
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5.3.2. Electrochemical characterisation of boron-doped carbon

nanomaterial modified electrodes
The rotating disk electrode method (RDE) was used to study the electrocatalytic activity of B-

doped carbon nanomaterial towards O, electroreduction. Measurements were carried out in
0.1 M KOH solution and GC electrodes modified with B-doped carbon composite catalysts
were used as working electrodes. In the first part four different mass ratios of carbon
nanomaterial and boron source were prepared for pyrolysis process. Fig. 15 shows the RDE
results for all four different mass ratios of boron source and carbon composite material at

pyrolysis temperature at 800 °C.
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Figure 15. RDE voltammetry curves for ORR on a B-doped carbon nanomaterial with
different mass ratios of boron source and carbon material (1BC, 2BC, 3BC and 4BC) in O,
saturated 0.1 M KOH, » = 10 mV/s, w = 1900 rpm.

One can see that 1BC, 2BC and 3BC have the same onset potential which is approximately -
0.15 V vs. SCE and is slightly more positive than for 4BC. The reduction current value is
highest for catalyst material 1BC and lowest for 3BC and 4BC. These results indicate that
increasing boron content decreases catalytic activity towards the ORR. Although some of the
previous works show that increasing boron content the electrocatalytic activity of the material
also increases, it should be mentioned that there are no previous works where BTDE has been
used as a boron source for doping [46, 57]. It has been shown that in some point it will be
rather difficult to increase boron content in carbon network just by increasing the amount of
boron source [46]. Also defects and oxygen functional groups on carbon surface have
important role in catalytic activity. Another reason for enhanced ORR activity of B-doped
carbon is that by introducing boron into the material also oxygen reduction rate on catalyst

material increases while boron atoms enhance oxygen adsorption [46]. It has been proposed
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that positively charged boron atoms on carbon surface facilitate oxygen chemosorption and
then act as a bridge from which electrons from the adjacent carbon atoms are transferred to

oxygen leading the weakening of O-O bond [38].

The influence of pyrolysis temperature to electrocatalytic activity of the boron-doped material
was investigated. While at 800 °C 1BC showed the best activity for ORR, the pyrolysis at
temperatures 600 °C and 1000 °C were performed with the same boron source ratio to carbon
material. In Fig. 16 one can see that catalyst material prepared by pyrolysis at 800 °C shows
the best activity for O, reduction while having most positive onset potential and also largest
reduction current value. From previous works it has been demonstrated that raising the
temperature for doping increases the amount of electrocatalytically active surface species and
therefore the material prepared at 800 °C is catalytically more active than the materials
prepared at 600 °C [32, 59]. Although some of the previous reports have been demonstrating
that 1000 °C is the most effective temperature for doping, raising temperature from 800 °C to
1000 °C, did not enhance the material catalytic activity towards the ORR in current work [46,
57]. Therefore using BTDE for boron-doping is more cost-effective than using boron sources

which show the best result after doping at 1000 °C.
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Figure 16. RDE voltammetry curves for ORR on a 1BC/GC electrode prepared at pyrolysis
temperatures 600, 800 and 1000 °C in O, saturated 0.1 M KOH, » = 10 mV/s, = 1900 rpm.

Fig. 17 illustrates a set of ORR polarisation curves measured at different rotation rates on
most active, 1BC catalyst modified GC electrode. The onset potential is approximately -0.15
V vs SCE and at lower rotating rates reduction current plateaus are formed indicating that the

ORR process is almost entirely under the diffusion control. At higher rotating speeds slight
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prewave is formed at -0.8 V. This behaviour is common to carbon materials in alkaline
solution and can be suggested that it is contributed by the oxygen groups on the surface [70].

The number of electrons transferred per O, molecule was calculated using the K-L equation
(15). From Fig. 18 it can be seen that the intercepts on a K-L plot are close to zero which
indicates that ORR is almost entirely under the diffusion control. The number of electrons
transferred per O, molecule is close to four in all over the measured potential range,
indicating that on these B-doped carbon composite catalysts a four-electron reduction

pathway is preferred over two-electron reduction pathway.
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Figure 17. RDE voltammetry curves for ORR on a 1BC/GC electrode in O, saturated 0.1 M
KOH, » =10 mV/s, w = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm.
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Figure 18. K-L plots for oxygen reduction on a 1BC/GC electrode in O, saturated 0.1 M
KOH. Inset shows the potential dependence of the number of electrons transferred per O,
molecule. Data derived from Fig. 17. In K-L plots symbols correspond to different potentials:
(m)-1.2V,(e#)-1.1V,(A)-1.0V,(V)-09V, (®)-08V,(4)-0.7V,(»)-06V, (@)-05
V, (%) -0.4 V.
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From Fig. 19, it can be seen that the mixture of GO and acid treated FWCNT have more
positive onset potential compared with GC. After the boron doping onset potential shifts even
more positive, half-wave potential value is approximately 200 mV more positive compared
with bare GC and also reduction current values have increased. For that reason it can be said
that boron atoms have been incorporated into carbon network and by that electronic properties
of the material have been changed.
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Figure 19. RDE voltammetry curves for ORR on a bare GC, GC modified with GO/FWCNT
and 1BC/GC in O, saturated 0.1 M KOH, » = 10 mV/s, @ = 1900 rpm.
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6. Summary
The dispersion of few-walled carbon nanotubes (FWCNTS) was enhanced in the presence of

surfactant. This was proven by the increase of reduction current values which indicates that
the specific surface area of the electrode has been increased. Comparison was made with un-
modified FWCNTSs which electrocatalytic activity was measured using RRDE method. Four
different surfactants were used for modification (Triton X-100, CTAB, SDS and DHP). The
best dispersibility has been shown by using a cationic surfactant CTAB. Electrocatalytic
activity of surfactant modified FWCNTs decreased when the pH value of electrolyte
decreased. It can be suggested that at very low pH values the studied material can be used as a

catalyst support.

In the second part of the thesis boron-doped carbon nanomaterials were successfully produced
by using FWCNTSs and graphene oxide (GO) mixture as a composite material and boron
trifluoride diethyl etherate (BTDE) as a boron source. Four different mass ratios (1/5, 1/10,
1/20, 1/40) of carbon composite and boron source were studied and the best catalytic activity
was shown by the catalyst with carbon material and boron source mass ratio of 1/5. In this
work it was demonstrated that by increasing boron source for doping the catalytic activity of
material decreased. Although this result is contemporary to some of the previous works it has
to be mentioned that BTDE has not been used as a boron source for doping in previous
reports. The effect of pyrolysis temperature on the electrocatalytic activity was also examined.
Pyrolysis was carried out using temperatures 600, 800 and 1000 °C. The most
electrocatalytically active material was produced at pyrolysis temperature of 800 °C.
Although some previous works have been shown that by increasing pyrolysis temperature the
catalytic activity has also been enhanced, it this work raising temperature from 800 °C to
1000 °C the catalytic activity of the material did not improve. Therefore it can be said that
using BTDE as a boron source for doping is rather easy and cost-effective way to improve
carbon nanomaterial electrocatalytic activity towards O, electroreduction. The resulting
catalyst material exhibited excellent electrocatalytic activity towards the ORR in alkaline
media. This indicates that the synthesised B-doped catalyst material is promising for

widespread electrochemical applications, especially for anion-exchange membrane fuel cells.
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7. Résumé
For large scale production of low-temperature fuel cells, cathode catalyst for efficient oxygen

reduction reaction (ORR) is needed. At present mostly platinum based catalysts are used, but
due to high price of platinum and other drawbacks like sensitivity towards impurities, an
alternative catalyst material is needed. In current study surfactant coated few-walled carbon
nanotubes and boron-doped carbon nanomaterial were prepared and the electrocatalytic
activity towards the ORR was studied on both as-prepared catalysts. In addition for
electrochemical measurements also surface characterisation were carried out using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS). For electrochemical measurements the rotating
disk electrode (RDE) and rotating ring-disk electrode (RRDE) methods were used. With
boron-doped carbon nanomaterial the RDE experiments were carried out in 0.1 M KOH
solution and with surfactant-modified carbon nanotubes measurements in 0.1 M KOH

solution as well as in 0.1 M phosphate buffer and in 0.5 M H,SO4 media were performed.

It has been demonstrated that in the presence of surfactant the specific surface area of carbon
nanotubes has been increased while current values were higher compared with non-modified
carbon nanotubes. The activity towards the ORR was much lower in acid solutions and it can
be suggested that this carbon nanotube catalyst material could act as a catalyst support in
certain potential range in acid media, while having a good conductivity but does not
contribute to ORR itself.

For boron-doped carbon nanomaterial, boron trifluoride diethyl etherate (BTDE) was used as
a boron source. XPS spectra demonstrated that boron has been successfully incorporated into
carbon network. Raman spectroscopy showed slight increase in the ratio between D and G
band intensities (Ip/lg), which indicates that more defects have been introduced into material
after doping. Electrochemical measurements with four different mass ratios of carbon
composite and boron source (FWCNT and GO/boron source = 1/5, 1/10, 1/20 and 1/40) were
carried out. Electrocatalytically most active was the material with carbon composite and
boron source mass ratio of 1/5. The effect of pyrolysis temperature on the electrocatalytic
activity of the boron-doped material was also investigated. Pyrolysis at temperatures 600, 800
and 1000 °C were performed and the material prepared at 800 °C showed the best activity for
O, electroreduction. It can be proposed that using BTDE for introducing boron into carbon

network is effective and rather easy way to enhance the ORR activity of carbon nanomaterial.
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8. Resiimee
Energia muundamissiisteemides, nagu naiteks madaltemperatuuriline kiituseelement ja metall-

ohk patareid, on iiks olulisemaid protsesse hapniku elektroredutseerimine, mis leiab aset
katoodil. Kiituseelemendi aktiivsus on otseselt seotud hapniku redutseerumise Kkineetikaga,
seega on oluline, et antud reaktsioon toimuks voimalikult kiiresti. Kahjuks aga on O=0
sideme 16hkumiseks vaja kulutada palju energiat ja seega on O, elektroredutseerumine pigem
aeglane. Protsessi kiirendamiseks on vaja efektiivset kataliisaatorit kiituseelemendi katoodi
poolele. Hetkel on enamlevinud kataliisaatorid valmistatud plaatina baasil, mis on kallis ja
tundlik kiituses leiduvatele lisanditele nagu néiteks védvel ja siisinikdioksiid. Antud t60s
uuriti modifitseeritud siisiniknanomaterjalide moju hapniku elektroredutseerumisele. T66
koosnes kahest osast, milles esimeses modifitseeriti mdneseinalisi slisiniknanotorusid nelja
erineva pindaktiivse ainega, et saavutada nanotorude parem dispergeeritus. Voib viita, et
nanotorude dispergeeritavus paranes pindaktiivse ainete juuresolekul. Seda illustreeris
polarisatsiooni koveratel suurenenud vooluvdirtused vorreldes ilma pindaktiivse aineta
stisinikmaterjali |,E-kOveratega, see tdhendab, et elektroodi eripinda suurendati. Parima
dispergeeritavuse tagas katioonne pindaktiivne aine tsetiililtrimetiiiilammoonium bromiid

(CTAB).

T60 teises osas valmistati booriga dopeeritud siisiniknanomaterjalid ja uuriti nende moju
hapniku  elektroredutseerumisele.  Siisiniknanomaterjalina  kasutati ~ moneseinaliste
stisiniknanotorude  ja  grafeenoksiidi  suhtega 1:1 segu ja boori allikana
boortrifluoriiddietiiiileteraati (BTDE). Valmistati neli erineva siisinik komposiitmaterjali ja
boori allika massi suhtega kataliisaatormaterjali. Kataliiitiliselt kdige aktiivsemaks osutus
materjal, mille stisiniknanomaterjali ja boori allika suhe oli vastavalt 1/5. Uuriti ka
piiroliitisitemperatuuri mdju booriga dopeeritud slisiniknanomaterjalide elektrokataliiiitilisele
aktiivsusele. Dopeerimised teostati temperatuuridel 600, 800 ja 1000 °C. Kataliiitiliselt kdige
aktiivsem aine saadi dopeerides 800 °C juures. See annab antud ainele (BTDE) teatud eelise

boori allikate ees, mis annavad kdige efektiivsema tulemuse 1000 °C juures.
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