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Abstract

Direct methanol fuel cells (DMFC) are great candidates for portable power source
applications. However, the sluggish reaction kinetics are key challenges in DMFC technology.
The state-of-the-art electrocatalysts are Pt-based catalysts supported on carbon black.
However, the high price of Pt, corrosion of carbon support and Pt degradation are the main
problems.

In this thesis, carbon nanomaterials, namely few-walled carbon nanotubes (FWCNTSs) and
graphitized nanofibers (GNF's) were used as catalyst supports in the search for stable and
durable catalysts. PtRu nanocatalysts with similar particle size and composition were
synthesized and deposited on FWCNTs and GNF's. The electrochemical activities for methanol
oxidation were compared with that of PtRu-carbon black in acidic conditions. The half-cell
electrochemical measurements revealed higher activity with PtRu-GNFs and PtRu-FWCNTs.
Later, the electrocatalysts were tested in macro- and micro-DMFC. The results revealed the
significant influence of the catalyst support, inomer contect, electrode structure, preparation
method, as well as the fuel cell architecture on the performance of a specific electrode material.
The results also highlighted the necessity of electrode composition optimization when applying
new materials at the electrodes, in order to achieve the best activity and durability for a certain
electrocatalyst.

A special effort was also done to achieve Pt-free electrocatalysts with high activity for the
oxygen reduction reaction (ORR) by introducing nitrogen heteroatoms in carbon
nanomaterials, namely FWCNT's and graphite nanoplatelets (GNPs). N-FWCNT's exhibited
remarkable electrocatalytic activity for ORR in alkaline media, despite their very low nitrogen
content (~0.5 at.%). N-FWCNTs performed on par or better than a commercial Pt-C at the
cathode of an alkaline DMFC. The N-GNPs exhibited enhanced electrocatalytic activity for
ORR compared to pristine GNPs in alkaline media. The results indicated that N-doped carbon
nanomaterials could be promising alternatives to their Pt counterparts to reduce fuel cell costs.
However, further investigations are necessary to ascertain the real active sites in order to
design more efficient and durable ORR electrocatalysts.
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1 Introduction

Increasing energy demand, depletion of fossil fuel reserves and the climate change related to the
release of greenhouse gases has forced governments to invest on the new energies. Fuel cells are
promising solutions for energy and environmental crisis due to their low emission and high
efficiency (~80%). Polymer electrolyte fuel cells convert chemical energy of a fuel
(hydrogen/alcohol) to electricity and provide wide range of applications in transportation,

stationary and portable power supplies.

Fuel cell is composed of three active components: a fuel electrode (anode), an oxidant electrode
(cathode) and an electrolyte between them. Five major types of fuel cells can be distinguished by
the type of the electrolyte: Alkaline fuel cells (AFC), proton exchange membrane fuel cells
(PEMFC), anion exchange membrane fuel cells (AEMFC), solid oxide fuel cells, phosphoric acid

fuel cells and molten carbonate fuel cells [1].

The principle of a hydrogen fuel cell was first introduced in 1839 by Sir William Robert Grove,
who tried to reverse the phenomenon of water splitting by applying electric field to hydrogen and
oxygen. Fuel cell was first put to use in 1960s to provide electricity onboard the Gemini and
Apollo spacecraft. During 1970s, fuel cell technology was developed for systems on earth. In

1980s, it began to be tested for the purpose of utilities and automobile sectors [2].

Fuel cells using methanol can be divided into two categories: indirect methanol fuel cell (IMFC)
and direct methanol fuel cell (DMFC). DMFC technology was first developed in Jet Propulsion
Laboratory in 1992. Methanol is an attractive fuel because it is cheap, easy to store and handle. In
addition, there is no C-C bond to break and it has high volumetric energy density 4.3 kWh L™, i.e.
almost twice that of liquid hydrogen (2.4 kWh L™). The fuel for portable applications should be of
high volumetric energy density. DMFCs are potential due to high mass energy density, simple set-
up and availability of liquid fuel, easy refilling. However, methanol involves some safety risks such

as toxicity and flammability [3].

In a DMFC the main challenge is the sluggish methanol oxidation at the anode. However, oxygen
reduction reaction (ORR) at the cathode is even six times slower. The state-of-the-art commercial
catalysts are Pt (at cathode) and bimetallic PtRu (at anode) on a high area carbon support,
commonly carbon black, together take more than 50% of fuel cell cost. Another problem relates to
the aggregation of catalyst particles under fuel cell operating condition due to the carbon corrosion,
Pt aggregation and Ru dissolution; consequently performance may decrease continuously over
time. Therefore, worldwide commercialization of fuel cells still remains a challenge, due to the
durability issues and CO poisoning of Pt catalysts [4] as well as the limited resources and high cost
of platinum (~ $1200/ounce in Feb. 2015).



1.1 Scope of the thesis

The objective of this doctoral thesis is to enhance DMFC performance through synthesis of more
efficient electrocatalysts. Our strategy is based on application of novel carbon nanomaterials
(CNM) as carbon support for PtRu catalysts, and also using them as Pt-free electrocatalysts.
Different types of CNMs have been used in this study such as carbon nanotubes (CNTs), carbon
nanofibers (CNFs) and graphene. These novel carbon materials are very good candidates for
catalysis application because of their high surface area, superior electrical conductivity and electron

transfer properties as well as thermal and mechanical stability.

The goal of the thesis is approached in two ways; firstly few walled carbon nanotubes (FWCNTs)
and graphitized nanofibers (GNFs) were used as alternative carbon support for PtRu to achieve
more active and durable electrode for methanol oxidation at the PEM-DMFC anode. Secondly,
FWCNTs and graphite nanoplatelets (GNPs) were modified by nitrogen doping in order to
completely replace Pt catalyst, acting as Pt-free electrocatalysts for ORR at the cathode of an
AEM-DMEFC. Figure 1.1 illustrates the scope of the thesis. The red circle covers the study on using
CNMs as catalyst support and investigation of performance at the anode of a PEM-DMFC
(Publications I, II & IIT). The green circle encompasses the study on nitrogen doping of CNM as
Pt-free electrocatalyst for ORR at the cathode of an AEM-DMFC (Publications IV & V).

Oxygen
Reduction

Pubs. IV. V

CNM as Catalyst

Methanol
Oxidation

Pubs. I, 11, IIT

CNM as Catalyst
Support

S

N-doped CNMs
Cathode side
(AEM-DMFC)

PtRu-CNMs
Anode side
(PEM-DMEFC)

Figure 1.1. Scope of the thesis; red circle: PtRu-CNM for MOR at the anode in PEM-DMFC, green circle:
N-CNM for ORR at the cathode in AEM-DMFC.

In Publication I, PtRu catalysts with similar particle size and composition were deposited on novel
nanocarbon supports: FWCNTs, GNFs, and the traditional carbon black (Vulcan). The catalytic
activity of catalysts for methanol oxidation reaction was investigated in an electrochemical cell. In

addition, fuel cell performance was examined in a macro scale PEM-DMEC (7.29 cm®) for 6-day

10



long measurement. PtRu-GNF worked as the most durable electrode, among the three

electrocatalysts.

In Publication II, the PtRu-catalysts supported on CNMs were prepared and their performances
were investigated at the anode of a silicon microfabricated PEM-DMFC (1 c¢m?) for continuous 3-
day measurements. PtRu-FWCNTs and PtRu-GNFs showed respectively 471% and 274%

enhancement in power density compared to PtRu-Vulcan.

In Publication III, Nafion content in the membrane electrode assembly (MEA) for PtRu-GNFs
electrocatalyst was varied (30-70 wt.%) for optimization of the electrode structure. MEA with 50
wt.% Nafion content showed the best activity and stability in constant current measurements for 9
days in the macro-size PEM-DMFC (7.29 cm’).

In Publication IV, nitrogen-doped FWCNTs (N-FWCNTs) were synthesized via a post-treatment
doping method by coating FWCNTs with polyaniline (PANI) and then pyrolysis at high
temperatures. The effect of PANI amount, pyrolysis temperature and functionalization of FWCNTs
on the type of nitrogen-functional groups and the ORR activity was investigated. The resulting N-
FWCNTSs showed much higher electrocatalytic activity for ORR in alkaline media, despite of very
low nitrogen content (0.5 at. %). The performance was also studied at the cathode of an AEM-

DMFC and exhibited similar performance to a commercial Pt-C catalyst.

In Publication V, nitrogen doped-GNPs (N-GNPs) were prepared by thermal annealing of GNP
functionalized with a series of imidazole-based nitrogen containing precursors of different nature,
charge and nitrogen content. N-GNPs with 1.6-3.3 at.% nitrogen content showed enhanced

electrocatalyst activity for ORR in alkaline media compared to the pristine GNP.

11



2 Background

2.1. Direct methanol fuel cell

The processes occurring in both PEM and AEM fuel cells are illustrated in Figure 2.1. In PEM-
DMFC, methanol is fed to the anode where it is electrochemically oxidized to CO, and protons.
Protons migrate though the membrane, and electrons are forced through an external circuit to the
cathode. At the cathode, ORR occurs in which electrons and protons react electrochemically with

oxygen molecules to produce water and heat.
The reactions at anode and cathode of PEM-DMFC are as below:

Anode: CH;0H + H,0 - CO, + 6H* + 6e~ E,=0.016 V/SHE (1

Cathode: 3 Eo=1229 V/SHE (2
athiode 502+ 6H* + 6e™ = 3H,0 0 (

1l ion: 3 Eo=1.21 HE
Overall reaction CH,OH +502 €O, + 2H,0 0 V/S 3

The maximum theoretical voltage attainable from the overall reaction is 1.21 V with a theoretical
efficiency of 96.5%, but in practice this voltage is not obtained due to poor electrode reaction

kinetics and ohmic losses in the electrolyte [5].

6¢7" i AN6e ; &
CH,OH+H,0 /Y x %0,+3H,0

—> < —> <
[
g ol <[
2 2 3
co, 3,0 COSHO
< o0

[
Anion-Exchange Membrane

Proton-Exchange Membrane
[AEM]

[PEM]

Figure 2.1 Schematic of a PEM-DMFC and AEM-DMFC.

Alkaline fuel cells (AFC) use the liquid electrolyte solution of potassium hydroxide (KOH)
because it is the most conducting of all alkaline hydroxides. [1]. The major drawback of AFC is
that KOH electrolyte is very sensitive to CO, that forms carbonates crystals such as K,CO; which
then precipitate in the cell. Another disadvantage is related to the amount of liquid electrolyte that

may cause electrode flooding or drying [1]. Later on, advances in PEMFC brought the idea of

12



using a solid electrolyte for AFC to replace KOH with anion-conducting polymer electrolyte. This

led to an increasing growth in research on AFC over the last thirty years.

In AEM-DMFC, methanol is supplied at the anode, and oxygen along with water is supplied at the
cathode. At the cathode, ORR produces hydroxide ions (OH") that migrate through the electrolyte

towards the anode. At the anode, OH™ reacts with methanol to produce water and electrons:

Anode CHyOH + 60H™ > CO, + 5H,0 + 6e~ E,=0814V/SHE (4
Cathode %02 +3H,0 + 6e~ > 60H" Eo=0.399 V/SHE 5
Overall 3 Eo,=1.213 V/SHE 6

CH;0H + -0, —» €0, + 2H,0

reaction 2

Even though the electrode reactions change in different media, the total cell reaction and
thermodynamic potential of DMFC is the same. AEM-FC has several advantages compared to
PEM-FC that makes them worth to study: 1) the kinetics of ORR and electro-oxidation of many
liquid fuels are more facile in alkaline condition than in acidic one; 2) this allows the use of
cheaper catalyst materials such as Ni, Ag or metal oxides rather than expensive Pt; 3) the electro-
osmotic drag associated with ion transport suppress the crossover of liquid fuel, thereby allowing
the use of more concentrated liquid fuels; 4) as water is consumed at the cathode in AEM-FC

(unlike PEM-FC that water is produced), there is no problem with flooding issues.

There are some challenges which need to be addressed in AEMs. The mobility of OH" is almost
half that of H', leading to lower molar conductivity of hydroxide ions (198 S cm* mol™) compared
to protons (349 S cm’ mol™). Moreover, PEM-DMFC has been studied for longer time and
currently can produce more than 10 times higher maximum power density than AEM-FC, due to

the more mature technology development [6].

2.2 DMFC components

Fuel cell operation consists of complex phenomena occurring in various components. Figure 2.2
shows bipolar plate and flow channels, diffusion layer, membrane and a catalysts layer. Membrane
electrode assembly (MEA), the heart of the fuel cell, comprises the membrane together with both

catalyst layers.

Membrane
Catalyst layer

Diffusion layer

Gas flowfield

Figure 2.2. Schematics of fuel cell components.
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Flow channels are located within the bipolar plates and distribute the reactants and remove
byproducts. Bipolar plates provide mechanical support and conductive passages for both heat and
electron transport. Insufficient supply of reactants will lead to starvation, reducing cell performance
and stability degradation [7]. Conventional diffusion layer consists of a thin microporous carbon
layer on a sheet of macroporous carbon paper or cloth. The diffusion layer is sandwiched between
the catalyst layer and the flow channels and plays multiple roles: electrical connection between the
bi-polar plate and the electrode, passage for reactant transport and heat/water removal, mechanical
support to MEA and protection of the catalyst layer from corrosion or erosion caused by flows or

other factors [8].

Ion exchange membranes generally consist of a polymer backbone and charged groups. The
properties of the polymer backbone dominate the mechanical, chemical and thermal stability while
the type of ionic groups and their concentration influence the ion exchange capacity, ionic
conductivity and transport number. The presence of water is necessary for an efficient conductivity
by enhancing the mobility of the ions. However, excessive water content results in decrease in
mechanical stability and ionic conductivity [1]. Nafion® introduced by Dupont in 1967, is by far
the most widely used protonic conductive polymer for PEMFCs. It contains hydrophobic
polytetrafluoroethylene (PTFE, Teflon) backbone terminated with hydrophilic sulfonic acid groups

for proton transport [9].

In AEMs, the ionic groups can be ammonium, phosphonium or sulfonium groups; among them,
membranes containing ammonium groups exhibit the highest stability in alkaline media [10].
Commercial AEMs are still at an early stage of development and there are a number of challenges
that must be overcome for their application in the fuel cell. One of the most important concerns in
hydroxide-conducting membranes is the lower ion conductivity (10 times) compared to PEMs (0.1
S/cm). The weak basicity of the quaternary ammonium groups associated with the lower mobility
of OH™ compared to H" limit the ion conductivity of AEMs. Another challenge is the stability of the
membrane at high pH condition. This requires identifying the degradation mechanism that takes

place in the alkaline medium.

The catalytic reactions take place in the catalyst layers which contributes significantly to the fuel
cell cost. Different strategies have been proposed to reduce the cost of catalyst layer; that is
alloying Pt with either less expensive precious metals (Ru, Pd) or non-precious metals (Co, Ni, Fe,
Mn, Cr) [11, 12]. Another strategy is by optimizing the Pt loading and particle size distribution. In
this context, using support materials with high surface is considered to achieve catalysts with high
catalytically active surface area. A good support material must have sufficient electrical
conductivity to conduct electrons properly. Moreover, it should have high percentage of mesopores
in the range of 20-40 nm to provide enough surface area for the catalyst particles and ionomer, and
to enhance the diffusion of chemical species through the catalyst layer network [13]. On this basis,

different carbon nanomaterials have been addressed in the field of fuel cell electrodes.
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2.3 Carbon nanomaterials

2.3.1 Carbon black

They are usually produced by pyrolysis of hydrocarbons such as natural gas or oil fractions taken
from petroleum processing [14]. There are many types of carbon blacks (CB) such as Vulcan XC-
72, Acetylene black, Ketjen Black, etc. CB consists of spherical particles of graphite with para-
crystalline structure and diameter less than 50 nm that may aggregate to form agglomerates of
around 250 nm (Figure 2.3). Each crystallite consists of several turbostratic layers with inter-
spacing of 0.35-0.38 nm [15, 16]. Vulcan XC-72 is the most commonly used carbon black as
catalyst support because of its high surface area (~250 m* g'), low cost and availability. However,

this material still suffers from some problems such as:
- Presence of organo-sulfur impurities.

- Deep micropores: catalyst nanoparticles are trapped in micropores and become inaccessible

to reactants and Nafion, thus not contributing to the electrochemical activity.

- CB is unstable under the highly acidic/alkaline conditions of fuel cells, resulting in corrosion

of the carbon support and detachment or aggregation of catalyst nanoparticles.

Within this context, different alternative carbon nanostructures have been tailored and investigated

in order to meet the demands of suitable catalyst support for fuel cells.

Carbon black Graphene

Graphite

Parallel CNF Platelet CNF Herringbone CNF

4\

(i
LM
W22

Figure 2.3. Allotropes of carbon nanomaterials.
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2.3.2 Fullerenes

Fullerene was discovered in 1985 and refers to any type of closed hollow carbon molecule that
forms either a sphere-like (buckyballs) or cylinder (buckytubes). The smallest member of the
fullerene family is C20, and the most stable (C60) consists of 60 carbon atoms forming 20

hexagons and 12 pentagons as shown in Figure 2.3 [15, 17].

2.3.3 Graphene

Graphene (shown in Figure 2.3) is a one atom-thick layer of hexagonal sp” hybridized carbon
atoms and was discovered in 2004. The 2-D planar structure of the carbon sheet allows both the
edge planes and basal planes to interact with the catalyst nanoparticles. The fascinating singular
properties of graphene such as high surface area (theoretical value, 2630 m* g), high thermal
conductivity and strong Young’s modulus (~1TPa) have made graphene an excellent choice for

various applications, in particular in the field of energy conversion and storage [18, 19].

Graphene nanosheets (GNS), with their high electron transport, 2-D crystal lattice and large area
provide a continuous electron transport channel, and enhance the Pt utilization and activity. In
many scientific reports graphene oxide (GO) has been used to support Pt nanoparticles, due to
oxygen-containing functional groups on both basal planes (epoxy and hydroxyl groups) and edge
planes (carbonyl and carboxyl groups). They are usually not single-layer and the presence of
oxygen functional groups can act as anchoring sites to attach nanoparticles and enhance the

uniform distribution [20, 21].

2.3.4 Carbon nanotubes

Carbon nanotubes can be generally classified as single-walled carbon nanotubes (SWCNT) and
multi-walled carbon nanotubes (MWCNT) (illustrated in Figure 2.3). SWCNTs are made of one
rolled graphene sheet containing sp* hybridized carbon atoms and closed by two caps (semi-
fullerenes). Moreover, based on the number of walls (spaced by 0.34 nm), CNTs can be double-
walled (DWCNT), few-walled (FWCNT) and up to several tens of walls, so that the external
diameter reach 100 nm or more. The inner diameter of SWCNTs may vary between 0.4 and 2.5 nm
and the length from few microns to millimeters. Typically, the surface area of SWCNT range
between 400 and 900 m* g (micropore volume, 0.15-0.3 ml g"') whereas for MWCNT it is about
200-400 m* g [13]. CNTs have also extraordinary mechanical resistance with Young modulus in
the order of TPa and tensile strength about 250 GPa. In addition, their thermal stability is
considerable. Thermogravimetric analysis (TGA) showed that in the case of highly purified
SWCNT the maximum gasification rate is located at around 800 °C and for MWCNT at about 650
°C. It should be noted that the concentration of surface defects and the remaining metal particles

from CNT synthesis can influence thermal resistivity of CNTs [22].
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2.3.5 Carbon nanofibers

Carbon nanofibers (CNF), also named as graphite nanofibers (GNF), have very thin or no hollow
cavity unlike CNT, and their diameters can reach 500 nm. GNFs are classified mainly based on the
orientation of the graphene layers with respect to the axis. As shown in Figure 2.3, ribbon GNF has
graphene layers parallel to the axis, platelet GNF with perpendicular graphene layers and
herringbone with oblique layers to the axis. Herringbone GNFs are known to have intermediate
features between parallel and platelet types. They exhibit higher catalytic activity than parallel and
better stability than the platelet GNFs [23]. Generally, GNF has no micropores, but mesopore

volume is around 0.5-2 ml g and the surface area ranges from 10 to 200 m* g [22].

In addition to above mentioned materials, other types of CNMs have been applied as support for
electrocatalysts such as mesoporous carbon [24], carbon aerogels [25], carbon nanohorns [26],
nanocoils [27] and etc. As they are out of the scope of this thesis, they are not described in details

here. In the next sections, the reactions occurring at the electrocatalyst layers are discussed.

2.4 Methanol Oxidation Reaction

Electrocatalysis of the MOR has proven to exhibit a complex reaction mechanism, being one of the

main bottlenecks in the DMFC performance.

2.4.1 MOR in acidic condition

In acidic media, the reaction includes adsorption of methanol, C-H bond activation (methanol
dissociation), H,O adsorption and activation, and finally addition of oxygen to adsorbed carbon-
containing intermediates to generate CO, [5]. The total oxidation mechanism can be summarized as
a pattern of parallel reactions which either goes through CO intermediate (pathl) or oxygen-

containing species to form CO, (path 2), as shown in Figure 2.4 [28, 29].

1/7 COw == CO;

HCOH
2 HCOOH == CO:

CH:0H e adsorbed
intermediates

Figure 2.4. Simplified schematics of MOR mechanism.

The adsorption process takes place in several steps and requires several neighboring places at the

surface, forming different species due to the dissociation of the molecule:

CH;0H — CHyOH|, + H+ e~ - CHOH|y + H+ e~ 7
> COH|yyxy +H+e > CO|l,+H+e~

Here, x stands for a Pt-site. It was reported that formaldehyde (HCHO) and formic acid (HCOOH)
can be formed from the intermediates CH,OH and CHOH, respectively [30]. The oxidation
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products of methanol at potentials between 0.5 and 0.6 V (RHE) are found to be CO,, HCHO,
HCOOH and HCOOCHj; (methylformate). The yields of oxidation products depend on methanol
concentration, temperature, electrode roughness and time of electrolysis [31]. Moreover, Pt surface
structure has an effect on MOR. It was reported that the oxidation current followed the order as
Pt(111) > Pt(110) > Pt(100), at a potential range from 0.45 to 0.65 V. However, methanol
adsorption occurred at a higher rate at Pt(110) than Pt(111) [32].

MOR can also be affected by the anion of the supporting electrolyte. Perchloric (HC1O4) and
sulfuric acids (H,SO,) are the most commonly used supporting electrolytes in acidic condition.
However, much larger current was observed in HClO, than H,SO,4 because of the stronger

adsorption of sulfate species at Pt electrodes, which particularly hinders methanol oxidation [31].

2.4.2 MOR in alkaline condition
The MOR reaction mechanism in alkaline media is compared with acidic one in Table 2.1.

Table 2.1. MOR mechanism in acidic and alkaline media.

Acidic Alkaline

CH3;0H — COqq + 4HY + 4e” CH3;0H + 40H™ - COqq + 4H,0 + 4e~
H,0 - H* + OHyq + e~ 20H™ = 20H.4 + 2e~

COuq +OHyq » CO, + HY + e~ CO4q +20H,q + 20H™ —» CO5™ + 2H,0
Overall reaction Overall reaction

CH;0H + H,0 - CO, + 6H™ + 6e~ CH3;0H +80H™ = €03~ + 6H,0 + 6e~
E°=0.016 Vvs. SHE @ pH=1 E°=-0.810 V vs. SHE @ pH = 14

From the above reactions, it can be seen that the pH of the supporting electrolyte is of great
importance since H" and OH" are involved in the reactions. The presence of OH™ also resulted in
carbonate formation, hence the lower reaction potential. In alkaline media, the availability of OH 54
at relatively low potential might be the major reason for the higher activity toward MOR, leading to
easier removal of CO,q. The calculated rate constant in alkaline media (2.4 107 cm® s mol™) is 20-
fold higher than in acidic media (1.1 10 ¢cm® s™ mol™") [33]. In addition, the apparent activation
energy in alkaline media is lower than in acidic media. For a fixed potential, the apparent reaction
order in alkaline media is higher than in acidic condition. Overall, the better MOR activity of Pt-C
in alkaline media is attributed to the faster methanol adsorption and availability of oxygen-

containing species [34].

2.4.3 Catalyst promoter for MOR

At present, there is a general consensus that PtRu offers the most promising activity for the MOR
in fuel cell conditions. In this binary catalyst, Pt is adsorbing and dissociating methanol while Ru is
oxidizing the adsorbed residues at low potentials. In a simplified manner, one can describe the bi-

functional mechanism as follows [29]:
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Methanol adsorption:
CH30Hgy = (C0)gq + 4HT + 4e” 8
(COyq) represents adsorbed CO on Pt or Ru.
Then both metals dissociate water to form adsorbed OH:
Ru+H,0 » (OH)gq + H  + e~ C
Pt+ H,0 » (OH)gq+ H" + e~ (10

Finally, according to the Langmuir-Hinshelwood (L-H) mechanism the adsorbed CO reacts with
adsorbed OH to form CO,. It is more likely that the final oxidation occurs between CO adsorbed at
Pt and OH adsorbed at Ru. Based on L-H mechanism, CO must diffuse on the surface to the places
where the OH partner is formed.

Pt(CO)gq + Ru(OH)qq — CO, + H* + e~ (11

2.5 Oxygen Reduction Reaction

ORR in aqueous solutions occurs mainly by two pathways: the direct 4-electron reduction from O,
to water, and the 2-electron reduction to hydrogen peroxide. In the fuel cell, the 4-e” pathway is
desired, because hydrogen peroxide (produced from the 2-e” pathway) is commonly known to
cause chemical degradation of membrane and catalysts [35]. The mechanism of the ORR is quite
complicated and involves many intermediates, depending on the nature of the electrode material,
catalyst and electrolyte. Table 2.2 shows the ORR processes in acidic and alkaline media with their

corresponding thermodynamic electrode potential at standard conditions [36].

Table 2.2. The ORR process in acidic and alkaline media with thermodynamic electrode potential
at standard condition.

Electrolyte Pathway ORR Reactions EwW)
4-¢ process 0, + 4H* + 4e” - 2H,0 1.229
Acidic 2-¢ process 0, + 2HY + 2¢e~ - H,0, 0.70
H,0, + 2H* + 2e~ - 2H,0 1.76
4-¢’ process 0, + 2H,0 + 4e~ - 40H™ 0.401
Alkaline 2-¢ process O, + H,0 + 2e~ - HO; + OH™ -0.065
HO; + H,0 + 2e~ - 30H™ 0.867

2.5.1 ORR mechanism on carbon materials

It is generally acknowledged that the quinone groups are responsible for the ORR activity on
carbon materials. These groups on a carbon electrode can catalyze a 2-e” reduction of O, to H,0O, in
acidic media. In this mechanism, the superoxide intermediate (Q-0,") reacts with a second electron
and protons from water to form hydrogen peroxide. In alkaline media, the main product is
hydroperoxide anion (HO,) [37, 38].
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Q+e - Q" (12
Q" +0;,-> Q—-0Qy (13
Q—Qy +2H*+ e~ > Q + H,0, (14

2.5.2 ORR mechanism on Pt-catalyst

The catalytic ORR is a multi-electron process with a number of elementary steps, but with only two
products: H,O, and H,0. The simplified reaction scheme proposed by Wroblowa (Figure 2.5),
appears to be the most effective model among others to describe the complex ORR pathway [39].

ks \ i 2step-peroxide

0y —— > 2H0:! pathway

! Electrochemical-chemial
H pathway

Figure 2.5. Simplified ORR scheme.

In this mechanism, O, can be either reduced electrochemically directly to water (direct 4-¢
reduction) with the rate constant k;, or reduced to adsorbed hydrogen peroxide with the rate
constant k, (2-¢” reduction). HyO, 4 can be further electrochemically reduced to water with the rate
constant k3. Then, it can be chemically decomposed to O,,4 on the electrode surface (ks), or
desorbed into the electrolyte solution (ks). Some experimental results suggest that a series pathway
via an (H;0,), intermediate is the most possible pathway on carbon catalysts. RRDE
measurements show that on a Pt surface, ORR is mostly a 4-¢" transfer process to H,O both in
acidic and alkaline electrolytes. That is, only a very small amount of H,O, could be observed

during ORR, and the electron transfer number is close to 4.

The thermodynamic potential of ORR is so high (1.23 vs. NHE at standard conditions) that no
electrode materials can remain pure and they undergo oxidation, and it changes their surface
properties. Therefore, even for the most catalytically active electrode, Pt group metals, the
measurable currents are obtained usually below 1V. At high potential, the following reaction

occurs on Pt electrode:
Pt +20, - Pt0 E'=0.88V (15

Thus, in the presence of O,, Pt surface is a mixture of Pt and PtO. Therefore, a steady-state open
circuit potential (OCP) of 1.23 V is rarely observed, due to the formation of PtO. Rather, the
steady-state rest potential of Pt electrode in O,-saturated 1M H,SOy is 1.06 V, a mixed value of the
thermodynamic potential of O,/H,O and Pt/PtO, because the two reactions occur: O, reduction and
Pt oxidation [36].
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3 Methods

3.1 Specifications of carbon nanomaterials

Different types of carbon nanomaterials were used in the present thesis both as carbon support for
PtRu nanoparticles and nitrogen doped electrocatalysts. Figure 3.1 shows representative TEM
micrographs of Carbon black (Vulcan), GNFs and FWCNTs

Vulcan XC-72, a powdered carbon black was received from Cabot Corporation. Vulcan has a

turbostratic structure with a particle size of 30-50 nm and 154 m’g” BET surface area. GNFs were
provided by Showa Denko (Japan), with the trade name of VGCF™. GNFs have an average
diameter of 150 nm and 10 pm length with very low surface area (17 m” g). GNFs were highly
graphitized by annealing at elevated temperatures above 2800 °C. FWCNTSs contain 2-5 graphitic
walls up to 6 nm diameter and about 1 pm length, with a high surface area of 449 m’g”. The

specifications of the carbon nanomaterials are summarized in Table 3.1.

Table 3.1. Specifications of carbon nanomaterials.

CNM Av. Diameter Length Surface area (ng") Raman Supplier
(nm) (pum) (Ip/Ig)

Vulcan 30-50 - 154 1.2 Cabot Co.

GNF 150 10 17 0.37 Showa Denko

FWCNTs 6 1 449 0.43 Aalto University

FWCNTSs were synthesized in house by chemical vapor deposition (CVD) through decomposition
of methane (CHy4) diluted with hydrogen (H,) on MgO supported Co-Mo catalyst at 950 °C [40].
After synthesis, residual metal catalysts were removed from FWCNTSs by washing in hydrochloric

acid (HCI), rinsed properly with deionized water and dried in vacuum.
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Graphene nanoplatelets (GNPs) were purchased from Cheap Tubes Inc. (GNPs Grade 3).
According to the supplier’s specifications, GNPs has an average thickness of 8-12 nm and typical
particle diameter less than 2 microns with surface area in the range of 600-750 m?g. The

morphology of GNPs is shown in the SEM image in Figure 3.2.

Figure 3.2. Surface morphology of GNPs, a) SEM

3.2 Electrochemical characterization

3.2.1 Electrochemical cell

The most common electrochemical set-up is the 3-electrode cell system consisting of a working
electrode (WE), a reference electrode (RE) and a counter electrode (CE) (Figure 3.3). The WE is
the electrode where the electrochemical reaction takes place and is commonly made of inert
materials such as Au, Ag, Pt or glassy carbon. The CE supplies the current required for the reaction
at the WE. It is made of inert materials and usually does not participate in the electrochemical
reaction. As the current flows between the WE and CE, the total surface area of CE must be higher
than the area of the WE so that it will not be a limiting factor in the kinetics of the electrochemical
process. The RE, which is kept in a separate container connected to the cell through Luggin
capillary, has a stable potential so that the potential at the WE can be measured and controlled with
respect to that of the RE. The high stability of the RE potential is usually reached by employing a
redox system with constant concentrations of each participants of the redox reaction. In the
electrolyte phase, the movement of ions (typically H', Na®, K*, CI" in aqueous or non-aqueous

solvents) is responsible for the transfer of charge [41].
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Different types of RE are used in electrochemistry. The standard hydrogen electrode (SHE), or
normal hydrogen electrode (NHE) is generally accepted as international standard (Pt/Hy/H"). Other
commonly used REs are saturated calomel electrode (SCE) (Hg/Hg,C1l,/KCl) with a potential of
0.242 V vs. NHE, and silver-silver chloride electrode (Ag/AgCIl/KCI) with a potential of 0.197 V
vs. NHE. Other REs are mercury/mercurous sulfate (Hg/HgSO4) and mercury/mercury oxide
(Hg/HgO, 0.64 V vs. NHE).

Potential Controlled

| Current Flow |

W.E
R.E. C.E.

Figure 3.3. Schematic of a three-electrode cell.

In characterization of fuel cell electrocatalysts, common electrolytes for acidic conditions are
sulfuric (H,SO4) and perchloric acid (HC1O,). Because sulfuric acid dissociates to sulfate ions, it
resembles the sulfonic groups of Nafion ionomer. However, sulfate anions absorb more strongly
than perchlorate ions on Pt active sites inhibiting the methanol adsorption and oxidation [31]. In
alkaline medium, NaOH or KOH are commonly used as electrolytes. However, it is reported that
the non-covalent interactions between the hydrated Na“ cations and adsorbed OH species are
stronger than with hydrated K™ cations so that the OH,yM'(H,0), clusters block the active sites for
the electrocatalytic reaction [42]. In the present thesis, 0.1 M HCIO4 and 0.1M KOH that form
weekly adsorbing species were used as electrolytes for the characterization of MOR at PtRu-C

catalysts (in acidic condition), and the ORR at N-doped CNMs (in alkaline condition), respectively.

3.2.2 Electrode preparation

Catalyst inks were prepared by dispersing the catalyst powders in a solvent containing the ionomer
by magnetic stirring and ultrasonication. PtRu-catalysts on different carbon supports were mixed
properly with isopropanol and Nafion® (proton exchange ionomer) and kept in ultra-sound bath. In
case of N-doped catalyst powders, ethanol and FAA3 (anion exchange ionomer) were used. A drop
of the ink was carefully deposited on polished glassy carbon electrodes (GCE, 0.196 cm?) and dried
in room conditions. The half-cell electrochemical measurements were performed using glassy
carbon electrodes modified with the catalysts as working electrode, a platinum coil counter
electrode and a reference electrode. The reference electrode for characterizing PtRu-CNMs was a
saturated calomel electrode (SCE) in 0.1 M HCIO;, electrolyte. An Ag/AgCl reference electrode
was used for characterizing the N-doped CNMs in 0.1 M KOH electrolyte.
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3.2.3 Cyclic Voltammetry

Cyclic voltammetry (CV) is one of the most useful electrochemical techniques. It can provide
quick information about the electrocatalytic activity of a catalyst towards an electrochemical
reaction. In CV, the WE potential is swept between two values and back at a fixed scan rate. The
onset potential and peak current reveal the activity of a catalyst. In chronoamperometry and
chronopotentiometry, respectively the voltage and the current at the WE is stepped to a certain
value and the resulting current/potential from the faradic process is monitored over time. These
transient methods are useful to provide information about the degradation process and poisoning of

the electrocatalyst.

3.2.4 Rotating disk electrode measurements (RDE)

RDE is a useful method to investigate the activity of an electrode toward the ORR. In a RDE
system, the electrode is rotating so that a continuous laminar flow of solution is flung toward and
across the electrode (Figure 3.4). Thanks to electrode rotation, mass transport of the species is
almost completely convection, allowing study of mass transport and kinetic parameters of the

electrochemical reaction [43].

Figure 3.4 Solution movement caused by rotation of RDE: a) flow of electrolyte, b) glassy carbon

electrode, ¢) RDE body, d) direction of the electrode rotation.

The overall current density (j) in RDE measurements can be evaluated by the Koutecky-Levich (K-

L) equation:

1 1 1 (16

JoJe Ja
Where jy is the kinetic current density, and jq is the diffusion-limited current density, which for the

case of ORR can be expressed as:

jk = nFKOZ COZ l—‘catalyst (17
. 2/3 -1/6,b , 1/2
Ja = 0.62nFD02 v Co,w (18
F is the Faraday constant (96486.4 C mol"), Do, is the diffusion coefficient of oxygen in the
electrolyte, Co, is the concentration of oxygen, v is the kinematic viscosity of the electrolyte, and ®

is the electrode rotation rate (rad s™). Table 3.2 lists the parameters for common electrolytes [11].
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The number of transferred electrons (n) can be obtained from the slope of extrapolated lines at

different potentials in K-L plots (" vs o).

Table 3.2. Parameters for common electrolytes for RDE data analysis.

Experimental Do (cmz st ) v (sz st ) Co; (mol cm'3)
condition
0.1 M KOH, 25°C, 1.9x107 1.0x107 1.2x10°
1 atm O,
0.1 M NaOH, 1.65%107 1.1x107 8.4x107
25°C, 1 atm O,
0.1 M HCIO,, 1.67x107 0.89x107 1.18x10%
20°C, latm O,
0.1 M H,SOy, 1.4x10° 1.1x10? 1.1x10°
25°C, latm O,

3.2.5 Rotating ring disk electrode measurement (RRDE)

RRDE measurements are very useful for elucidating the ORR mechanism. A RRDE consists of a
central GC disk and a Pt-ring separated by a non-conductive barrier, as shown in Figure 3.5. In the
case of the ORR, the disk electrode is biased at a potential at which oxygen reduction occurs and
intermediate products are flung to the Pt-ring while the RRDE is rotating. At the disk, the ORR can
take place via a 2 or 4-electron pathway and the generated intermediates such as H,O, (in acidic
media) or H,O" (in alkaline media) are further oxidized at the ring that is kept at a fixed potential.

# —.:3 Electrode Direction

/‘l—rling \

GC-disk

Catalyst

Figure 3.5. RRDE (GC-disk and Pt-ring): photograph and schematics of the reactions taking place during
ORR at the GC disk and Pt-ring in alkaline media.

In RRDE measurements, the number of transferred electrons (n) and percentage of H,O, generated

can be calculated from the following equations:

41y (19
n= T
Iy + Nr
4—n
H,0, % = x 100 (20

where N is the collection efficiency (usually ~0.24), I, and /; are the currents measured at the GC-

disk and the Pt-ring, respectively [36].
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3.3 Fuel cell measurements

The fuel cell used in Publication I, IIT and IV is a single-cell with serpentine flow channel by Fuel
Cell Technologies with active surface area of 7.29 cm?’. Figure 3.6a shows the cell stack, MEAs,
Teflon® gaskets for isolation, and the diffusion layers which are a type of carbon cloth with 10 and
60% Teflon® dispersion, respectively for the anode and the cathode side.

In Publication II, DMFC measurements were carried out using microfabricated silicon chips with
an integrated silicon nanograss diffusion layer (Figure 3.6 b&c). Silicon nanograss is a quasi-
random array of needle-like silicon structures, about 2 um tall and 200-300 nm wide at the base.
Using Si-nanograss has some benefits. The simple fabrication makes it possible to directly
fabricate them on the flow fields or the membrane. In addition, Si-nanograss with much smaller
thickness than the traditional carbon cloth (200-400 pum) is advantageous to make the MFC with

smaller dimension which is a plus point for microelectronic applications.

Figure 3.6. a) Fuel cell stack (7.29 cm?), carbon cloths, MEAs and Teflon gaskets [taken with permission
from A.Santasalo-Aarino doctoral dissertation], b) Si-microfabricated chip with c) silicon nanograss
diffusion layer [Pub.II].

3.3.1 Membrane Electrode Assembly

The common method for fabricating electrodes for fuel cell testing came from a breakthrough in
Los Alamos National Laboratory (LANL) by Raistrick [44]. The method was called catalyst-ink
technique where the ink contained dissolved Nafion at the surface of the porous catalyst material.
Once the solution and the electrodes were passed to the membrane, the Nafion provided an ion-

conducting path from membrane to the metal catalyst particles. Later, M.S. Wilson invented a
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method for fabricating reproducible thin-film electrodes bonded to the membrane, the so-called
membrane electrode assembly (MEA). In combination, these techniques have dramatically lowered
the required metal loading by a factor of more than 20 while simultaneously improving
performance. Other fabrication methods for MEAs have been developed recently such as
electrodeposition, sputter deposition, pulsed laser ablation, dry spray, and layer-by-layer methods
[45].

In this thesis we have used the catalyst-ink method for preparing MEAs and the ionomer content is
reported as the weight percentage of ionomer to the whole catalyst layer (CL) dry weight. The
experimental protocol is as follows: first the membranes are pretreated. For the PEM fuel cells, the
Nafion membrane was boiled in 5% H,0,, and 0.5 M H,SO4 and finally twice in deionized water.
The catalyst inks were prepared by mixing catalysts with Nafion ionomer and isopropanol. Then
the slurry was painted on the Nafion membrane by an airbrush and dried in vacuum. The anode
electrode was prepared using PtRu-CNM materials with metal loadings about 1£0.2 mg cm™ and at
the cathode a commercial Pt-carbon black (60 wt.% Pt, Alfa Aesar) with 2+0.2 mg cm™ catalyst
loading (Pub.I, II and III).

In the case of AEM fuel cell (Publication 1V), the protocol was: first a FAA3 (Fumatech)
membrane was dipped in 0.5 M NaOH for 1 h for ion-exchange and then twice in deionized water.
Catalyst inks were prepared by dispersing catalysts with FAA3 ionomer solution and isopropanol.
FAA3 ionomer is received as 12 wt. % dissolved in N-methyl-2-pyrrolidone (NMP). Therefore, the
ink was sprayed on the microporous carbon layer at around 140°C to evaporate NMP. The cathode
inks contained N-FWCNTs with 2.240.3 mg cm™ loading. The anode was made of a commercial
PtRu catalyst-supported on high surface area carbon (40 %wt. Pt, 20 %wt. Ru, Alfa Aesar) with
3+0.2 mg cm™ metal loading.

3.3.2 Polarization curves

DMFC measurements were carried out at a controlled temperature by feeding 1M methanol
solution to the anode and dry oxygen to the cathode. Before the experiments fuel cells stabilized
with the steady methanol and air flow overnight and then the polarization curves were measured.
The polarization curve describes the relationship between the electrode potential and the current
density, recorded by either holding the electrode potential and measuring the current response, or
holding the current density and recording the stable potential response. In fuel cell performance,
high current density is expected at high cell voltage, which gives maximum power density. The
polarization curve starts from the open circuit voltage (OCV). As the cell voltage decreases from
the OCV, at a certain rate (for instance, 1mV/s) the generated current density is measured. OCV is
the voltage when no current follows through the external circuit while the reactants are circulating.

The output power of the cell (mWem™) can be plotted as the product of voltage and current density.
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3.3.3 Stability tests

In Publications I, II the stability of PtRu-catalysts was investigated by chronoamperometric
measurement (constant voltage) at 0.4 and 0.2 V, respectively. In this method, the potential of the
cell is fixed but the potentials of anode and cathode are changing. In Publication III
chronopotentiometric measurement (constant current) was carried out at 27 mA cm™ In the
constant current measurement, the fuel consumption and product generation stay constant during
the measurement. This method is advantageous because, unlike the former method, the

performance changes are due to the fuel cell component structure, not related to the flow.

Further, the degradation of the catalyst particles and the changes in the electrode layer structure

after the long-term measurements were assessed by different ex-situ microscopy techniques.

3.3.4 Electrochemical Impedance Spectroscopy (EIS)

In electrochemical impedance measurement, a small amplitude AC signal is imposed to the fuel
cell, and the AC voltage/current response is analyzed to determine the impedance (resistive,
capacitive and inductive behavior) at that particular frequency. Physico-chemical processes
occurring in the cell have different time-constants and therefore are exhibited at different AC
frequencies. EIS can be used to identify and quantify the impedance associated with various
processes when conducted over a broad range of frequencies. In Publication III the spectrum of the
whole cell was measured from 100 to 10 kHz using a 10 mA sinusoidal signal. EIS is a good

technique to identify the sources of losses in the cell.

3.4 Physico-chemical characterization

Scanning electron microscopy (SEM) was carried out with a field emission JEOL microscope JSM-
7500FA equipped with an energy dispersive X-ray spectrometer (EDXS). Transmission Electron
microscopy (TEM) was performed using a Tecnai 12 BioTwin with LaB6 gun at 120 kV. High
resolution TEM (HR-TEM) was conducted with a JEOL double Cs-corrected microscope (JEM-
2200FS) operated at 200 kV.

X-ray photoelectron spectroscopy (XPS) was carried out with a Surface Science Instruments SSX-
100 ESCA spectrometer using monochromatic AlKa X-rays and an electrostatic hemispherical
analyzer. The spectra were recorded with pass energy of 100 eV and an X-ray spot size of 600 pm.
X-ray diffraction (XRD) spectra were obtained by a Bruker D8 advanced X-ray diffractometer
using Cu-Ka radiation and a Lynx Eye fast detector with scan conditions of 2 s/0.03°. Brunauer-
Emmett-Teller (BET) surface area measurements were done by N, adsorption-desorption isotherms
at 77 K with a FlowSorb 2300II instrument by Micromeritics. Raman analysis was performed using
a Horiba LabRAM HR spectrometer equipped with CCD camera and a 633 nm laser beam.
Thermal gravimetry analysis (TGA) measurements were carried out with a TA-Instrument Q500

TGA using a temperature range of 30-800 °C at a heating rate of 10 °C min™' under nitrogen.
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4 CNMs as catalyst support

4.1 Preparation of CNMs as support

CNTs and CNFs have received a lot of attention for fuel cell applications among other carbon
nanomaterials. These highly crystalline nanocarbons have shown superior performance and
durability due to their chemical stability, high mechanical strength and electrical conductivity,
compared to the classical carbon black supported catalysts [46-48]. High resistance to carbon
corrosion is a fundamental benefit of utilizing highly graphitized carbon nanofibers and nanotubes
rather than traditional carbon black for catalyst support when operating at elevated temperature and
highly oxidizing environment in fuel cells [49]. The interaction between the surface of the tubular
support and the catalyst has an influence on electrode durability. The highly tailored GNF structure
was shown to enhance the activity of the catalyst due to specific crystallographic orientations of Pt
crystal [50]. In addition, negligible micropores content in GNFs is an advantage as it allows higher

catalyst utilization and enhanced mass transport [51].

In the present thesis, FWCNTSs and GNFs were used as PtRu catalyst support for the DMFC anode,
and their influence on durability was compared with that of traditional carbon black support.
FWCNTs, as an intermediate between SWCNTs and MWCNTSs, render an appropriate combination

of structural perfection, high surface area and electronic properties for catalysis application [52].

Carbon nanotubes and fibers are highly hydrophobic and inert in nature and it is difficult to achieve
a high dispersion of metal particles because the nanoparticles do not easily find anchoring sites on
the nanotube walls. In order to overcome this issue, anchoring sites must be formed by
functionalizing the surface. Functionalization using oxidizing agents is one of the common
methods in order to introduce oxygen-containing functional groups at the surface of CNMs. The
oxidative treatment makes them more hydrophilic and enhances their wettability in polar solvents
which is beneficial in catalyst preparation and use. Oxygen functional groups also work as
anchoring sites for the deposition of metal particles and large molecules [53]. Different approaches
have been reported for the oxidative treatment of CNMs: in gas phase (by exposure to ozone,
carbon dioxide and oxygen plasma), and in liquid phase (by using acids, hydrogen peroxide and
permanganate) [54-56]. The most common approach is the oxidation in liquid phase using nitric
acid, sulfuric acid or their mixtures. This method has been applied using a variety of acid
concentrations, temperature and treatment duration. In this work, GNFs and FWCNTs were treated
in refluxing conditions with 2 M HNOs/1 M H,SO, (1:1) mixture at 120 °C. GNFs were treated for
a longer time (6 h) than FWCNTs (4 h), as they are more graphitized and their walls are more inert

to anchor metal particles.
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4.2 Preparation of Pt-based catalysts on CNMs

Several methods have been proposed for preparation of fuel cell electrocatalysts. The
physiochemical properties of electrocatalysts, particle size and crystallinity, significantly influence
their activity. Therefore, several synthesis methods have been proposed to control the catalytic

properties [57, 58]. They are mainly divided to two categories: physical and chemical techniques.

Physical methods include high-energy ball milling, spray pyrolysis, vapor deposition and plasma
sputtering. During ball milling process, powder particles are subjected to intense mechanical
deformation via impact of balls inside an air-tight crucible. Synthesis of PtRu catalysts with this
technique can be done in combination with a leaching procedure [59]. In spray pyrolysis, the metal
salts (Pt and Ru precursors) are mixed in a solvent with a colloidal suspension of the carbon
support and converted into an aerosol through an atomizer. The aerosol is carried by a gas flow into
a tube furnace. The solvent evaporates and the precursors are thermally or chemically converted

into their final form on the surface of the carbon support [60].

In vapor deposition technique, Pt and Ru precursors are sublimed at high temperature (~220 °C) in
a vacuum chamber that contains the carbon support substrate. Subsequent cooling of the chamber
results in deposition of the metal clusters onto the substrate surface. Then the precursor
impregnated substrate is kept at high temperature (~300 °C) under nitrogen atmosphere to
decompose and yield PtRu bimetallic nanoparticles [61]. In plasma sputtering method, Pt and Ru
targets are faced to the substrate (carbon support) at a specific distance, in a vacuum chamber. The
biased targets are bombarded with heavy gas (energetic argon atoms) created by inductive plasma.

Metal atoms ejected from the targets cross the plasma to deposit onto the substrate [62].

Chemical methods usually consist of reduction of the metal salts in solution, and include
electrochemical deposition, microemulsion, impregnation, colloidal and polyol techniques.
Electrodeposition has some advantages such as simplicity of production, high purity of deposition,
easy control of the deposition condition and the loading mass. Disadvantage of the method is the
formation of agglomerates [3]. Electrochemical methods for deposition of Pt nanoparticles have

been reported either using constant current/potential or pulse current/potential methods[63].

Microemulsion method for nanoparticle preparation consists of nano-sized water droplets
surrounded by an organic phase stabilized by surfactant (water-in-oil) [64]. The reduction step can
be done either by adding a reducing agent or mixing with another microemulsion system
containing the reducing agent. In order to remove the remaining surfactant, the sample is heat-
treated under N, atmosphere. This method is advantageous in controlling the metallic composition
and the particle size within a narrow distribution [14, 65]. Impregnation method includes
deposition of metal precursors into a porous support, followed by a reduction step to turn them into
metallic nanoparticles. Different types of precursors have been reported for the synthesis of PtRu
electrocatalysts such as chloride and sulfite salts, carbonyl and amine complexes [14]. The
reduction step can be done either in a liquid phase or in a gas phase using hydrogen flow at high

temperature (>300 °C). The catalyst supports have great influence on metal precursor penetration,
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distribution and the growth of nanoparticle size during the reduction step. [57]. This is simple
method and easy to scale-up, however it is difficult to control the nanoparticle size and distribution

especially at high catalyst loadings [66].

The colloidal method usually involves several steps. Bonnemann developed a method consisting of
first stabilization of the PtRu particles using organic molecules/organoaluminum compounds to
form colloids, then adsorption on high-surface area support followed by thermal treatment to
remove the stabilizer shell [58, 67]. The long multi-step process and the use of expensive materials
are disadvantages of this method. Moreover, the stabilizing organic materials remain on the surface
of the metal colloids and should be removed prior to the application of metal particles for
electrocatalysis. The necessary heat treatment for this aim causes sintering, phase separation and
the distribution of metal particles, leading to lower catalytic performance [68]. In this respect,
catalyst preparation via polyol method is preferred in this thesis, because of several advantages that

are described below.

The polyol method uses a polyol such as ethylene glycol (EG) both acting as solvent and reducing
agent. The advantage of this process is that it does not need any polymer stabilizer, although it can
be used. The metal colloids are formed while metal ions are reduced by receiving electrons from
the oxidation of ethylene glycol to glycolic acid. Glycolic acid is present in its deprotonated form
(glycolate anion) in alkaline solution. It is believed that the glycolate anion acts as a stabilizer and
adsorbed on the metal colloids. A following heat treatment below 160 °C allows removal of the
organics from the metal surface while being low enough to avoid sintering of the particles [68].
The use of alkaline media is crucial parameter to control the particle size. It is reported that
increasing NaOH concentration resulted in a decrease in nanoparticle size [69]. PtRu nanoparticles

form through the following reactions as EG is heated [70, 71].

CH,O0H — CH,0H & CH;CHO + H,0 @1
CH;CHO + PtCl>~ + 30H™ & Pt + CH;CO0™ + 2H,0 + 4Cl~ (22
3CH;CHO + 2RuCls + 90H™ © 2Ru + 3CH;C00™ + 6H,0 + 6Cl~ (23

As mentioned above, due to the interaction of —OH groups of EG with Pt ions the colloidal
particles form, resulting in the oxidation of the alcohol groups to aldehydes. These aldehydes are
not very stable and undergo further oxidation to glycolic and oxalic acids, respectively. These
carboxylic acids may be further oxidized to CO; or carbonate in alkaline media. Glycolate ions are
considered as stabilizer by forming chelate-type complexes via carboxyl groups. It is reported that
the nanoparticle size is correlated to the concentration of glycolic anion, which in turn, is a function
of the pH of the solution [69].

In Publications I, II, and III, PtRu nanoparticles were deposited on the carbon supports by
reduction of the corresponding metal precursors using the polyol method (Figure 4.1). First the
CNMs (100 mg) were dispersed in EG. Stoichiometric amount of K,PtCl, and RuCl; were
dissolved in EG/water and for target metal loading 30 wt. % (Pt:Ru 1:1 atomic ratio). Then the
solution of metal dispersion was added to the carbon support suspension. A solution of 0.4 M

NaOH and 0.04 M NaBH, was added dropwise under vigorous agitation and mixed properly. The
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resulting suspension was kept in ultrasound bath for 2 h at 60 °C. Finally, the suspension was

filtered, rinsed and dried in vacuum oven over night at 40 °C.

CNM dispersion EG K,PtCls/RuCl; dissolved in EG/H,0
ultrasound-20 min (1) Ultrasound-20 min (2)

Mixture (1)&(2)

ultrasound-20 min

0.4M NaOH, 0.04M NABH4

added dropwise (8 mL)

v

Sonication

60°C,2h

y

Filtration & drying

Figure 4.1 PtRu nanoparticle deposition on nanocarbon supports by polyol method
4.3 Characterization of PtRu-CNMs

After catalyst preparation, a physico-chemical characterization was done to ensure that metal
particles with the desired loading, size and distribution were obtained over the carbon supports.
EDXS analysis is a straightforward technique to estimate the metal content of the catalysts and it
showed that the catalyst loadings was lower than the 30 wt. % target (Table 4.1). This is commonly
observed in the literature and caused by preparation of the catalysts in solvent, since some loosely
attached nanoparticles can be removed during the filtration process [70]. TEM microscopy of fresh
PtRu catalysts supported on carbon supports were done to investigate the nanoparticle size and
distribution (Figure 4.2).

Figure 4.2. TEM micrographs; nanoparticle size distribution over carbon supports a) Vulcan, b) GNF and c)
FWCNTs (Pub.II)
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A quantitative analysis of the average nanoparticle size was done by counting almost 200
nanoparticles from HR-TEM images together with the Gaussian fitting on the histograms. Table
4.1 presents the nanoparticle size for the fresh samples used in both macro- and micro-DMFC. It
can be seen that catalyst materials with comparable metal particle size (~3 nm) were obtained even
though BET surface area, porosity and crystallinity of the carbon supports were very highly
different, indicating that the polyol method is suitable for fabricating comparable PtRu
nanoparticles on different CNM.

Table 4.1. Catalyst loading and average nanoparticle size in the fresh and the used catalyst for macro-DMFC
(Pub. I) and micro-DMFC (Pub. II); determined from XRD, HR-TEM images and corresponding histograms.

Catalysts Macro-DMFC Micro-DMFC
PtRu XRD TEM TEM | PtRu XRD TEM XRD TEM
loading  fresh fresh used | loading fresh  fresh — used  used
(Wt.%) (nm) (nm) (nm) | (wt.%) (nm) (nm) (nm) (nm)

PtRu-Vulcan 22.6 3.0 3.3 45 | 275 45 36 57 55
PtRu-GNF 23.5 3.5 32 35 | 248 34 36 3.1 3.5
PtRu-FWCNT  26.0 3.3 2.8 33 | 283 23 28 21 2.7

Further information on the catalyst size and crystallinity was obtained from XRD (Figure 4.3). The
XRD pattern of the fresh catalyst powders showed the diffraction peaks of PtRu alloy crystal faces
at 40.2° (111), 46.8° (200), 68.3° (220) and 82.3° (311), characteristic of a face-centered cubic
(fee) structure with a cell constant of 3.88 A. The average particle size was estimated using
Scherrer formula from the Pt(111) peak. The values obtained by XRD are in agreement with the
results obtained by HR-TEM images.

PtRu/GNF

PtRu/Vulcan

PtRu/FWCNT

10 20 30 40 50 60 70 80 90
Degree (26)

Figure 4.3. XRD patterns of fresh catalyst powders (Pub.I).

The PtRu-catalysts on different carbon supports were evaluated in the 3-electrode cell to determine
their electrocatalytic activity for methanol oxidation (Pub.l). Prior to MOR experiments, CO-
stripping was done by CO adsorption/oxidation procedure. CO is known to adsorb strongly on the
Pt electrode surface, and it can displace most other pre-adsorbed species such as H atoms and anion
species from various acidic solutions. This can be used to clean the electrode surface and estimate
the electrochemical surface area (ESA). In this work, ESA of the PtRu catalysts on CNM supports

were similar, being in the range of 12-14 m? g”'. This is expected as special effort was done to
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synthesize materials with similar particle size and distribution. However, these values have not
been used to normalize the currents because details of CO adsorption on Ru surface are unknown;

instead the currents were normalized with loading.
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Figure 4.4. MOR on PtRu-catalysts supported on FWCNTs, GNFs and Vulcan;
A) CV ata 10mVs' scan rate and 1800 rpm, B) CA at 0.7 V for 1 h (Pub.I).

Figure 4.4A shows the activity of PtRu catalysts supported on different carbon supports towards
MOR. CVs were carried out in N,-saturated 1 M methanol solution in 0.1M HCIO, in the potential
range from 0 to only 0.7 V, in order to avoid dissolution of Ru from the alloy [57]. It can be seen
that both the onset potential and maximum current were improved significantly using the tubular
carbon supports. Almost 4-times higher current was obtained with PtRu-FWCNTs and even 8-
times higher with PtRu-GNFs compared to PtRu-Vulcan. These results are in accordance with
literature reports of 2-fold enhancement with MWCNTs [72, 73] and up to 4-fold increase for
GNF-supports [74, 75] with respect to traditional carbon black support. The chronoamperometric
results at 0.7 V (Figure 4.3B) indicates that the activity of catalysts decreased over time due to the
poisoing of the catalytic sites by MOR intermediates [76, 77]. However, PtRu-FWCNTs showed
more stable bahaviour, retaining 69% of the initial current after 1 h, showing better tolerance to

methanol oxidation intermediates.

4.4. Fuel cell performance of PtRu-CNMs

The effect of different carbon supports for PtRu catalysts was later investigated in two types of
DMFCs with different size and architecture: a macro-DMFC (7.29 ¢m?) in Pub.I and a silicon
micro-DMFC (1 cm®) in Pub.IL The evaluation of the catalyst materials in different fuel cell is very
useful to understand the effect of fuel cell parameters and components such as temperature, average

active area, diffusion layer and flow field design other than only the electrocatalysts.

34



0.6 T T T T

T T T T T

0.6
od A —— PtRu/Vulcan 0.5 c _gtsuj\é\g\ll?r:
2 p—— PtRU/FWCNT s
I PtRU/GNF .. —— PtRU/GNF ]
0.4 K

> &

w 03 wo.3 E
0.2 02k i
0.1

01} 4
0.0 1 1 1 1 1 5 1 1 1
0 50 100 150 200 250 300 0 40 80 120 160
j/I mA cm2 j/mA cm?
60 r 100 T T
B |—— PtRu/NVulcan D
50 —— PtRu/FWCNT | — PtRU/Vulcan
—— PtRu/GNF —— PtRU/FWCNT]|
sr —— PtRU/GNF T
1 =
o
i < L i
£ 50
S
- =
25| 4
| " ——
st Ahari. - e,
0 0 ) L
0 25 50 75 100 125 0 25 50 75
t/'h t/h

Figure 4.5. Polarization curves and long-term CA measurements of PtRu-CNMs in A,B) Macro-DMFC
(Pub.]) at 0.4 V for 6 days (70 °C) and C,D) Micro-DMFC (Pub.II) at 0.2 V for 3 days (30 °C).

The DMFC tests were performed using PtRu-CNMs at the anode with similar catalyst loading (~1
mg cm?) and a commercial Pt-C catalyst (~2 mg cm™) at the cathode, all with similar Nafion
ionomer content (30 wt.%). Figure 4.5 shows polarization curves and CA measurements for the
different catalysts in both macro- and micro-DMFC. In each DMFC, all the conditions are the same

except the anode layer structure.

In the macro-DMFC, PtRu-Vulcan electrode produced higher OCV and current density compared
to the tubular supports (Figure 4.5A). These results are in contrast to the half-cell measurements
(Figure 4.4A). Nevertheles, the performance dcreased over time after 6 days (137 h) of operation
(Figure 4.5B). On the other hand PtRu-GNF provided slightly lower initial current density but
showed the most stable performance. In the micro-DMFC, PtRu-FWCNTs provided the best OCV
and performance in the whole range of current densities, followed by PtRu-GNF and PtRu-Vulcan
(Figure 4.5C). In addition, the results of 3-day (72 h) CA meausrements (Figure 4.5D) are in
agreement with the trend seen in the polarization curves (Figure 4.5C). Although, micro-DMFC
performance with both tubular caron supports decreased over time, the final current density is still
cosiderably higher in PtRu-FWCNTs and PtRu-GNFs (by 300% and 130%, respectively) than that
of PtRu-Vulcan. On the other hand, the long-term CA measurement in micro-DMFC correlated
well with CA behaviour of the catalysts in the 3-electrode cell. As mentioned above, such
agreement was not observed in comparison with the macro-DMFC performance. Table 4.2

summerizes the results obtained in both fuel cells.
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Table 4.2. Performance of PtRu catalysts supported on CNMs in macro- and micro-DMFC.

Catalysts Macro-DMFC Micro-DMFC
OCV  Max current density  Instability | OCV ~ Max current density ~ Instability
) (mAcm™) (in137h) | (V) (mAcm™) (in 72 h)
PtRu-Vulcan 0.59 299 14% 0.37 35 11%
PtRu-GNF 0.55 231 1% 0.50 111 32%
PtRu-FWCNT | 0.45 158 35% 0.55 151 22%

These results suggest that a coherent understanding of fuel cell performance, requires taking into
account many factors such as nanoparticle size alteration, catalyst layer structure and cell
architecture. Therefore, a certain catalyst material may not necessarily exhibit the same
performance in different fuel cells, because several parameters can affect the catalyst performance
when the cell parameters are varied. One reason for the differences encountered in the fuel cells
could be the temperature, which has a remarkbale impact on the electrochemical reaction and
material transport in the fuel cell. Macro-DMFC measurements were done at 70 °C (common
temperature for DMFCs) whereas the micro-DMFC was held at 30 °C close to the room
temperature, where the half-cell measurements were performed. At high temeparure of macro-
DMFC, mathanol may enter the flowfields and the electrode pores in vaporized form.
Consequently, the mass transfer of the reactant and products may greatly differ from the micro-
DMEFC condition with the liquid mathanol. On the other hand, in order to draw more current in
micro-DMFC, the long-term CA measurements were done at lower potential (0.2 V) than in the
macro-DMFC (0.4V).

Apart from these factors, alteration of nanoparticle distribution and catalyst layer should be also
taken into consideration. The three-phase boundary (TPB), comprising a carbon support with the Pt
particles (electron conductor), the ionomer (ion conductor) and the voids (mass transfer), is a key
parameter in fuel cell reactions and performance. The pores in the thin film layer can be divided
into the primary pores, which exist between catalyst particles (0.02-0.04 um), and secondary pores,
which exist between the agglomerates of catalyst particles and the ionomer (0.04 um to several pm)
[78]. In order to investigate the electrode layer structure, characterization of MEA of the anode

materials was done before and after the fuel cell tests.

Figure 4.6 shows SEM micrographs of the cross-section of the anode layers in macro-DMFC
before and after the long-term measurement. It can be seen that the fresh anode layer of PtRu-
Vulcan was considerably thinner (~8 wm) than that of the tubular carbon supports (~65 pum), even
though the same amount of catalyst and ionomer loadings were used for fabrication of all MEAs. In
addition, the Vulcan layer structure was expanded almost 3.5 times after 6-day measurements. This
structure collapse of the electrode might be one reason for the fast degradation of Vulcan anode
layer. In contrast, in micro-DMFC uniform electrode layers with similar thickness (~30 pm) were
obtained for all the catalyst materials, due to more experience in MEA preparation using different
carbon nanomaterials (Figure 8 in Pub.II). Besides, no severe changes occurred on the secondary

structure of the electrodes after long-term stability measurements in micro-DMFC.
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Figure 4.6. SEM images of anode layer cross-sections before (a,b,c) and after (,e,t) 137 h stability
measurements in macro-DMFC; a,d) PtRu-Vulcan, b,e) PtRu-GNFs, ¢,f) PtRu-FWCNTs (Pub.I).

SEM images in Figure 4.6 also show that the catalyst layers with various carbon supports provide
very different secondary structures. Vulcan anode layer exhibits a dense spongy structure with
uniform secondary pores, while FWCNT anode layer has little visible porosity with un-even
distribution of voids and cracks in the layer. In turn, GNF anode layer has larger macroporous
voids compared to the compact structure of FWCNT and Vulcan layers. This open structure could
facilitate the flow of reactants and products, explaining the fairly stable performance of the PtRu-
GNF electrode in the macro-DMFC. The higher stability encountered for the PtRu-GNF layer
motivated further optimization study of the catalyst layer (Pub.III) in order to improve the DMFC

performance (section 4.5).

Investigation of the size and distribution of nanoparticles along the electrode structure is also very
important to understand the performance degradation. Figure 4.7 shows the catalyst nanoparticles
on the carbon supports after fuel cell measurement. The average nanoparticle size after the fuel cell
tests are compared with the fresh nanoparticle size in Table 4.1. In both fuel cell types,
nanoparticles on Vulcan support aggregated to larger particles to more extent than nanoparticles on
the tubular supports. It mainly occurs due to the corrosion of Vulcan support in fuel cell condition
[79]. Previously, our in-situ FTIR measurements also verified that the corrosion of carbon black
was considerably higher (5-times) than the GNFs in a PEM fuel cell [54]. Besides, Ostwald
ripening phenomena may result in clustering of neighboring particles [80] and increase of the

particle size distribution in the three electrodes.

In the case of micro-DMFC, a narrower size distribution and smaller average size were observed
for the tubular-supported catalysts after the fuel cell tests. It can be postulated that larger
nanoparticles were probably detached from the supports, resulted in nanoparticle loss from the TPB
and hence activity decrease. The reason might be due to the Si-nanograss diffusion layer in the

micro-DMFC, which is only 2 um long, which cannot efficiently ensure the uniform flow of
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liquids to the electrode layer. This may result in various local pressure drops inside the electrode
leading to nanoparticle detachment from the electrocatalyst. However, carbon cloth diffusion layer
with larger thickness can provide enough protection of the catalyst layer, and the even flow of

liquids in the electrode layers which is observed in the macro-DMFC.
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Figure 4.7 TEM images of PtRu catalysts on a) Vulcan, b) GNF and ¢) FWCNT after micro-DMFC test.

4.5 Optimization of catalyst layer

The interaction between ionomer and catalyst substrate has a significant impact on the catalyst
performance due to its influence on the ion conductive phase, the TPB and the total electrode
structure. In addition, strong affinity between binder and catalyst materials has shown to prevent
catalyst coalescence and detachment [81]. Therefore, when studying different carbon supports in
the catalyst layer, the optimum ionomer/carbon ratio for each material should be evaluated in order
to obtain the best performance of the fuel cell. The optimum ionomer content depends not only on
the carbon support and ionomer type but also on the exact metal to carbon ratio, MEA preparation
method, the fuel cell type and operating conditions [82, 83]. For Vulcan-supported catalysts, the
optimum Nafion content for the anode layer has been usually reported between 25 wt. % and 40 wt.
% [82, 84]. In Publication I and II, all the MEAs were prepared with 30 wt. % Nafion content

based on the optimum ratio of the ionomer to carbon black supported catalysts. In Publication IIT

catalysts layers with PtRu-GNFs were prepared by varying Nafion content from 30 to 70 wt. %.

x 1,600 1 x 1,600 1.00kv = w 7 s

Figure 4.8. PtRu-GNF anode with different Nafion contents a) 30 wt.%, b) 50 wt.% and c) 70 wt.% (Pub.III).
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From Figure 4.8 it can be seen that increasing the Nafion content from 30 to 70 wt. % (MEA30 to
MEA70) makes the catalyst layer denser and less porous. The specific surface area of the catalyst
layers was measured by 1-point BET N, adsorption isotherms and confirmed the visual observation
from SEM images. BET measurements resulted in 0.8, 07 and 0.3 m* g”', respectively for MEA30,
MEAS50 and MEA70. The similarity between the BET surface area of MEA70 with that of Nafion
membrane (0.3 m” g) indicates that the catalyst layer in MEA70 resembles the Nafion membrane,
while MEA50 and MEA30 exhibited more porous structure.

Figure 4.9 illustrates the significant effect of the ionomer content on the activity and durability of
the electrodes in macro-DMFC measurements. With 50 wt. % ionomer content in MEA (MEAS0),
DMFC performance notably improved. It exhibited the best performance during 9-day (230 h)
chronopotentiometric measurements compared to MEA30 and MEA70. This is due to an improved
conductivity in MEASO, because both the in-plane and through-plane resistivity reached the
minimum value in MEASO as measured by EIS. That is, the anode catalyst layer with 50 wt. %
ionomer turned out to be the best electrode structure, because the voids of the catalyst layer were
optimally filled with ionomer to improve the TPB and thus the electroactive surface area. Besides,
it influenced the conductivity of the electrode as the optimal ionomer content enable better

connection between the GNF supports thus lowering resistivity in the network.
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Figure 4.9. 9-day (230 h) CA stability measurements at 27 mAcm™ in macro-DMFC with PtRu-GNF
anodes containing 30, 50 and 70 wt% Nafion ionomer content (Pub.III).
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5 CNMs as Pt-free catalysts

As mentioned in chapter 2, the ORR is kinetically sluggish as it is a complicated multi-electron
transfer process, and only precious metals can effectively catalyze the reaction. In 1964, Jasinski
for the first time reported the use of non-noble catalysts for ORR, and studied the activity of cobalt
phthalocyanine in a fuel cell cathode catalyst [85]. After that, variety of nitrogen-coordinated
transition metal macromolecules (metal-Ns-macrocycles) were explored for ORR catalysis [86,
87]. These complexes were attractive because of their lower cost compared to noble metals and
their higher tolerance to methanol oxidation, especially for DMFC applications. Their catalytic
activities could be also modulated by changing the structure of the macrocyclic compound [88].
However, the major drawback of these catalysts was their low stability in acidic media, as a result
of a loss of their active sites, due to the attack of hydrogen peroxide generated during ORR [89].
Later on, it was discovered that the heat-treatment of carbon-supported M-N4 macrocycles in an
inert atmosphere could improve their stability and catalytic activity [88, 89]. Afterwards, Gupta et
al. reported a novel synthesis method (using non M-N, macrocycles) that consisted on mixing a
nitrogen-containing polymer, transition metal salts and high-area carbon, followed by a thermal
treatment process [90]. Since then, numerous reports were published on the use of cheaper and
more common inorganic salts, with variety of N-containing compounds and carbon materials as
starting materials [91]. It was also shown that the nature of the metal in the precursor and the metal
loading played a crucial role on the catalytic activity of the resulting material [86, 92, 93]. On the
other hand, nitrogen is a necessary component in order to form the catalytic active sites. The type

of nitrogen source has a large effect on the resulting activity [94].

Among all the relevant parameters, the starting carbon materials also play key role in obtaining
high ORR activity. Especially, with the emergence of novel carbon nanomaterials with superior
properties, the research on metal-free catalysts has become very promising. The introduction of
heteroatoms into the hexagonal carbon lattice can modulate the chemical and electrochemical
activities due to the alteration of electronic structure [95]. In particular, nitrogen is considered as an
excellent dopant for carbon materials due to its comparable atomic size and its five valence
electrons to form strong valence bonds with carbon atoms. In this context, N-doped carbon
nanomaterials (N-CNMs), with an extra electron supplied by the nitrogen atom, exhibit higher
electron density and a raised highest occupied molecular orbital (HOMO) energy level of sp’
carbons [12]. Moreover, addition of nitrogen varies the charge distribution of the carbon network
so that the C atoms adjacent to N become more positively charged, resulting in an enhanced
interaction with the adsorbing molecule and thus lower activation barrier for its decomposition
[96].
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Recently, a variety of metal-free nitrogen doped CNMs have been synthesized in the form of CNTs
[97-102], CNFs [103, 104], graphene [105, 106], mesoporous carbon [107], carbon nanocages
[108], carbon spheres, hollow carbon nanoparticles [109], etc. In this thesis the synthesis and
electrocatalytic activity of N-FWCNTs and N-GNPs for the ORR have been investigated.

5.1 Preparation of N-CNTs

N-CNTs can be produced by “in-situ” or “post-treatment” doping methods. In-situ doping methods
incorporate nitrogen atoms into the carbon network simultaneously as CNTs grows. Chemical
vapor deposition (CVD) is a well-known method requiring the aid of a metal catalyst (Fe, Co, Ni
compounds), and in compatible with different types of carbon precursors and nitrogen-containing
reagents. Nitrogen precursors can be supplied as gas mixtures such as CO/NH; [98], liquid organic

precursors like pyridine [100], acetonitrile [99] or nitrogen containing polymers [110].

Through the mechanistic study of ORR, Wiggins-Camacho and Stevenson reported that the metal
residues originating from a typical metal-catalyzed synthesis contribute to the ORR catalysis [111].
Any metal residues can also disturb the characterization and lead to misidentification of the effect
of nitrogen catalytic sites. Moreover, any acid leaching to remove metal residues can easily damage
the nitrogen functionalities due to their relatively high reactivity. In this regard, Wang et al.
synthesized N-CNTs by detonation-assisted CVD using melamine without any metal catalysts
[102]. However, the resulted bamboo-like N-CNTs did not show good ORR activity, despite of
very high nitrogen content (~20 at.%). Arc discharge method using a melamine/graphite rod was
also reported as an alternative in-situ doping approach (without the need for metal catalysts) but

this method yields small scale production [112].

A high catalytic activity in heterogeneous reactions is expected to come from the accessibility and
exposure of active sites to the reactant molecules. In in-situ doping methods, usually N atoms are
incorporated inside the inner CNT walls, so they are not accessible for the oxygen molecules. For
example, in the case of bamboo-like N-CNT structures, N atoms were concentrated at the inner
curved joints of the compartments and trapped between the graphitic walls [113]. In some cases,
nitrogen gas is trapped in the inner compartments which hinders the conductivity of N-CNT and
not rendering any catalytic activity [114]. In this regard, an efficient N-CNT should be obtained by
incorporating accessible N-atoms at the surface while preserving the inner CNT structure for an
efficient electron transfer and conductivity. In the post-treatment doping techniques, purified CNTs
are treated with different nitrogen precursors such as NH; [115], urea [116], dicyandiamide [117]
or polymers including polyaniline (PANI) [55] and polypyrrole [104], then followed by a thermal
annealing at high temperatures to form graphitized N-doped layer around the intact CNT walls.

Among nitrogen precursors used for post-treatment doping, PANI has received considerable
attention. It is a conducting polymer with low price, good processability, stable and controllable
conductivity over a wide potential range [118-120]. Its electrical conductivity is strongly
influenced by the synthetic method and conditions. The room temperature electrical conductivity of

PANI can reach maximum values around 100 S cm™'[121]. Moreover, PANI can strongly interact
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with CNT walls due to the n-n conjugation of quinoid rings of PANI and the benzenoid rings of
CNTs [122].

In this thesis, we used FWCNTSs as starting carbon material for the post-treatment doping method,
which is rarely reported in the literature. Nitrogen doping of SWCNTSs (with only a single layer),
dramatically decreases the conductivity, and in turn impacts the catalytic activity. On the other
hand, MWCNTs with large diameter contains a lot of inactive inner layers which are not
contributing to the reaction. Using FWCNTs with intermediate conductivity and structural
perfection (between SWNCTs and MWCNTSs) minimizes the volume and mass of inactive parts,

meaning that higher heterocatalytic activity per mass of catalyst can be obtained.

FWCNTs were first treated with aniline to obtain a core-shell FWCNT-PANI composite [123] then
followed by annealing at high temperatures. The synthesis method of N-FWCNT is illustrated in
Figure 5.1 and described in detail in Publication I'V. Shortly, the thin PANI layer was obtained by
chemical oxidative polymerization of the aniline monomer using ammonium persulfate (APS). Part
of the FWCNTSs was subjected to oxidative functionalization (described in section 4.1) before
coating with PANI, to investigate the effect of surface oxygen functional groups in the final
doping. The resulting PANI-FWCNTSs were pyrolyzed for 1 h at 600 °C or 900 °C to obtain N-
FWCNTs. The FWCNT samples are coded as: FW-Pr for the merely purified “pristine” FWCNTs,
FW-F for the oxidatively functionalized FWCNTSs, NFW-Pr-900 for the N-FWCNTs pyrolyzed at
900 °C using purified FWCNTs, NFW-F-600 and NFWF-900 for the N-FWCNTs where PANI
was pyrolyzed at 600 °C and 900 °C respectively, on the functionalized FWCNTs.

FWCNT mixed in Aniline mixed in
1M HCI 1M HCI
Stirring Reaction § X
for6 hin terminated F'Itr?t'on
ice bath by Acetone drying

Add dropwise
Figure 5.1. Schematics of chemical oxidative polymerization of aniline on FWCNTs.

Add dropwise

5.2 Characterizaion of N-FWCNTs

Surface morphologies of pristine FWCNTs, PANI-FWCNTSs and the final pyrolyzed N-FWCNTs
are shown in Figure 5.2. It can be seen that the PANI layer is wrapped around the nanotube in the
PANI-FWCNT composite (Figure 5.2 b). PANI is known to be positively charged in acidic media
and thus is attracted electrostatically to the negatively charged oxygen functional groups in
FWCNTs, favoring PANI coating on CNTs rather than the formation of bulk polymer [55]. After
the pyrolysis a thin wrinkled N-doped layer is left at the outer wall of FWCNT (Figure 5.2 c).
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50
Figure 5.2. TEM images of a) FWCNTs, b) PANI-FWCNTs and ¢) N-FWCNTs (Pub. IV).

Raman spectra for the pristine and treated FWCNT samples were also done (Figure 2 in Pub. IV),
and clearly indicated the presence of conduction PANI (emeraldine form) in the PANI-FWCNT
composites. Table 5.1 shows the D/G band intensity ratio obtained for the pyrolyzed samples. It
can be seen that the pyrolysis temperature had a notable effect on the graphitization degree of the
N-doped layer so that at 900 °C a lower D/G ratio was obtained, meaning that the samples at 900
°C reached to a higher graphitization degree than the one at 600 °C.

The data obtained from XPS spectra (Figure 3 in Pub.IV) are presented in Table 5.1, indicating that
the total nitrogen content in all the N-FWCNT samples is only below 1 at.%. In addition, while the
pyrolysis temperature increased, the nitrogen content was decreased due to the loss of nitrogen-
containing gases [124]. However, for a same pyrolysis temperature (900 °C) a higher nitrogen
content was obtained with the functionalized sample due to the stranger interaction of PANI with

the oxygen functional groups [55].

Table 5.1. Data obtained from Raman and XPS spectra of pristine FWCNTs and different N-FWCNTs.

FW-Pr FW-F  NFW-F-600 NFW-F-900 NFW-Pr-900
In/Is 0.31 0.37 0.48 0.22 0.24
O at.% 1.2 3.7 0.8 0.87 0.36
N at.% - - 0.72 0.56 0.27
pyridinic-N (%) -- -- 28 35 31
pyrrolic-N (%) - - 44 8 8
graphitic-N (%) - - 20 44 46
pyridine-N-oxide (%) - - 8 13 15

The local structure and bonding type of N atoms in the graphitic network has strong influence on
the charge density and chemical states of nitrogen sites. Four types of N-bonding configurations
were identified by deconvolution of the N1s peak of the XPS spectra and schematically depicted in
Figure 5.3. Pyridinic-N (at ca. 398.3 eV) refers to N atoms at the edges, bonded to two carbon
atoms donating one p-electron to the n-system. Pyrrolic-N atoms bond to two carbon atoms in a 5-
membered ring and contribute two p-electrons to the m-system, hence they have higher binding
energy (at ca. 400.1 eV). Graphitic-N (or quaternary-N) atom (at ca. 400.9 eV) substitutes a carbon
atom and bonds to three neighbouring carbon atoms. Pyridinic N-oxide bonds to two carbon atoms

and one oxygen, clearly distinguished with a binding energy shift of +5 eV (at ca. 403.5 eV)
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compared to pyridinic-N [125]. The distribution of the different N-bonding configurations in each

sample is presented in Table 5.1 and will be discussed in connection with the ORR activity in the

next section.

Pyridine-N-oxide /N+ e

o

Graphitic-N

H

Pyrrolic-N

Figure 5.3. Nitrogen-bonding configurations in a graphitic sheet.

5.3 ORR activity of N-FWCNTs

The electrocatalytic activity of N-FWCNTs was evaluated using CV and RDE methods (Figure
5.4) in a three-electrode cell in alkaline media (0.1 M KOH). It can be seen that the 2-step ORR

process on pristine FWCNT has been significantly improved to 1-step on N-FWCNT (Figure 5.4

a). With increasing annealing temperature from 600 °C to 900 °C, the electrocatalytic activity was

enhanced as indicated by the higher current density, more positive onset and peak potentials (Table

5.2). It can be due to the higher graphitization degree of the N-doped layer (lower D/G ratio) and

larger contribution of graphitic-N and pyridinic-N sites (from XPS data), which promote the

electron transfer and cause a positive shift of the reduction potential [126].
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Figure 5.4. Electrochemical characterization of ORR at N-FWCNTSs compared to pristine FWCNTs: a,b) CV
at 10 mV/s and c,d) RDE measurements at 5 mV/s in 0.1 M KOH (Pub. IV).
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The enhanced electrocatalytic activity of N-FWCNTs was quantitatively evidenced by RDE
experiments (Figure 5.4 c&d) and the electron transfer number calculated from the K-L equation.
The average n value in the potential range from -0.3 to -0.5 V followed the increasing trend: FW-
Pr (2.1) < NFW-F-600 (3.1) < NFW-Pr-900 (3.5) < NFW-F-900 (4.0). It can be seen that oxygen
functionalization of FWCNTs has siginificant effect on ORR electrocatalytic activity of the
resulting N-FWCNT.

Table 5.2. Onset and peak potentials for the ORR obtained from CV” and RDE* measurements, and kinetic
parameters calculated from the Tafel plots (Figure 5.5b).

Purified NFW-F-600 NFW-F-900 NFW-Pr-900  Pt-C
Onset potential (V)* -0.07 -0.06 -0.03 -0.04 0.05
Peak potential (V)” -0.2 -0.18 -0.15 -0.16 -0.15
k (10° cms™) - 0.4 2.8 1.6 3.1
Ja(uA) - 3.1 21.2 11.9 233
o - 0.2 0.42 0.36 0.49

N-CNTs have been recently reported to be an efficient catalyst for decomposition of H,S to solid
sulfur [127] as well as oxidative dehydrogenation of aromatic and alkenes [128]. Our N-FWCNT
samples also showed activity for the hydrogen evolution reaction (HER). Figure 5.5a shows that
bubbles are formed at a GC electrode modified with NFW-F-900 while sweeping the potential to
around -1.2 V. It can be suggested that the active sites involved in the ORR can also catalyze the
HER at more negative potentials. It is revealed by the emergence of a large peak at around -1.2 V
in cyclic voltammograms (Figure 5.4a). The occurrence of oxygen evolution at N-CNTs was

recently observed elsewhere [129].
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Figure 5.5. a) HER at a GC-modified with NFW-F-900 in N,-sat. 0.1M KOH at 5 mV/s, b) Tafel plots after
injection of H,O, (0.4 mM) in N,-sat. 0.1M KOH at 0.17 mV/s and 1500 rpm (Pub. IV).

We further characterized ORR electrocatalytic activity by RRDE measurements in comparison
with a commercial Pt-C. Figure 5.6 shows that ORR electrocatalytic activity of FWCNTs was
remarkably improved after N-doping treatment, with a significantly lower amount of hydrogen

peroxide and much higher electron transfer number very close to Pt-C electrode.

To study the electrokinetics of H,O, on the modified electrodes, a given volume of H,O, was

pipetted into the deaerated electrolyte and the potential was swept in the 0.4 = 0.25 V regions in the

45



RDE system. The calculations from Tafel plots (Figure 5.5b and Table 5.2) confirmed the faster
kinetics of H,O, electroreduction on NFW-F-900 (close to that of commercial Pt-C catalyst). The
kinetic rate constants obtained for HO, decomposition follow the same trend as ORR activity:
FW-Pr < NFW-F-600 < NFW-Pr-900 < NFW-F-900 < Pt-C. Specially, NFW-F-900 with k= 2.8 x
10° cm s performed very similarly to Pt-C electrode (3.1 x 10~ cm s™), supporting the RRDE
measurements. The high electrocatalytic activity of N-FWCNTs toward electroreduction of
hydrogen peroxide makes this materials useful even for biosensing applications where low amount

of H,O, needs to be detected as by-product of a biomolecule decomposition [130].
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Figure 5.6. RRDE measurements: a) disk and Pt-ring current densities, b) H,0,% production and number of
transferred electrons in O,-sat. 0.1 M KOH at 5 mV/s and 400 rpm (Pub. IV).

NFW-F-900 showed remarkable ORR electrocatalytic activity even though the nitrogen content
(0.57 at.%) was much lower compared to previousely reported values in literature (Table 3 in
pub.IV) that usually refer to nitrogen levels higher than 3 at. % [97, 110, 113, 131]. The differences
in activity may arise from the N-doped layer at the outer nanotube walls, which formed an open
porous structure with abundant edge planes. The efficient utilization of the highly accessible
nitrogen atoms that are integrated in the N-doped layer on the FWCNT surface, together with the
intact inner walls, render N-FWCNTs with high electrochemical activity. The significance of the
accessible surface nitrogen atoms on the ORR electrocatalytic activity of N-CNTs has been

recently highlighted by Tian et al [129].

The reason behind the enhanced activity of N-CNTs is still under debate, attracting numerous
experimental and computational research to identify the nature of the catalytic sites. Some reports
correlated the ORR activity to the increase of nitrogen content [100, 131], while other ones claimed
that ORR acitivity was not improved by nitrogen content [115, 132]. If the nature, structure and
reaction mechanism of the catalytic sites is well undrestood, new experimental procedures can be
desigined in order to develop more efficient catalysts for fuel cell applications. However, there is
still large controversy on which type of nitrogen functionalities are the active sites for ORR.

Several studies have demostrated the superior activity of pyridinic-N on promoting ORR
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electrocatalyctic activity [110, 113, 116]. In contrast, other studies reported that N-CNTs
containing larger amount of graphitic-N functionalities exhibited higher ORR activity [55, 115].

In order to shed more light on this issue, we further inverstigated the influence of the type of
nitrogen sites on the ORR electrocatalytic activity by trasforming N-functionalities via increasing
pyrolysis temperature. Here, PANI-FWCNTs were produced (on functionalized FWCNTSs) and
then pyrolyzed for 2 h in argon flow at 600, 750 and 900 °C. Figure 5.7 shows that by increasing
temperature from 600 to 900 °C the total nitrogen content decreased to almost half, but the ORR
electron transfer number was greatly enhanced. Moreover, the distribution of nitrogen
functionalities was changed. Graphitic-N (quaternary-N) content was rapidly increased with
temperature while pyrrolic-N content was significantly reduced. Pyridic-N and pyridinic-N-oxides

did not show a major change.
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Figure 5.7. Effect of pyrolysis temperature on total nitrogen content, relative content of N-functionalities and

ORR electron transfer number (unpublished).

These results are in agreement with the reported literature that pyrrolic-N sites transform to
pyridinic-N at moderated temperatures (400-600 °C) via a dynamic surface arrangement. Further,
at higher temperatures (T > 600 °C) pyridinic-N sites transform into graphitic-N through a ring
condensation mechanism, indicating that graphitic-N is the most thermally stable structure [55,
124, 126]. The thermal transformation of nitrogen functionalities for PANI treated samples is

schematically shown in Figure 5.8.
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Figure 5.8. Schematics of transformation of N-functionalities driven by annealing effect (unpublished).

To further investigate the effect of the type of N-functionality, samples with similar nitrogen
content were compared. These samples were obtained by varying the synthesis parameters (acid
treatment time, PANI amount and pyrolysis time). The obtained results were very interesting. As
shown in Figure 5.9 and Table 5.3, the limiting currents are slightly lower in the samples with
higher graphitic-N content, and more hydrogen peroxide was produced. It seems that pyridinic-N
may also play role in hydrogen peroxide decomposition in the ORR process. Li et al. previousely
[133] suggested that the graphitic-N can influence the limiting current density, whereas pyridinic-N
may improve the onset potential and favour the reaction mechanism from a predominantely 2e
process to a 4e” pathway. In another study, Yasuda et al. were selectively synthesized N-graphene
with abindant pyridinic-N or graphitic-N sites using different N-containing precursors. They
reported that that graphitic-N species favour a 2e” pathway, whereas pyridinic-N species induce a

4¢” reduction pathway [134].

Table 5.3. Comparison of nitrogen functionalities and electron transfer number for N-FWCNTSs prepared

with different synthesis parameters.

Sample Total N Pyridinic-N  Pyrrolic-N  Graphitic-N  Pyridinic-NOx
NFW-F-900 0.56 35 8 44 13
NFW-F-900(2h)* 0.26 32 2 54 12
NFW-F-900(50p-6h)” 0.57 29 0 60 11

* the same acid treatment time and PANI amount as NFW-F-900 but 2h pyrolysis time.
“longer acid treatment (6h), more PANI (50 wt. %) and longer pyrolysis time (2h) than NFW-F-900.
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Figure 5.9. Disk and Pt-ring current densities from RRDE measurments: N-FWCNTs with different N-
functionalities in O,-sat. 0.1 M KOH, at 5 mV/s and 400 rpm (unpublished).

Finally, the effect of catalyst loading on the reaction mechanism was studied. Figure 5.10a shows
that a decrease in the catalyst loading resulted in lower limiting current densities and higher H,0,
fractions. In addition, the onset potential was shifted to more negative potentials with lower
catalyst loading. The effect of electrode rotation rate was also studied at constant loading. Figure
5.10b shows that at higher rotation rates the H,O, fraction was larger. Bonakdarpour et al. also
observed similar impact of catalyst loading on the ORR activity in RRDE experiments, when
varying the Fe/N/C catalyst loading in acidic media [135]. These observations were further

predicted in by computational modeling by Jaouen et al [136].
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Figure 5.10. RRDE experients with N-FWCNTs in O,-sat. 0.1 M KOH; a) effect of catalyst loading and b)

effect of rotation rate on disk and Pr-ring currents (unpublished).

Simplified mechanisms for the ORR was previously shown in Figure 2.5. Generated H,O,
molecules are able to react on the catalytic sites either electrochemically to produce water or
chemically to decompose into oxygen and water (with no exchange of electrons). Then the oxygen
molecule generated from the disproportionation reation may be again electrochemically reduced
into hydrogen peroxide. Several such cycles on a large number of O, molecules could result in an

apparent near 4¢” reduction of O, even if the electroreduction of H,O, to H,O never occurs [137].
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Therefore, both processes may convert all the produced H,O, molecules to water in the bulk of the

electrode, resulting in an apparent close to 4e” reduction pathway for the ORR.

It is worth to menthion that modifying a glassy carbon electrode with CNT aggregates results in a
porous electrode. It means that lowering the electrocatalyst loading is equal to reducing the porous
electrode thickness. When the electrode is thick (high loading) H,O, molecules which are produced
within the porous electrode at a given active site must first diffuse across the porous electrode
before reaching the electrolyte. On the other hand, rotation rate works as a driving force to push
H,0, molecules diffusing out of the electrode. Therefore, in a porous electrode, H,O, molecule
produced at one site has a high probability to be electroreduced or disproportionated at another site
before it may reach to the electrolyte. In a smooth electrode, it is probability much lower and the

electroreduction might occur at one site. [136].

Threfore according to above results, we propose a pseudo-4e” model for the ORR process on N-
FWCNTs in alkaline media. Figure 5.11 showes that first a dissociative adsorption of O, molecules
occurs on graphitic-N sites, then the produced hydroperoxide further decomposes chemically or
electrochemically on pyridinic-N sites. In contrast, on Pt-C catalyst no influence of catalyst loading
and rotation rate on the H,O, fraction was observed in our experiments (data not shown), which is a
proof of a direct 4" ORR mechanism. Further characterization should be done to corroborate the

proposed mechanism, which can be the topic for future research.

Figure 5.11. Proposed model for the ORR process on N-FWCNTs (unpublished).

5.4Fuel cell measurements with N-FWCNTs

Finally, the performance of N-FWCNTs was evaluated in the cathode of an alkaline direct
methanol fuel cell. Figure 5.12 compares the polarization curves and power density for NFW-F-
900 and commercial Pt-C catalysts in the cathode of an alkaline DMFC. NFW-F-900 outperforms
the Pt-C catalyst at low and medium current densities, and then gradudally reaches almost identical
performance in the high current density region. The OCV obtained with NFW-F-900 (0.5 V) is
significantly higher than with Pt-C (0.44V) due to a higher resistance to methanol crossover. NFW-
F-900 provided a maximum power density of 0.75 mW c¢m™ which is higher than that of the Pt-C

catalyst (0.70 mW cm™). In addition, our further fuel cell characterization showed that when the
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more practical oxidant (air flow) was used at the cathode, N-FWCNTSs exhibited significantly
superiour performance (0.73 mW cm) compared to the Pt-C catalyst (0.18 mW cm™) [138].
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Figure 5.12. Polarization curves and power densities of NFW-F-900 and Pt-C catalysts at the cathode of an
alkaline DMFC (Pub. 1V).

5.5 Nitrogen doping of graphene materials

Extensive research has recently targeted graphene applications because it has outstanding
properties and can be produced at lower cost than CNTs. As with CNTs, chemical doping is an
effective approach to tailor the properties of graphene, which can greatly broaden its applications.
There are two main ways to dope graphene: i) the adsorption of gas [139], metal [140], or organic
molecules [141] on the surface of graphene, and ii) substitutional doping, which introduces

heteroatoms such as nitrogen and boron into the carbon lattice [142].

Substitutional N-doping of graphene can be done by two approaches, in similar way as with N-
CNTs: in-situ and post-treatment methods. The in-situ approach includes several methods such as
CVD, segregation growth, solvothermal and arc-discharge. CVD, as a widely used method,
consists in flowing gas mixtures (NH;, CH4 or C,H,4) or liquid organic precursors (acetonitrile,
pyridine) over catalyst substrates such as Cu or Ni at high temperatures [143]. By varying the flow
rate and the ratio of carbon to nitrogen source, the nitrogen content of N-graphene can be
controlled. The number of layers can be also adjusted by the flowing time of the precursors. The
type and relative content of N-functionalities are influenced by the type of precursors, ratios,
catalyst and the growth temperature. In the segregation approach, sequential layers of N-containing
boron and C-containing Ni are deposited on SiO,/Si substrate by electron beam evaporation and
annealed in vacuum. In this method, C atoms segregate out onto the Ni surface and combine with N
to form N-graphene while boron atoms are trapped by Ni [144]. In the arc-discharge method, a
carbon source electrode (usually graphite) is evaporated in the presence of NH; or pyridine vapor at
high temperature [142]. The solvothermal approach consists of mixing Li;N and CCl, at mild
temperatures around 300 °C for the synthesis of N-graphene [145].
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Post-treatment doping methods include thermal annealing, plasma treatment and treatment with
hydrazine. In the thermal annealing approach, graphene or graphene oxide (GO) are treated with
various nitrogen precursors such as NH;, melamine, urea or dicyandiamide and then annealed at
high temperatures (500-1000 °C). In the plasma treatment, graphene or GO are placed in NH; or N,
plasma so that carbon atoms can be partly replaced by N [146, 147]. Finally, N-graphene can also
be obtained by reducing GO with hydrazine at low temperatures (< 120 °C) using NH; as precursor
[106]. Most of these doping techniques are costly, complicated and apply highly toxic or volatile
nitrogen substances, hence the development of simpler, environmentally friendly and scalable

methods is highly necessary.

Recently, interesting methods have been proposed for the large scale and low-cost production of
graphene by graphite exfoliation using ionic liquids (ILs) by means of mechanical grinding and/or
electrochemical techniques [148, 149]. These novel methods allow production of pristine graphene
sheets from direct exfoliation of graphite rather than producing GO which then have to be reduced
[150]. The combination of the unique properties of ILs and graphene will help to speed up the
uptake of graphene materials in currently explored applications and possibly in new areas. ILs are
salts with melting point below 100 °C and good thermal stability. Their very low vapor pressure
and non-flamability in contrast to the volatile organic solvents make them environmentally friendly
alternatives. Most importantly, ILs have surface tensions closely matching the surface energy of
graphite, which is a key prerequisite of solvents for direct exfoliation of graphite [96, 148].
Recently, N-graphene sheets with high N/C ratios were obtained by electrolysis of graphite
electrode in N-containing electrolyte, followed by pyrolysis at 400 °C [151].

5.6 Preparation and characterization of N-GNPs

In this study, we have explored different imidazole/imidazolium derivatives for the nitrogen doping
of GNPs by a facile and low-cost post-treatment approach. The morphology and specification of
GNPs were described in section 3.1. Figure 5.13 shows the nitrogen-containing precursors used,
with different nature and charge: BMIBF, (IL), PVI (neutral polymer) and PBVIBr (poly (ionic
liquid), PIL). PILs are polymerized ionic liquids, which combine some of the unique properties of
ILs with the common profile of polymers. They also contain cationic and/or anionic moieties with

nitrogen atoms in each repeating unit.
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tetrafluoroborate bromide)

Figure 5.13. Nitrogen precursors used for GNP functionalization and N-doping (Pub.V).
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GNPs were first functionalized with the nitrogen precursors by co-dispersing and stirring for long
time of 15 h (Pub. V). Later, nitrogen-doped GNPs (N-GNPs) were obtained by pyrolysis of the
corresponding functionalized GNPs (f-GNPs) at 900 °C for 1h. N-GNP samples were abbreviated
as N-GNPI, N-GNP2 and N-GNP3, for those obtained from BMIBF,, PVI and PBVIBr,

respectively.

The surface functionalization of GNPs was confirmed by thermal gravimetric analysis (TGA) and
the amount of nitrogen precursors in f-GNPs was determined (Figure 2 in Pub.V). It was found that
the N-precursor amount in f-GNPs followed the order: BMIBF, (20.0 wt. %) > PBVIBr (15.0 wt.
%) > PVI (13.3 wt. %). It seems that the charged properties of ILs resulted in higher
functionalization degree due to the stronger electrostatic and n-n interactions. In order to determine
gravimetrically the nitrogen content in each f-GNP, estimation was done by considering the
amount of precursors (TGA data) and the relative N content in the precursor. The N content (wt.%)
in f-GNPs decreased in the following order: 4.0 (PVI-GNP) > 2.5 (BMIBF,-GNP) > 1.8 (PBVIBr-
GNP). This trend correlates with the surface N content (at.%) obtained by XPS analysis (Figure 3
in Pub.V) for N-GNPs: 3.3 (N-GNP2 from PVI) > 1.9 (N-GNP1 from BMIBF,) > 1.6 (N-GNP3
from PBVIBr).

The relative content of each N-functionalities are summarized in Table 5.4. Notably, despite the
different nature of the nitrogen precursor, the relative distribution of N-functionalities is similar,
with a dominant content of graphitic-N (quaternary-N) sites (48-50%) followed by pyridinic-N (35-
38%) and pyridinic N-oxides (12-15%). However, there was no signature of pyrrolic-N sites within
the error bars of the fit. The similar distribution of N-functionalities in all N-GNP samples could be
due to the same conditions at which f~-GNP samples were pyrolyzed. Stanczyk et al. reported that
after calcination of precursors with different nature at 800 °C, similar N-functionalities were
obtained [124]. The influence of annealing temperature on configuration of N-functionalities has

been discussed in section 5.4.

Table 5.4. Characterization and electrocatalytic properties of N-GNP: nitrogen content and distribution of
nitrogen configurations (determined by XPS), BET surface area and number of transferred electrons for

ORR estimated from RDE measurements.

Sample® | Surface N N pyridinic N graphtic N oxide BET surface  Transferred
(at.%) (at.%) (at.%) (at.%) area (mz/g) electrons®
N-GNP1 1.9 0.66 0.96 0.28 552 33
N-GNP2 33 1.26 1.59 0.41 405 2.9
N-GNP3 1.6 0.61 0.78 0.21 537 3.5

* Abbreviations: N-GNP obtained from f~-GNP with: BMIBF, (N-GNP1), PVI (N-GNP2) and PBVIBr (N-
GNP3). ® Average in the potential range from -0.3V to -0.5V
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5.7 ORR activity of N-GNPs

CVs recorded in deaerated electrolyte (Figure 5.14 a) clearly show lower capacitive currents for N-
GNPs compared to the pristine GNP. BET surface area measurements (Table 5.4) corroborate the
lower electroactive surface area with values in the range of 405-552 m%g for N-GNP samples, in
contrast with 622 m?/g for the pristine GNP. Hence, N-doping leads to 11-35% decrease in the
surface area with the most pronounced effect on N-GNP2 (doped by the neutral polymer PVI). In
addition, a denser and more compact morphology was observed in SEM images for N-GNPs (in

Pub.V), with a clear loss of porosity compared to pristine GNP.

CVs in O,-saturated electrolyte (figure 5.14b) reveal the enhancement in ORR electrocatalytic
activity for N-GNP samples compared with pristine GNPs. Figure 5.14c shows the number of
transferred electrons for the samples, obtained by RDE measurements and the corresponding K-L
plots (Figure 5 in Pub.V). It can be seen that the ORR electrocatalytic activity is considerably
improved in N-GNPs especially with N-GNP1 and N-GNP3, doped using IL and PIL precursors,
respectively. The average electron number in the range of -0.3 to -0.5 V were 3.5, 3.3 and 2.9,
respectively for N-GNP3, N-GNP1 and N-GNP2.
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Figure 5.14. CVs of N-GNPs in A) N2-saturated and B) O2-sat. 0.1 M KOH. C) Number of transferred
electrons for ORR vs. potential for N-GNPs compared to pristine GNP.

In these samples ORR activity cannot be related to the total nitrogen loadings, since N-GNP3 and
N-GNP1with higher ORR electrocatalytic activity contain less nitrogen atoms (Table 5.4). These
results are in agreement with numerous studies claiming that the activity does not necessarily
correlate with total N content [18, 133]. On the other hand, better ORR activity of N-GNP3 and N-
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GNP1 cannot be explained by the dominance of graphitic-N type, since the three N-GNP samples
contain very similar relative proportion of N-functionalities. However, N-GNP3 and N-GNP1
exhibited larger BET surface area (537-552 m*/g) than N-GNP1 (405 m?/g), suggesting that the
electrocatalytic activity is more influenced by the BET surface area of the N-GNPs. These results
are in agreement with previous studies suggesting that the microporous surface area and
accessibility to active sites was the main factor affecting the ORR catalytic activity in Fe/N/C
catalysts produced from carbon black [152]. Similarly, the excellent catalytic activity of our N-

FWCNT with low nitrogen content was caused by highly accessible N-sites.

From the results, it can be postulated that the ionic nature of IL and PIL used in this study not only
influences the enhanced interaction of the precursor with the GNP sheets, but also that the anions in
these compounds (BF, in BMIBF,4 and Br" in PBVIBr) seem to act as a porogen during pyrolysis
of the functionalized GNPs. Such a promising effect on porosity was not observed using natural
polymer PVI, which leads to a very pronounced decrease in surface area (35%) with respect to
pristine GNP. Therefore, active surface area and consequently accessibility to catalytic sites can
facilitate the ORR activity. The wrinkles and disordered structure of graphene sheets along with the
increased surface area could facilitate the adsorption of O,, which would be advantageous for ORR
activity [133].
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6 Conclusions

The thesis presented the significant influence of different carbon nanomaterials (CNMs) on the fuel
cell electrodes and their overall performance. Catalysts for methanol oxidation and oxygen
reduction reaction were synthesized based on CNMs, with special emphasis on assessing their
performance in the actual fuel cell environment in order to maximize their electrocatalytic activity
and stability compared to current commercial catalysts. CNMs were used for different roles, acting
both as support for PtRu catalysts to catalyze the MOR and as Pt-free electrocatalysts for the ORR
in alkaline media. The research work also provided further knowledge for the suitable selection of
CNMs, the influence of the catalyst layer structure and fuel cell components on the overall
performance and stability of certain catalyst materials. The major conclusions of the dissertation

can be summarized as follows:

PtRu-catalysts were deposited on three different nanocarbon supports: carbon black, FWCNTs and
GNFs. A special care to control the synthesis method enabled us to produce catalysts of
comparable size and composition on the different supports using a polyol method. It was possible
to evaluate the influence of the carbon supports at the anode by neglecting differences arising from
the catalyst size. Both electrochemical characterization of catalyst films and 6-day long stability
measurements in methanol fuel cells were done. It was found that GNF-supported electrocatalyst
presented the most stable performance during 6 days, which illustrated the potential application of

this novel nanocarbon as a more stable fuel cell component (Pub.1).

As it is very important to develop miniaturized systems for portable power sources based on
DMFC, the performance of the catalyst materials was also evaluated in a Si-micro fabricated
DMFC. A special Si-nanograss structure was used as alternative for a traditional diffusion layer to
simplify the assembly of the cell. The long-term performance (3-days) of PtRu-catalysts supported
on Vulcan, FWCNTSs and GNFs was evaluated in this micro-fuel cell. FWCNTSs showed the best
performance followed by GNFs, and both showed superior activity than the Vulcan supported
catalyst. However, the fuel cell performance of the three materials did not follow the same trend as
in macro-fuel cell (Pub.1). It was concluded that, when using different fuel cell systems to assess
the performance of specific catalysts, the measurements should be carefully controlled to mimic
each other as much as possible because even small changes in fuel cell components or conditions
can lead to very different results. Moreover, we suggested that the Si-microfabricated DMFC can
be a fast and cheap tool for catalyst material screening, due to the faster fabrication, assembly and

lower amount of catalyst needed for testing (Pub.2).

Performance and stability of the methanol fuel cell with PtRu-GNFs electrocatalyst was improved
by optimizing the anode layer structure. This was done by optimizing the Nafion content (ionomer
to carbon ratio) of the electrode in membrane electrode assemblies. It was found that electrode
containing 50 wt.% Nafion was the most stable during the long-term (9-days) fuel cell tests. This

study revealed the importance of the electrode structure (in addition to the catalyst and support
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effects). This optimization leads to a better ionomer-electrocatalyst interaction, lower electrical
resistance and a suitable distribution of secondary pores for penetration of reactants and products

that result in low mass transfer resistance along the electrode network (Pub.3).

Pt-free electrocatalysts were synthesized by modifying FWCNT walls with nitrogen atoms via a
post-treatment method using PANIL. The resulting N-FWCNTs showed high electrocatalytic
activity for ORR in alkaline media. Despite a significantly lower nitrogen content (~0.5 at.%)
compared to the literature, N-FWCNTSs showed a high activity for ORR and performed on par with
or better than a commercial Pt-C at the cathode of an alkaline DMFC. It can be concluded that the
high activity of N-FWCNTs resulted from an efficient incorporation of N atoms in the open porous
structure of the N-doped layer around the FWCNT wall in which the active sites are fully exposed
for oxygen molecules. Simultaneousely, the highly conductive FWCNT inner core was preserved
for the electron conduction (Pub.4). We further suggested a psudo-4e- model for the ORR
mechanism on N-FWCNTs in alkaline media, where oxygen molecules first electrochemically
reduced to hydroperoxide on graphitic-N sites. Then, the generated hydroperoxde in the porous
electrode moves on pyridinic-N sites and further electrochemically is reduced (to OH") or

chemically is decompose to oxygen.

Further studies on the electrocatalytic activity of N-GNPs were implemented. N-GNPs were
synthesized by a facile post-treatment method using different imidazole-based derivatives,
including a neutral polymer, an ionic liquid and a poly (ionic liquid). It was found that the final
nitrogen content was correlated to the amount of nitrogen in the precursor. However, the ORR
activity did not correlate with the nitrogen content or distribution of N-functionalities, rather it was
determined by the porosity and accessibility of oxygen to the active sites in each type of N-GNP.
Thus, the most active samples for ORR were N-GNPs synthesized by ionic liquids precursors (IL
and PIL) which led to a more porous materials. These results can be inspiring in the choice of

suitable precursors for doping CNMs with enhanced electrocatalytic activity for ORR (Pub.5).

In conclusion, DMFCs are considered as a promising power source for portable electronics,
however they are yet facing a lot of challenges on their way to commercialization. There is still
plenty of room to develop cost-efective electrocatalysts to achieve fully Pt-free DMFCs. As
mentioned before, the alkaline system holds more promise for the use of Pt-free electrocatalysts.
Therefore, further research should be implemented to develope alternative Pt-free anode catalysts
for MOR. Recently, transition metal oxides (such as NiO) have received attention due to their low
cost and facile synthesis [153, 154]. However, more research needs to be done in order to achieve
more active and durable electrocatalysts than PtRu by modifying their synthesis methods and

structures.

Regarding the use of N-doped CNMs as Pt-free electrocatalysts for the ORR, the exact role of the
different N-functionalities on the ORR needs to be better understood. Further characterization is
yet required to corroborate the proposed mechanism, which could be a topic for future research. In

addition, improving the stability of N-FWCNTs would also be further improved.
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Direct methanol fuel cells (DMFC) are great
candidates for portable power source
applications due to the high energy density
of methanol, easy storage and recharging.
The sluggish kinetics of the methanol
oxidation reaction at the anode and oxygen
reduction reaction (ORR) at the cathode are
key challenges in DMFC technology. The
state-of-the-art catalysts are Pt-based
catalysts supported on Carbon black.
However, the high price of Pt, corrosion of
carbon support and Pt aggregation which
result in fuel cell instability are the main
problems.

In this thesis, Pt nanoparticles deposited on
different types of carbon nanomaterials
were used at the anode electrode in order to
improve the stability of DMFC. In addition,
highly active electrocatalysts for ORR were
synthesized by nitrogen doping of carbon
nanomaterial, which showed similar
performace to commercial Pt-C at the
cathode side of DMFC.
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