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Summary

In this work of thesis, two non noble metal (NNM) catalysts active toward
oxygen reduction reaction (ORR) were synthesized, optimized, characterized and
finally tested in Direct Ethanol Fuel Cell (DEFC) and Metal Air Battery (MAB).

The catalysts were designed combining carbonaceous materials with iron and
nitrogen precursors. The first catalyst, named Z/F 2HT, was obtained mixing the
metal organic frameworks Basolite z1200 (Zif-8) with Fe-Phthalocyanine. The
synthesis was performed using an autoclave step followed by two heat treatment
(HT) at high temperature with intermediary acid leaching. The synthesis
optimization was carried out following both the design of experiment method and
the one factor at one time approach. The second catalyst, named V/F BM, was
obtained mixing different amount of Vulcan XC 72 with Fe-Phthalocyanine using
the mechanochemical synthesis through ball milling (BM) process. The synthesis
optimization was carried out following the one factor at one time approach.
Several heat treatments were evaluated as well.

Different electrochemical, chemical and surface analyses were carried out in
order to investigate the properties and the difference between the two catalysts
obtained after their synthesis processes. Specifically, the catalysts were analysed
in RDE and RRDE configurations, in alkaline medium, in terms of stair case
voltammetry, cyclic voltammetry, Tafel analysis, short load cycle durability test,
ethanol tolerance, Koutecky Levich analysis, and H,O, production as
electrochemical evaluation. BET, SEM, XPS, and %Fe with ICP analysis as
chemical physical analyses. A Pt/C commercial catalyst was used as a reference in
the RDE/RRDE analyses. Since the characterization showed good results (half
wave potential Z/F 2HT: 0.87V, V/F BM: 1,01 V, Pt/C: 1.01 V), the catalysts
were further tested in electrochemical devices. The V/F BM catalyst showed
better performance compared to the Z/F 2HT catalyst in terms of electrochemical



activity and was studied for both DEFC and MAB applications. The Z/F 2HT
material was tested only in MAB.

Pt/C and MnO,/C were used respectively as DEFC and MAB commercial
catalyst references. The experiments carried out in DEFC were promising: V/F
BM reached 70 mW cm ? as maximum power density and 53 mW mgp ' as mass
specific power density. These values have the same order of magnitude of the best
non noble metal catalysts reported in literature for DEFC. Concerning the
durability, further improvement are required with the aim to understand if the
performance loss are caused by the device or the catalyst. The application of the
two catalysts in MAB demonstrated a different behaviour from the laboratory
predictions. At lower discharge current density (1.6 mA cm °) the Z/F 2HT
showed better results both in terms of durability and capacitance. At higher
discharge current density (3.2 mA cm?) V/F BM catalyst showed the best
performance. Both the Z/F 2HT and V/F BM catalysts showed closer but still
lower electrochemical performance compared to the commercial MnO,/C
reference catalyst.
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Chapter 1

Introduction

1.1 Introduction to the project

Global warming, mainly due to a continuous increase in the concentration of
greenhouse gases in the atmosphere is the major environmental problem observed
since the 19™ century. The increase in greenhouse gas emissions, mainly carbon
dioxide, is due to the use of fossil fuels as a source of electricity. To reduce
emissions more attention is oriented to the production of energy from renewable
sources. To solve this wunpleasant situation, the development and
commercialization of efficient electrochemical converters fed with hydrogen or
renewable biofuel is a big challenge. A further challenge is the importance of
solving the problem of energy storage through the development of low-cost
battery device with high performance and long durability. Among several
electrochemical converter, fuel cells (FC) are energy system that can solve the
first challenge and metal-air battery (MAB) the second one (Figure 1.1 A-B).

Figure 1.1 A-B. Example of Fuel Cell (A) and Metal Air Battery (B) device.



In a FC, the energy is stored outside the stack while in a MAB is stored inside
the battery. Although the final application is different these devices have in
common the oxygen reduction reaction (ORR) that takes place to their cathodes.
As a consequence, many of the catalysts that accelerate this reaction are similar or
identical allowing their development in a single stage.

1.2 Fuel cell introduction

A fuel cell is an energy conversion system which can convert the chemical
energy of a fuel and an oxidant into electrical energy through an electrochemical
reaction. It differs from the internal combustion engine since there is no thermal
cycle. As result, the device shows higher conversion efficiency because it is not
limited by the thermodynamics Carnot's theorem. Also, emissions of the main air
pollutants such as carbon dioxide (CO.), nitrogen oxides (NOx) and sulphur
dioxide (SOz) are reduced. [1]

Like all the electrochemical devices, a single cell consists of two electrodes
separated by an electrolyte. On the electrodes surface, catalysts are deposited to
accelerate chemical reactions. The reagents, fed to the electrodes, are in contact
with both the catalysts and the electrolyte and react in a triphasic region.

At the anode an oxidation reaction takes place. Generally, the fuel is hydrogen
but may also consist of natural gas, alcohols or polyols [2]. At the cathode the
oxygen reduction reaction takes place since the most common oxidants are pure
oxygen or air. The electrons flow into an external circuit from the anode to the
cathode while the ions generated from the reactions migrate through the
electrolyte keeping closed the electrical circuit. The electrodes requires high
catalytic activity, good electrical conductivity and gas permeability. On the
contrary, the electrolyte requires high ion conductivity to allow the transport of
ions and low electronic conductivity to block the electrons flow. Furthermore it
must be impermeable to gases [3].

Several type of fuel cells are classified according to different parameters such
as the type of fuel (hydrogen, natural gas, methanol...), the type of electrolyte
(solid, liquid, alkaline, acidic...) and the working temperature (high temperature
and low temperature) [4]. The five most common typologies of fuel cell are listed
below and their property are summarized in Table 1.1:

e AFC: Alkaline Fuel Cell

e PEMF: Polymer Electrolyte Membrane Fuel Cell
e PAFC: Phosphoric Acid Fuel Cell

e MCFC: Molten Carbon Fuel Cell

¢ SOFC: Solid Oxide Fuel Cell



The PEMFC are the most widespread fuel cells in the market. Since they
work at temperature below 100 °C, they can be employed for different application
providing fast start up and shut down operation as well as ensuring greater
simplification of the device. PEMFC are used for mobile and stationary
applications. Cars, delivery vehicles, buses, ships, drones are mobile applications
while power generators in the domestic and industrial sector are the main
stationary application.

Table 1.1. Fuel cell classification and main characteristic.

Low-temperature fuel cell High-temperature fuel cell
AFC PEMFC PAFC MCFC SOFC
Proton
h . Lithi
KOH cxchange Phosphoric ! 1ur.n of . .
. membrane . potassium Zirconium
solution in acid in . .
Electrolyte or carbonate in stabilized
porous . porous . .
) Anion . porous with yttrium
matrix matrix .
exchange matrix
membrane
Hydrogen, Hydrogen Hydrogen Hydrogen
Fuel Hydrogen | methanol, YETOEER, YCTO8en, YCTO8En,
natural gas natural gas natural gas
ethanol
Operative
temperature 60 - 90 50-90 160 - 220 620 - 660 800 - 1000
(&)
Electric
efficiency 50 40 - 50 40 45 - 55 50 -60
(%)

The PEMFC category is furthermore subdivided in proton exchange
membrane (PEM) FC and anion exchange membrane (AEM) FC depending on
the type of ion exchanged: H" or OH™ respectively. It is fundamental to don't
confuse the dualism of the names: proton exchange membrane is a type of
“polymer exchange membrane fuel cell” and both are indicated with the PEM
acronym. Although several number of challenges have to be overcame, the proton
exchange membrane fuel cell fed with hydrogen are the closest to a wide
commercialization since they are the most studied and performing devices. Due to
this reason, the project of this thesis was focused on the synthesis of catalysts for
AEMFC fed with alcohols. Further details will be described below in the
following paragraphs.




1.2.1 Direct alcohol fuel cell DAFC and anion exchange
membranes AEMs

Direct Alcohol Fuel Cells (DAFCs) were increasingly studied over the past
years as valid alternative to PEMFCs. The primary difference of this devices
concerns the use of a liquid fuel instead of hydrogen gas. If the cell is fed with
methanol the device is called direct methanol fuel cell (DMFC) while if fed with
ethanol is called direct ethanol fuel (DEFC) [2]. The commercialization of
hydrogen PEMFCs is limited by three problems: production (often connected to
fossil fuels), storage and distribution infrastructures. Storage and distribution
could be partially resolved through the use of a less dangerous liquid fuel. Alcohol
derived fuel as ethanol and methanol possess high volume energy density (24 MJ/1
and 15.6 MJ/I respectively), and they can also be produced from renewable
sources such as biomass derivatives. To decrease environmental and safety
problems, the use of ethanol is preferred to methanol due to his non-toxic
behavior [5,6] and was chosen as specific fuel investigated in this thesis.
Depending on the type of membrane used, a distinction can be made between
proton exchange membranes (PEMs) and alkaline exchange membranes (AEMs)
for DEFCs applications. In the following work, the analysis of AEM-DEFCs was
considered for a series of advantages that will be described later in this chapter.
Figure 1.2 show the basic scheme of an alkaline DEFCs.
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Figure 1.2. Scheme of AEM-DEFC

The fundamental difference of an alkaline membrane lies in its ability to
transport negative OH™ ions from the cathode to the anode while acidic
membranes transports positive H' ions from the anode to the cathode. An alkaline



membrane is generally composed of quaternary ammonium functional positive
groups linked to polymeric chains [7]. Through different transport mechanisms
the negative hydroxyl ions can switch between the positive functional groups. The
mechanism is a combination of different transport phenomena [8] listed below
and summarized in Figure 1.3:

e surface site hopping on quaternary side chains;

e Grotthuss behavior;

e migration and diffusion due potential and concentration gradients;
e convection due to electrostatic and/or pressure gradients.

Diffusion
Grotthuss mechanism & Convection
migration
. <
sge—@® @“ 0 Y
e ©
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/-\\q/\

CHIN'(CH,),
C'H:.N l(CH:’)z

poly(tetrafiuoroethyelene-co-hexafluoropro-propylene)
poly(ethylene-co-tetrafluoroethylene) backbone

AEM

Figure 1.3. The four transport phenomena of H20 and OH™ in alkaline exchange membranes. Figure modified
from [8].

Since the OH™ ion is larger than the simple H, the ion conductivity of the
alkaline membranes is lower compared to acidic membranes and currently the
research is involved in the study of alkaline membranes with high conductivity [9].
As an advantage, the anionic current due to the OH transport into the alkaline
membrane is opposite respect the H cationic current in acidic membranes,
resulting in an overall reduction of fuel crossover caused by the reverse direction
of the electro-osmotic drag [10].

1.2.2 DEFCs reaction description

The ORR takes place at the cathode fed with humidified air or pure oxygen.
The reaction in alkaline environmental produces OH™ ions that pass through the
membrane and reach the anode on the other side (Equation 1.1):

30, + 6H,0 +12¢~ - 12 0H™ Equation 1.1



At the anode side the ethanol oxidation reaction (EOR) takes place. Carbon
dioxide (CO.), water (H20) and 12 e~ are produced in case of total conversion as
described in Equation 1.2.

CHsCH,0H + 120H™ — 2C0, + 9H,0 + 12¢™ Equation 1.2

The total reaction is gave as Equation 1.3:

CH;CH,0H + 30, - 2C0, + 3H,0 Equation 1.3

In reality EOR may also proceed through two alternative reactions involving
the transfer of 2 or 4 electrons with formation respectively of acetaldehyde
(Equation 1.4) or acetic acid (Equation 1.5) [5].

CH5CH,0H + 20H™ — CH3CHO + 2H,0 + 2e™ Equation 1.4

CHsCH,OH + 40H™ - CH;COOH + 3H,0 + 4e~ Equation 1.5

Generally, OH™ ions are added to the liquid ethanol solution in the form KOH
or NaOH to increase the fuel cell performance and decrease the membrane
resistance [11,12]. This improvement is physically described from the presence of
[OH] in the of EOR kinetic equation.

1.2.3 DEFCs device description

A single alkaline DEFC consists of several components. A typical scheme is
shown in Figure 1.2. The main components are the AEM, the anodic and cathodic
electrodes, two gasket and two bipolar plate. The joint between the membrane and
electrodes 1is called membrane-electrode assembly (MEA) and consists
specifically of five elements [13]:

e Anodic gas diffusion layer (AGDL)
e Anodic catalyst layer (ACL)



e Alkaline exchange membrane (AEM)
e (athodic catalyst layer (CCL)
e (Cathodic gas diffusion layer (CGDL)

Different catalyst layer are deposited on the gas diffusion layer (GDL)
through brush, manually airbrush or robotic airbrush. The GDLs have high
electric conductivity and consist of a series of channels for the transport of
reagents and products. They consist of a macroporous layer made of carbon paper
(carbon fiber sheets) or carbon cloth (carbon tissue) combined with another
microporous layer in contact with the catalytic layer [14]. The AEM is placed
between the two GDL keeping in contact with the catalyst layer. The MEA is then
covered on both sides by two gaskets that guarantee the sealing of the reagents.
Two bipolar plate are placed in contact with the gaskets. They consist of channels
that distribute the reagents uniformly to the electrodes and remove the water
produced. They are made of graphite plates since the device requires high
electrical conductivity. At the extremes of the device, two metal plates are placed
to work as current conductors and to allow the clamping through the use of bolts.

Usually, individual cells are combined to form a stack to increase the power
production of the electro converting system.

1.2.4 AEM advantages and disadvantages

Among a multitude of benefits, AEMFCs also present a series of drawbacks
that the technological development is trying to minimize. With regard to the
advantages it is possible to report the following list:

e The alkaline environmental reduces the problem of corrosion inside the
device [15]: the durability of the equipment increase and furthermore is
possible the use of low-cost materials [16];

e Enhancement of the alcohols oxidation reaction (AOR) and ORR kinetic
reactions [15];

e Possibility to use cheap non noble metal catalyst at the cathode keeping the
performance comparable with the same electrode loaded with Pt [17];

e A wide variety of cheap polymers are available for the membrane
preparation [18];

e Possibility to use different fuels to hydrogen thanks to the membrane low
crossover: methanol and ethanol as alcohols, glycerol and ethylene glycol
as polyols, ammonia and hydrazine as N-based fuels [2];

With regard to the drawbacks it is possible to affirm the following:

e Low OH conductivity due its lower diffusion coefficient [19].



e Carbonation of the membrane when the cathode is fed with air instead of
pure oxygen. The CO; contained in the air tend to form carbonate in
alkaline environmental thus K>COs precipitate on the catalyst surface
blocking its activity [20];

e Introduction of OH™ ions in the fuel solution to increase the AOR Kinetic;

e Loss of performance in case of ethanol crossover from the anode side to
the cathode side [21]. Although this phenomena is lower compared to the
PEMFCs, is to be considered a negative phenomenon because increase the
cathode overpotential and thus reduction of the cell efficiency [22].
Furthermore, the simultaneous reduction of oxygen and oxidation of
ethanol at the cathode it does not produce external current to the circuit
[23]. The crossover phenomena is affected by cell temperature, produced
current density, ethanol concentration. In relation to the latter, a diluted
ethanol solution (2 M) is fed to the anode [24];

e Water management to avoid flooding at the electrodes keeping in any case
the membrane correctly hydrated. Water is produced at the anode and used
at the cathode. Is fundamental for the membrane hydration to keep
the anionic conductivity. At the same time, if water is not correctly
removed, catalyst layer and GDLs are subject to flooding. The fuels flow
rates, the design of the bipolar flow channel and the chemical-physical
properties of the membrane affect the flooding phenomena [25,26].

1.2.5 DEFCs performance - state of art

The best performance obtained from non noble metal catalysts used in AEM-
DEFCs fed with pure oxygen at the cathode side are summarized below. Figure
1.4 shows the maximum power density available in the literature. Actually, the
best activity belongs to the commercial cathodic catalyst developed by Acta (Italy)
called Hypermec TM K14 (with Hypermec TM 3020 at the anode side) [27]. This
configuration has reached 101 mW c¢cm 2 as PPD while Pt/C MEA showed 90 mW
cm 2 at the same conditions. Bambagioni et al. [28] obtained 73 mW c¢m using
the same cathodic catalyst and Pd/C at the anode side. Rauf et al. [29] obtained 58
mW cm™ with Fe nanoparticles encapsulated in bamboo-like carbon matrix.
Osmieri et al have achieved 73 mW c¢cm™ [30] and 62 mW cm [31] working with
two Fe-N-C catalysts synthesised by SSM. In these experiments, Fe was finely
dispersed as nanoparticles on mesoporous carbon supports. Osmieri et al. were the
only to perform durability analysis with alkaline DEFCs showing a performance
reduction of 42% [30] and 64% [31] respectively.
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Figure 1.4. Best result of ethanol/oxygen-fed AEM-DEFCs described in the literature. Full curves related to
MEA with non noble cathodic catalyst. Dotted curves related to MEAs with commercial Pt/C cathodic
catalyst. Figure modified from [2].

Table 1.2 summarizes the catalysts synthesis, the fuel cell set up and the
relative results in terms of peak power density (PPD) and specific power density
referred to the overall amount of Pt present in the electrochemical devices. It is
fundamental to underline that the AEM-FC research is mainly focused to solve
problems relative to the electrochemical device like the membrane development
[9] and the water management [32]. The ORR activity in alkaline environment is
not the real problem since good results have been achieved as will be explained in
next paragraphs.



NNM

Cathode

Anode
catalyst and

MEA

Precursor, heat treatment . loading AEM type FC test peak power Mass speclfic Pt/C@cathode M.EA
Catalyst and template removal loading [mgem? or and size conditions density power density peak power density Ref
cathode [mgem 2] m I ', [mWmgp '] [mWem?]
gpt cm 7| [mWem™|
benzoguanamine, cyanuric 80 °C
acid, melamine, FeCls, 20 Wi% 6.25 cm? 2 M C,HsOH
Fe-N-C KJ600 carbon black Pd/C: 2.56 ’ A201 +
(Bg- HT: 1st and 2nd pyrolysis 756 mgc. m.’2 Tokuyama 1 M KOH: 53 113 mWmgpq ™! na [29]
CAMFe/ lh+3 h @ 800 °C in Ar; ' (0512 Corporation 2 mL min™! ’
N/C) Acid leaching between the T, 0a:
two pyrolysis with 0.1 M mgea cm) Japan 0.3 Lmin™
H2S04 @ 80 °C (humidified)
80 °C
10 wt.%
Hypermec 5 cm? A006 C,HsOH +
™ n.a. (Acta S.p.A.) na Pd/MWCNT Tokuyama 2M KOH 7 73 mWmgpg! na (28]
K14 (FeCo-based) - 1 mgpg cm™ Corporation 4 mL min™ ’
Japan 0Oa:
0.2 L min™!
(dry)
60 °C
) 10 wt.% 90
STEII?U gﬂ?j C;HsOH + cathode:
Hypermec Hypermec TM . 10wt.% KOH: 10% Pt/C
™ n.a. (Acta S.p.A.) 35 3020 Corporation | =" " 101 na Johnson [27]
K14 (FeCo-based) 15 mg cm Japan 02:0.15 Matthey,
No hot Lmin’ 3.5
pressing (dry), mg ém*z
100 KPa

Table 1.2. Summary of the best non noble metal catalyst tested in DEFC and described in literature
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Anode

catalyst MEA Mass specific
NNM Precursor, heat treatment Cathode loading P Pt/C@cathode MEA
. = AEM type and FC test peak power power .
Catalyst | (HT) and template removal loading [mgem™2 . o . . peak power density | Ref
5 size conditions density density 2
cathode (TR) [mgem™] or "y ) [mWem™]
mgpem-| [mWem 2] [mWmgp ']
Poly-pyrrole PtRu
CioH14N20OsNa,-2H,0 black: 3.0 80 °C 8
(EDTA-2Na), mg cm? ) 2 M C,HsOH cathode:
FenC FeCly-6H:0, Johnson Lo ARM ¥ 18 Wi 20% PUC
C,HsOH, NH; 3.0 Matthey, Y 1 M NaOH: 33 g Johnson [33]
HT: 1st pyrolysis 60%Pt 1 mL min™ Matthey,
1 h @ 800 °Cin Ny, 30% Ru, Dry O;: 0.12
2nd pyrolysis 1.8 0.1 L min! mg cm>
1 h @ 900 °C in N, mgpcm >
mesoporous carbon, 1,10- 4 cm? 90°C 73
P o 5 , 2 M C;HsOH 89
phenantroline, commercial 2> M KOH: 1 (—42% after cathode:
FeCl; 45% polybenzimidazole ml min’-‘ short 40% Pt /(':
Fe-N-C HT: 25 PtRu/C: (PBI) membrane (0.33 barrel) durability 55 mWmgp, ! Jokfnson [30]
Ist and 2nd pyrolysis 3 h ' 1.33 (Danish Power ' d 02’. test, initial Matthe
@ 830 °C in Ny; mgrCm2 | Systems) doped 0 2"yLmil'f1 activity fully ' ¥
TR: between the two with 6 M KOH, ’ 3 bar after MEA m .cm*2
pyrolysis with 5 wt.% HF no hot pressing backpressure reactivation) &
Fe(11)-phthalocyanine, SBA- 4 cm? 90 °C 6 29
15 silica commercial 2 M C,HsOH (—64% after cathode:
HT: 45% polybenzimidazole | 2 M KOH: 1 sh:)rt 40% PUC
Fe-N-C 1 h pyrolysis @ 800 °C PtRu/C: (PBI) membrane mLmin™! o 47 mWmgp! °
. 2.5 . durability Johnson [31]
in N, 1.33 (Danish Power (0.33 bar,rel) test. 349 Matthe
(800 mL min™!, mgpCm 2 Systems) doped | 02: 0.2 L/min after ME 1{ 35 ¥
10 °C/min) with 6 M KOH, (dry), 3 bar reactivation) m .cm‘z
TR: 5 wt.% HF no hot pressing backpressure £

Table 1.2. (continued)
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1.3 Metal Air Battery short introduction

A MAB is an electrochemical device in which the ORR (discharge process)
takes place on the cathode surface with the Oz present in the air at atmospheric
pressure. MAB are promising source of energy since the weight is reduced from
the use of O, as reactant which is not stored within the stack. This technology
offers high space for energy storage, high theoretical energy density (up to 200
Wh kg™!), and low production and disposal costs [34]. In contrast, the main
problem is related to the sluggish kinetic of ORR which is the slowest chemical
reactions of the battery and limits the voltage output and high current performance.
Moreover, if not properly handled it can produce corrosive intermediates that
damage the battery and decrease its lifetime. Thus, MAB are still limited in terms
of both rate capability and long term durability. The electrodes are separated by a
solid or liquid electrolyte which serves also as ion conductor [35]. The device
scheme is represented in Figure 1.5.

Discharge :Q-'
= 1

=

Solid Gas
Catalyst | Air

v

Liquid
Electrolyte

Three phase zone

Metal Air
Anode Electrolyte Cathode

Figure 1.5. Basic metal air battery scheme. Figure modified from [36].

Actually the metals or alloys used for the fabrication of the anodes consists of
Li, Ca, Mg, Zn, Al, Fe, Na, K, Sn, Si, Ge [36]. In Table 1.3 are showed the
theoretical specific energy obtainable combining some of these elements with O»
in MAB [37]. Zn-air, Al-air and Li-air are the most investigated batteries:

e Zinc-air batteries: are non-rechargeable alkaline battery with a specific
energy of more than three times higher compared to lead-acid batteries. They are
used in hearing aids and other small applications [38]. The possibility of a
mechanically recharging through a tank of zinc pellets is under evaluation.
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e Aluminum-air batteries: are non-rechargeable alkaline battery,
characterized by a higher energy density of about 4000 Wh kg!, thanks to the
greater lightness of aluminum compared to zinc. However, this technology is still
under development [38].

e Lithium-air batteries: rechargeable batteries with specific energy of more
than 5000 Wh kg!, thanks to the lightness of lithium. Li-air battery can be
fabricated in aqueous or non-aqueous environment, with different constructive
solutions to protect lithium from water (risk of explosion).

Table 1.3. Common MAB theoretical specific energy considering non-aqueous electrolytes. * Includes the
mass of the oxygen that reacts in the cell. Specific energy is higher when oxygen is excluded [37].

Battery | Theoretical specific energy® Wh kg™’

Li/O; 5200

Al/O, 4304

Ca/O; 2990

Mg/O; 2789

Na/O» 1677

Zn/O, 1090

Practical specific energy Wh kg™

Li - ion 265
Pb-acid 30

A wide range of materials could be used for the development of the cathodes.
The most performing catalysts are based on noble element such as Pt and Ru.
Considering their expensive cost and their non-applicability in primary batteries
several studies were carried out on non noble metal catalysts [6-10].

A large variety of precursor were analyzed and combined during the last
decades. A common condition of these catalysts is the use of carbon as support to
improve electric conductivity and catalytic activity. The carbon matrix is then
combined with other carbon-based materials (polymer, nanotube, graphene etc...)
or with metal/metal oxides particles [39]. A huge amount of results are present in
the literature and it is almost impossible to report all of them. The syntheses
processes are the same described for catalysts used for fuel cells application in
which for instance solution synthesis, mechanical/ball mill mixing, hydrothermal
synthesis, wet impregnation, chemical vapor deposition (CVD) could be
combined with thermal processes. The most important catalysts class are listed
below:

o Catalysts obtained combining different carbon. The composited catalysts
show better structural and electrical properties respect single carbon materials.
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Porosity, surface area and electronic conductivity are fundamental since directly
affect the electron conductivity, the catalytic site distribution and the
ionic/electronic transport phenomena. Like for FC cathode applications, the
mesoporous structure is to be preferred since it retain electrocatalytic active sites
with uniform distribution and shorter the conducting paths of ions and electrons.
Combination of carbonaceous materials as carbon nano fiber, quantum dots,
carbon nanotube, carbon aerogel and graphene belong to this category [36].

o Composites of carbon-doped with heteroatom. This type of materials are
made combining carbon supports like carbon fiber, nanotube, carbon
aerogel/xerogel and graphene with heteroatoms such as nitrogen (N), boron (B),
or phosphorus (P). Generally dicyanamide is used as N source, boric acid as B
source and phosphoric acid as P source. Heteroatom(s)-doped carbon composites
improves ORR performance by creating more ORR active sites and more
conductive pathways. If ordered mesoporous carbon (OMC) is used as carbon
support, in alkaline media with a doping level lower than 1%, the ORR activity of
this heteroatom increase following the order N-OMC < P-OMC < B-OMC [40].

e Composites of carbon with oxides. Metal oxides show promising activities
for ORR/OER (oxygen evolution reaction OER) however the performance are
limited from their low electrical conductivity, self-passivity and corrosion which
decrease the number of active sites [41]. To overcome this issue metal oxide are
combined with carbon precursor [42]. Before talking about perovskite and spinel
oxides, it is appropriate affirm that simply cobalt, manganese and ruthenium
oxides combined with carbon have been used to synthesized bifunctional active
catalyst active toward ORR/EOR. Co304 combined with rGO or with only carbon
has showed specific mass capacitance of 14000 and 2000 mAh gr! respectively
(mass calculated based on the mass of carbon) while a-MnO, on carbon reaches
2000 mAh gr! [36]. Perovskite oxides have formula ABO;3 in which A is a rare
alkaline earth metal cations and B is a 3d transition metal cation [43]. The
peculiarity of these materials resides in their good oxygen mobility and defective
structures which affect their electronic and coordination structures. The carbon
support improves stability electric conductivity and energy efficiency. The
combination of these synergistic effects increase the ORR overall performance.
Spinel oxides show generic formula A:B3-,O4 where A and B may be Mn, Fe, Ni,
Co, Cu, Zn, etc. As for the perovskites, Spinel oxides are combined with
conducting carbon supports to increase the electron transport phenomena [44].

o Composites of carbon with nitrides/carbides. Materials based on nitrides
are made combining carbon support with nitrides such as TiN or CN. This
strategy improves the battery rechargeability and roundtrip efficiency. In
particular when TiN is combined with Vulcan XC-72 through template synthesis,
the ORR catalytic activity is enhanced [45]. Graphitic carbon nitride (g-CN) is
another nitride under investigation due to its heart abundance even if a good ORR
activity has not been reached because of its low electrical conductivity [46].
Carbide materials are obtained combining carbon supports (Ketjenblack EC600
carbon black, nanowire, nanotube...) with tungsten carbide (WC) or boron
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carbide (B4C) through vapor deposition. Also this class, seems to show an
improvement in capacity, rechargeability and ORR activity [47].

e Carbon-based binary and ternary composites. These high-performance
catalysts are developed combining two or three separate components to improve
the final property through the synergistic effects of each material precursor. In
carbon-based multi composites, the high surface area and the porous structure
come from the carbonaceous support while the electrochemical and
physicochemical properties (ORR, conductivity, chemical stability...) derive from
the other components. Several combination are described in literature
demonstrating the beneficial effects of multi combined precursor in terms of
electrocatalytic activity, durability, and MAB performances but, further
investigation and improvements are required to achieve the commercialization. To
mention a few examples, Lyu et al. [48] combined cobalt acetate and
thioacetamide as Co and S precursor to obtain CoS> nanoparticles distributed in
reduced graphene oxide (rGO). This work aimed to solve the carbon corrosion
problems in MABs. Wu et al. [49]combined NiCo0,Ss with »GO obtaining ORR
activity higher than 20 wt% Pt/C. Regarding the ternary composites materials,
usually carbon is combined with an oxide and a third component such as a metal,
a second oxide or a polyelectrolyte. Zhai et al. [50], for instance, have synthesized
a multi-components catalyst starting by functionalization of CNTs with
poly(diallyl dimethylammonium chloride) (PDDA) used as positively charged
polyelectrolyte both combined with spinel CoMn2O4. The final tri-compound,
renamed CoMn,04/PDDA-CNTs showed ORR current densities higher than Pt/C
catalyst in alkaline and neutral conditions.

o Composites of carbon with noble metals. Although Pt/carbon composites
have been widely used as fuel cell cathodic electrocatalysts showing high ORR
performance, is well documented that they are not efficient for EOR. To overcame
this problem, different metals such as Ru, Pd, Ir, Au, Co an Zn have been
combined to prepare Pt-Alloy/carbon catalysts for metal air battery application
[36]. Lu et al. [51] showed that combining Au and Pt as nanoparticles on carbon
surface (40 wt % of noble metals) was possible to increase both ORR and EOR
activity and obtain 1200 mAh g as specific mass capacitance. Su et al. [52]
synthesized a similar catalyst combining Co instead of Au with Pt supported by
Vulcan XC 72. As result, PtCo2/C catalyst tested in Mg-AB showed higher
capacitance (3040 mAh g ') compared to PtAu/C nanoparticles indicating Co as a
more suitable element for MAB. The presence of Co atoms near to Pt atoms
increased the electron density on Pt surface leading to an improvement of ORR,
OER and battery cyclability. PtZn/carbon aerogel catalyst was synthesized from
Zhang et al. [53]. This material showed higher mass specific discharge
capacitance (1349.5 mAh g!) compared to the Pt/carbon aerogel (1113 mAh g!)
PtCo/carbon aerogel (1283 mAh g!), and Pt/carbon black (997 mAh g™!) resulting
promising for MAB applications. Moreover, Ir combined with deoxygenated
hierarchical graphene (Ir@DHG), Ru combined with carbonized bacterial
cellulose (RU/CBC), Pd with nano carbon fiber (Pd/CNF), and carbon-supported
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non-platinum binary metal (Pd3Pb/C PdIr/C) showed promising ORR and EOR
activity among the Noble/carbon-based catalysts [36].

o Composites of carbon with non-noble metals. This category was
voluntarily left as last evaluation since is inherent of this thesis work. Low-cost
and more available materials such as transitional metals, carbides nitrides, oxide,
conducting polymers, Fe phthalocyanine...etc are replacing noble metals.
Furthermore the rapid development of the chemical processes is facilitating the
scale-up of this class of materials. About the non noble metal catalysts, different
works are reported in literature. Yu et al. [54] demonstrated that Ta combined
with vertically aligned carbon nanotubes (VACNTSs-Ta) reduce the overpotential
and the battery polarization. Moreover, VACNTs-Ta shoved good stability,
cycling performances and ORR EOR activity with a mass specific capacity of
4300 mAh g'. The use of two noble metals usually show better performance
compared to the single metal. In fact, transition metal as Fe, Co, Ni, Cu and Mg
were combined in carbon composite materials MABs exploiting their synergistic
effect. Chen et al. [55] synthesized Co-Cu bimetallic nanoparticles supported on
graphene (CoCu/G). The catalyst showed higher mass specific discharge
capacitance (14821 mAh g!) compared to the two separated metallic/carbon
catalysts (Co/G and Cu/G). Kwak et al. [56] performed a similar work combining
Fe and Co with CNT (FeCo/CNT) for Li-AB applications. The catalyst
demonstrated higher capacitance 3600 mAh g!) than virgin CNTs (1276 mAh g )
indicating superior ORR/EOR performances. Moreover, the combination of Cu
with Fe on Kentjen carbon black significantly increase the number of catalytic
sites resulting in improvement of ORR activity [57]. Huang et al. [58]
encapsulated Co and Ni nanoparticles in carbon nanofibers (CoNi/CNFs). The
encapsulation suppressed the aggregation increasing the number of active site
available for ORR and EOR with further improvement of the electrocatalytic
activity. Last but not least, ternary and quaternary composites materials like
FeNi3@GR@Fe-NiOOH, Co0304/Ni/C, Fe—Fe3C/CNFs, showed promising ORR
and EOR results for MABs applications in terms of capacity, efficiency and
cycling stability.

Table 1.4 contains a comparison between a series noble and non noble
bifunctional catalysts tested in different MAB configurations. In terms of
durability, non noble metals catalysts show higher performance compared to
noble metal-based catalysts. This behavior is due to the formation of efficacious
nanostructures which interact strongly with the carbon supporting materials.
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Table 1.4. Electrochemical properties of bi-functional noble and non-noble metals catalysts tested in MABs

[36].
Cycle
Maximum number
Capacity (Current
mAh g! Potential Densit
Catalyst [mAhg™] | Potentia ensity) MAB
(Current range [a mA g] Electrolyte tvoe Ref.
Density) V] [b mA em?| yp
[a mA g'] (Upper-limit
[b mA cm?] Capacity)
[mAh g']
BI-FUNCTIONAL NOBLE METAL CATALYSTS
40 wt% 855 10 (70a) . .
2.0-4. 1 M LiPFgin P LAB
Pd/C (70a) 0-4.3 O iPFein PC r [59]
10 wt% 1200 20 (100a) 1 M LiPFs in
2.0-4.8 LAB 60
Pt/GNS (70a) (720) EC:DMCd (1:1 v/v) [60]
20 wt% 1329 1(0.12b) 1 M LiPF in
2.0-4. LOB 1
Pts1 Aug/C (0.12b) 0-4.5 (240) EC:DMCd (1:1 v/v) © [61]
20 wt% 3040 5 (100a) 1 M LiCIOy4 in
2.0-4. LAB 2
PtCo,/C (100a) 0-4.6 ) PC:DMEge (1:2 v/v) [52]
. 80 (400a) 1M LITFSI in
Pt/CNTs/Ni 4050 (20a) 2.0-4.2 (1500) TEGDME LAB | [62]
BI-FUNCTIONAL NON NOBLE METAL CATALYSTS
Fe_N/C 731 (100b) - ; 6 M KOH ZAB | [63]
14’821 122 (200a) 1M
h 2.5-4. LOB
CoCugraphene | ) 5743 (1000) LiTFSUTEGDME | OB | 153
. 8635 60 (200a) 0.5M
CoNi/CNFs (200a) 2.0-4.5 (1000) LiTFSUTEGDME rLOB | [58]
3600 50 (100a) 1M
FeCo/CNTs (508 2.4-45 (1000) LirrsUTEGDME | TLOB | [56]
6250 41 (300a) 1M
Fe-F F 2.0-4. LOB 4
eFeC/CNFs | 2 00a) 0-4.3 (600) LiTFSUTEGDME | OB | 164]
. 14’830 48 (100a) .
2.0-4. .1 M LiCl0O4/DME | LOB
Co304/Ni/C (100a) 0-4.3 o000 | © iClO/ OB | [65]
4300 65 (200a) 1M
Ta/CNTs (200a) 2.0-4.5 (1000) LiTFsyTEGDME | OB | B4

1.4 ORR Catalysts overview

An electro-catalyst is a material able to increase the electrochemical reaction
speed. The catalyst performs its function by decreasing the cell overpotential at
high values of exchange current density. It can operate with two different

mechanisms:

¢ increasing the Exchange current density to accelerate the chemical reaction

without modifying the reaction mechanism;

e changing the normal reaction mechanism by reducing the charge transfer
coefficient [66].
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Fundamental requirements in order to be classified as electrocatalyst are high
catalytic activity and electronic conductivity [21].

1.4.1 Anodic catalysts for DEFC

The anode catalyst should exhibit high selectivity towards the CO» formation.
The main difficulty is break the C-C bond in the ethanol molecule. In relation to
the used catalyst, the ethanol oxidation reaction can proceed towards the
formation of acetaldehyde or acetic acid (Equations 1.4 - 1.5) with a subsequent
reduction in cell efficiency [5].

The ethanol oxidation reaction (EOR) is a slow kinetic process and noble
catalysts are used to overcome this problem. Pt-based catalysts are the most
widely used for the EOR catalysis. In this application, Pt is dispersed on a
carbonaceous support with high surface area to reduce the overall catalyst loading.
The use of a single noble metal catalyst result in high production of acetaldehyde
and acetic acid with low CO> formation [21,67]. The catalytic activity and the
selectivity toward CO> formation increased by additing a second noble element in
catalyst formulation. In fact, the addition of Ru or Sn (PtRu/C, PtSn/C) results in
an overall performance improvement even if the complete ethanol oxidation into
COz> is not achieved [68—70]. As an alternative, Palladium (Pd) based catalysts
have proven to be a good substitute to platinum in terms of activity towards the
EOR. Furthermore, studies focused on the synthesis of bimetallic catalysts
demonstrated even for the Pd that the presence of a second metal such as Ru
(PdRu/C) improves the catalyst activity [71].

1.4.2 Aluminium as anodic catalysts for MAB

The rechargeable Al-air battery are very promising electrochemical devices.
The use of Al implies a series of advantages. Is one of the most abundant element
(the fourth) and i1s almost fully recyclable. Compared to Zn, which is another
widely used catalyst in MABs, Al is cheaper in terms of weight and produce more
ampere-hour. When electrochemical recharging is not possible, the Al anode can
be replaced mechanically with a new one [72]. Unfortunately Al shows also some
drawbacks. Primarily, Al tends to form an oxide film layer on the surface when it
is placed in contact with aqueous solution or air. The presence of the oxide film
protects the material from the corrosion but at the same time slows its dissolution
and considerably reduce the extractable energy. Apart anode corrosion,
aluminium battery suffer from high self-discharge rate and sluggish discharge
products [38]. Although Al may seems unattractive as anodic material, the
batteries built with this element exhibit good theoretical performance in terms of
cell voltage in alkaline electrolyte (2.4 V — Equation 1.6) an energy density (8076
Wh/g). The use of gelled electrolytes prepared from KOH/NaOH concentrated
solution limit the problems described previously and increase the battery
performance. However the Al self corrosion (Equation 1.7) cannot be neglected
and is fundamental to enhance the aluminium oxidation rate (Equation 1.8) to
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avoid the auto-consumption of Al through spontaneously generation of H». This
undesired reaction decrease the coulombic efficiency.

4Al + 30, + 6H,0 + 40H™ - 4Al(OH), Equation 1.6
Al+3H,0+ OH™ - Al(OH); + H, 1 Equation 1.7
Al +40H™ - Al(OH); + 3e™ Equation 1.8
Al(OH); — Al(OH); + OH™ Equation 1.9

Furthermore, the oxide layer present on the Al surface generates a
polarization effect when it is under current load. As a negative result, the effective
cell potential decreases compared to the theoretical value. The addition of doping
element as Ga, Sn, In or Mg in the aluminum alloys which act as corrosion
inhibitors, have shifted the potential into more negative value with further
reduction of the for Al dissolution overpotential [73].

1.4.3 Catalysts for ORR

Oxygen reduction reaction (ORR) is one of the most fundamental reaction
that takes place in life processes such as biological respiration, in oxygen sensor
and electrical converting system like fuel cells and metal-air batteries. To be used
in real applications, ORR catalysts require 4 fundamental properties [74]:

e High reactivity of active sites;

e Large density of active sites;

e Efficient transfer of electrons and reagents;
e Good durability in electrochemical devices.

The oxygen reduction reaction that occurs at the cathode shows a sluggish
kinetic slower than the oxidation process that occurs at the anode. Due to this
problem the cathode require a high amount of catalyst. Nowadays platinum
remains the most performing catalyst active toward ORR. However, its
hypothetical demand for large-scale application such as the development of
electrical vehicles equipped with fuel cell, is not economically sustainable [75,76].
The infographic summarized in Figure 1.6 shows the low Pt annual production
(referred to the years 2016 and 2017), its limited world distribution and the main
few companies that manage the business.
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Figure 1.6. Pt infographic — Total production in 2016/2017 — Pt world distribution — Dislocation of the
companies that manage the Pt market.

To solve this problem different studies on cheaper and possibly more active
alternative materials have been carried out since the 1960s. Two different research
direction were carried out: the first one relative the study of catalysts with low
platinum metal group (PMG) content [77,78] and the second one focused on the
development of non noble metal (NNM) electrocatalysts. To obtain the best future
commercialization result, NNM catalyst seem to be the most promising solution
[79].

In commercial catalyst, Pt is uniformly dispersed as nanoparticles on carbon
support with high surface area. In this configuration the Pt exposed surface is
greater respect the unsupported catalyst and lower Pt loading is required [80]. A
low PMG loading catalyst can be prepared decreasing the amount of noble metal
on the carbon support through the implementation of new synthesis
methodologies. The most used carbon supports are carbon black, carbon
nanotube, multiwalled carbon nanotube, carbon nanofiber, metal-organic
framework, graphene etc. [§1-83]. Alternatively, the deposition of a platinum
monolayer on metal nanoparticles support [84] or inorganic oxides support such
as titanium suboxide [85] may be taken into account. Pt could be replaced by
other more expensive noble elements like Pd in very lower concentration because
are combined in binary systems with another transition metal (Pd-M with M = Co,
Ni, Fe, Cu) dispersed on carbonaceous support [84].
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The non noble metal catalysts offer different obvious advantages like low cost,
easy processability, high electrical conductivity and surface area [86]. Among the
several catalysts evaluated in the last fifty years, two type of materials have
proved to be promising in ORR: the MnO> [87] based catalysts and the M-N4/C
based catalyst obtained from cyclic organic macromolecules doped with nitrogen
as precursor [88]. The materials studied in this thesis are part of the last category.
The M-N4/C catalysts are made up of a central transition metal coordinated by
nitrogen ligands (Figure 1.7) [83]. Among the various transition metals (M = Fe,
Co, Ni, Cu, Zn), the most active are those based on iron and cobalt supported on
carbon particles since their good conductivity facilitate the electrons transfer
process in ORR [79,89,90].

Figure 1.7. Metal phthalocyanine (a) and metal porphyrin (b). M — N - C and H atoms are respectively
colored in light blue, dark blue, grey and white. Figure modified from [83]

Among the different available raw materials, Fe(Il)-phthalocyanine, Fe(IIl)-
phthalocyanine chloride, Fe(Il)-acetate and Fe(Il)-chloride combine with
phenanthroline, aniline, pyrrole or their polymer are part of the most widely used
precursors for the synthesis of the Fe-N-C catalysts [88,91].

To be active toward ORR, is fundamental the formation of a metal-nitrogen
(M-Nx/C) and metal-carbon (M/C) ensembles through heat treatment under inert
atmosphere or ball mill process [74,92]. The Active ensembles is a specific
arrangement of surface atoms which promotes the reaction [93]. According to the
literature, if iron precursors are used as metal sources, three types of active
ensembles are formed during the NNM synthesis: FeNs/C (Figure 1.8 A),
FeN2+2/C (Figure 1.8 B) and N-FeN»«/C with a fifth coordinated nitrogen
(Figure 1.8 C) [79,94,95].
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Figure 1.8. Iron active ensembles. A) FeN4/C B) FeN2+/C and C) N-FeN2+2/C with a fifth coordinated
nitrogen observed using Mossbauer spectroscopy for catalyst prepared through pyrolysis of a mixture
consisting of iron acetate and carbon black in ammonia. Figure modified from [83].

The amount of metal added is not related with the catalyst activity because
only a relatively small amount of metal atoms are incorporated in the M—Nx/C
moieties [95], and the excess remain inactive as metal oxide forms which should
be eliminated.

The surface porosity is another property which play a fundamental role in
ORR. The direct use of highly microporous carbon support does not increase the
activity enough as the micropore formed during pyrolysis processes [96]. Without
heat treatments, the low disordered carbon does not favor the anchoring of surface
nitrogen. Due to this behavior, only micro and especially the mesopores generated
during pyrolyzation may host active ensembles with high efficiency [97].

1.4.4 Type of NNM Synthesis

M-N-C can be synthesises through different methods. In base of the procedure
developed in the last decade, it is possible to divide the synthesis methods in five
groups as suggested by Osmieri [95]:

e Group 1: catalytic materials derived from the combination of carbonaceous
support and nitrogen-containing molecules;
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e Group 2: catalytic materials derived from polymerization of nitrogen-
containing polymer;

e Group 3: catalytic materials obtained from sacrificial synthesis methods
(SSM) with silica template and organic precursors;

e Group 4: catalytic materials obtained from metal-organic frameworks
(MOFs);

e Group 5: catalytic materials obtained from MOFs and other additional
precursors.

Since this division is not a universally standard, groups 4 and 5 will be
described combined because they both refer to the MOF category.

Group 1

In this type of synthesis, carbon, nitrogen and metal derive from different
precursor. The metal is introduced through the use of inorganic salts such as
chlorides, acetates, sulphates and nitrates. The use of a salt precursor rather than
another one may affect the final catalyst performance [83-85]. The carbon-based
materials play a fundamental role as high surface and high conductive support. In
generally carbon black, carbon nanonetwork, nanotube, mesoporous carbon and
graphene are used for this application as previously described. The Nitrogen
molecules could be introduced through a variety of precursors. Among them, the
most investigated N-containing molecules were those able to form solution
complex with metal ions like 1,10-phenanthroline, 2,20-bipyridine, 2,4,6-tris(2-
pyridyl)-1,3,5-triazine (TPTZ), 2,3,5,6-tetra(2-pyridyl)pyrazine (TPPZ), as well as
cyanamide [78], and dicyandiamide, hexamethylene diamine, and urea [95].
Metallic N-containing macrocyclic like phthalocyanine and porphyrins are often
used as described in Paragraph 1.4.3. In some experiments, NH3 was used as
direct gaseous source of nitrogen [98] or combined with other N-precursors
[77,99].

Regarding the processes, a generic synthesis scheme is showed in Figure 1.9.
The precursor are mixed by impregnation, mechanical mixing in mortar or
through ball mill. The mixture is then thermally treated in pyrolysis furnace which
is the fundamental step since it provides the required energy to incorporate N and
M atoms in the carbonaceous matrix. To form active and stable ORR active sites,
temperature comprised between 700 and 1100 °C [100] are recommended
depending on the starting precursors. Usually, perform two heat treatment on the
catalyst mixture increase the overall activity performance [101,102]. Acid
leaching treatment are sometimes performed between the two pyrolysis or at the
end of the last heat treatment to remove metallic oxide not embedded in the
carbonaceous matrix [95].
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Group 2

In this methodology part of the carbon and nitrogen atoms may come from
polymer. Several carbon supports described previously for the catalysts belonged
to group 1 may be used in addition to the polymer macromolecules. Among
different studies, macromolecules as polyaniline (PANI), polypyrrole (PPY),
polythiophene [103] and polyphenylenediamine [104], have proven to be the best
solution for synthesis of M-N-C catalysts thanks to their excellent characteristics
in terms of electronic conductivity low cost and redox properties [105].

Generally the mixing of the precursor is carried out in solution and the
polymerization began by addition of a polymerizing agent which is usually an
oxidant such as (NH4)2S»0s, FeCl;, H2O,. The chain propagation occurs by
radical mechanism. The general process consist of the same steps described for
group 1 and Figure 1.9 (considering N containing polymers) is also valid for
describe the method to obtain this class of materials. An alternative to the
classic process was proposed by Liu et al. [106] producing nanofiber covered
by polyacrylonitrile in dimethylformamide using electrospinning. The nanofiber
were then impregnated with metal salts and thermally treated under NHj3;
atmosphere. The use of NH3 as gaseous N-precursor or adding other solid/liquid
N-precursor always results in an improvement of the catalyst activity.
Regarding the type of metal used in the formulation of the catalyst, iron and
cobalt have always proved to be the most promising. Oh and Kim [107]
compared this two metals using PPY and ethylenediamine as N precursor. It was
discovered that the presence of Fe improves durability thanks to the formation of
graphitic-N groups which are more stable in the acidic medium respect to other
types of N-bonding. On the other hand, Co showed an improvement of the ORR
activity increasing the overall N content of the catalyst. Other studies present in
literature demonstrate that a combination of the two metals further increase the
catalyst performance [108].
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Figure 1.9. Synthesis scheme relative to the materials belonging to groups 1 and 2. Figure modified from
[95].

Group 3

In this type of synthesis the idea is to use a hard template agent like porous
silica to negatively replicate its structure after its incorporation in the mixed
catalysts precursors. Generally the mixing is carried out through standard methods
such as wet impregnation [31], evaporation [109] ball milling [110] or
polymerization around the template support [111]. The process is fulfilled after a
heat treatment at high temperature followed by acid leaching with diluted HF
solution (5-10 %). The heat treatment is performed at high temperature and inert
atmosphere like in the methods described in group 1 and 2 to form the M—Nx/C
active sites. A final acid leaching is mandatory to remove the template. Although
HF is a strong and dangerous acid, it allows the effective removal of silica
preserving the M-N-C catalyst. Figure 1.10 represents this process method. As N-
containing precursor, a wide range of molecules can be used like for the other
methods describe previously (N- containing polymers, organic molecules and
metallic macrocyclic compounds).
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The hard template method may be used with carbonaceous support combined
with metal salts and nitrogen precursor or directly without carbon support since
the silica could provides the required porous final structure. Furthermore, the
porosity of the final catalyst can be controlled using directly different porous
silica or varying some process parameters during its preparation phase
(temperature, reaction time, surfactant type and concentration).
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Figure 1.10. Synthesis scheme relative to the materials belonging to groups 3 obtained through
sacrificial synthesis methods. Figure modified from [95].

Groups 4 and 5

The metal-organic frameworks (MOFs) are defined crystal structure with high
volume and surface area due to the presence of micropores [112]. They have
different applications in gas storage, energy storage, catalyst synthesis and drug
delivery. They are synthesised dissolving metal-containing unit (e.g. Zn, Fe, Co
chloride) with organic linker (e.g., methylimidazole, triazolate, and tetrazolate)
which arrange themselves in ordered framework during the synthesis growth
phase. Water, ethanol, methanol, and dimetilformammide may be used as
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solvent. The type of solvent and its chemical properties affect the MOFs
synthesis.

The use of MOFs for the preparation of electrocatalysts active toward ORR is
very recent. The intensive research in MOFs for ORR started at the Argonne
National Laboratory in 2010 when Liu et al. [113,114] synthesised a cobalt
zeolitic imidazolate framework (ZIF) derived carbon catalyst through an easy and
cheap synthesis process fulfilling the ORR requirements. From that moment this
type of MOFs became the most studied for the synthesis of M-N-C
electrocatalysts. In these years, among different metal and ligand precursor
combination, only MOFs derived catalysts containing Fe or Co have shoved high
ORR activity due to the formation of FeNx and CoNx active ensembles sites
[115]. Furthermore, the incorporation of both metals to produce a bimetal Co-Fe
MOF showed better performance respect MOFs containing only one metal. If the
MOFs is directly used as M-N-C catalyst as describe until now, their synthesis
belong to the group 4. Otherwise, if the MOFs is combine with other N or M
containing precursor or other carbon support, their synthesis belong to the group 5.
In fact, MOFs may be used as support materials as described above for group 1
and 2 since they possess a highly porous structure. M-containing and N-containing
precursor mixture combined with MOFs provide the formation of catalysts with
high surface area after heat treatment [116,117] enhancing the accommodation of
active ensemble sites and improving the mass transfer. Generally, ZIF-8 is
preferred as MOF, because Zn provides high surface area and increase the
microporosity, due to its sublimation during the heat treatment processes [86].
Fe and Co are usually introduced with metal salts precursors. The combination
is carried out trough ball mill, electrospinning deposition, hydrothermal
synthesis or synthesis in liquid solution. Then the process may continue
following heat treatment and acid leaching as showed for the materials
belonging to the group 1 and 2. These synthesis methods are showed in Figure
1.11.
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1.4.5 Catalysts for ORR studied in this thesis

This thesis was focalized in the study and optimization of two synthesis
regarding the combination of Fe(Ill)-phthalocyanine-chloride with Basolite 1200
(Zif-8) as organic framework support and Fe(II)-phthalocyanine with Vulcan XC
72 as carbon black support. The first material was prepared through hydrothermal
synthesis followed by pyrolysis processes with intermediary acid leaching. The
second material was obtained through mechanochemical mixing in ball mill. The
molecular structures of the catalyst precursor are showed in Figure 1.12.
Compared to what was described above, the synthesis refer to group 5 and group
1 respectively.

In this project Fe was preferred to Co since the Fe-phthalocyanine precursor is
less toxic. Table 1.5 summarizes the best result of catalysts obtained combining
iron with MOF and tested in alkaline conditions. These values present in literature
refer to December 2017 [86].
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Figure 1.12. A) Phthalocyanine macromolecule structure. B) Basolite 1200 (Zif-8)
macromolecule structure

The experiments performed in this thesis were focused on the synthesis
optimization of a catalyst based on a combination of Zif-8 with iron
phthalocyanine. The goal was to increase the overall performance of the final
catalyst considering the minimum economical efforts in terms of process
operation. A combination of experiments performed following the design of
experiment procedure combined with activity (RDE) and surface analysis (XPS
and BET) were carried out to determine the best process parameters.

Metal phthalocyanine are molecular complex structurally related to the family
of the porphyrin complex present in nature as part of enzyme involved in the
management of oxygen (oxidation, reduction and transport) and destruction of
peroxides [118]. These macromolecular structure are used for different
technological application including nonlinear optical design, semiconductor,
information storage devices, liquid crystal and of course in industrial catalysis
[119-122].

In the catalysis field are used in different oxidation and reduction processes.
About the oxidation processes, the phthalocyanine complexes are used in the
oxidation of alkanes aliphatic and aromatic C—H bonds, methane, olefins, phenols,
alcohols and sulfur compounds. Regarding the reduction process these
macromolecules could be used for example to reduce nitrite and nitrate but the
most important application is surely the ORR. In fact, metal macrocycles such as
Fe- and Co-based materials are the major exponents as non noble metal catalyst
for ORR in PEMFC [77,79], AAEMFC [123,124] and Li-air battery [125].
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Onset Half wave
st sd- nd
Metals | MOFs Other precursor ¢ 1 theat ¢ | Aclll(.l t2 theat ¢ Eleztrolyte potentials vs potentials vs Ref.
reatmen eaching reatmen and rpm RHE RHE
. Iron acetate(II) and 1,10- o 1050 °C, 0.1 M KOH,
Fe, Zn Zif-8 phenanthroline 1050 °C, Ar - NH3 1600 rpm 1.03V 087V [126]
. o 0.1 M KOH,
Fe, Zn | Fe-Zif-7 - 1000 °C, N yes - 1600 rpm 1.04 V 0.87V [127]
Fe IRMOF-3 - 800 °C, Ar - - 0.1 M KOH, 093V 0.78 V [128]
1600 rpm
Fe Mil-100 5-aminotetrazole 800 °C, Ar Yes - 0.1 M KOH, 092V 0.77V [129]
1600 rpm
Mil-88B- o 0.1 M KOH,
Fe NH - 900 °C, Ar - - 1600 rpm 1.03V 092V [130]
Fe, Zn Zif-8 Dicyandiamide 900 °C, N2 Yes 700 °C, N2 0'11 61(\)/{)51)?31{’ 0.82V 0.78 V [131]
Iron acetate(Il) and o o 0.1 M KOH,
Fe, Co | Co(PTP) Dicyandiamide 1000 °C, N yes 1000 °C N> 900 rpm 1.02V 0.88V [132]

Table 1.5. Summary of synthesis and ORR activity of Fe-MOFs catalyst in alkaline electrolytes [86]

30




Among different process combinations involving liquid-phase synthesis, heat
treatments, sacrificial synthesis and impregnation, it is possible to affirm that
studies related to the mixing at the solid-state level of Vulcan with iron
phthalocyanine through ball mill are recently and very limited. Vulcan carbon is a
carbon black powder with high conductivity and surface area ranging from 200 up
to more than 600 m? g'!. It is widely used in the development of ORR catalyst
including those based on precious metals like Pt/C. This catalyst support is very
cheap since is often generated as a waste product from other chemical processes.
Zhang et al. [133] demonstrated in 2015 an high ORR activity of this mixture
without performing a ratio optimization between the raw materials and obtaining
at the end some only some mg of catalyst. Furthermore, any fuel cell or metal-air
battery test has not been made since the author focalized his efforts in the study of
high active polymerized phthalocyanine [134]. With the combination of Fe-
phthalocyanine with carbon black E600 they obtained more than 40 A g ! as mass
activity at 0.9 V and 0.91 V as half-wave potential through RDE analysis in
alkaline solution.

According with this introduction, the work of this thesis was oriented in the
study of the catalyst mixture composition followed by ink optimization, testing in
ethanol fuel cell and metal-air battery. Several studies have been carried out
combining different heat treatment after the ball mill process. Moreover, all the
experiments were performed paying attention to the reproducibility of the tests
and evaluating the final amount of the produced catalyst.

1.5 Fundamental mechanistic understanding of ORR

The ORR electrochemical mechanism on noble and non noble catalysts in
acidic or alkaline environmental is still under investigation. Although different
solutions have been described for Pt-based noble catalysts, enormous efforts to
describe the ORR mechanism on non-noble catalysts were made. Actually, the
chemical processes on non noble catalysts is still partially unknown. Below are
summarized the ORR fundamental mechanisms present in literature. The oxygen
reduction can follow two different pathway: the 4 e~ pathway and the undesired 2
e pathway. With the 4 e pathway water and hydroxide ion are respectively
formed in acidic and alkaline solution. The 2 e pathway involves the transfer of
two electrons, in which oxygen is first reduced in hydrogen peroxide in acidic
solution (Equation 1.11 — 1.12) or hydro-peroxide ion in alkaline solution
(Equation 1.14 - 1.15) [135].

Reaction in acidic environmental

0, +4H* + 4e~ & 2H,0 Equation 1.10

0, + 2H* + 2e~ & H,0, Equation 1.11
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H,0, + 2H* + 2e~ & 2H,0 Equation 1.12

Reaction in alkaline environmental

0, + 2H,0 + 4e” < 40H™ Equation 1.13
0, + H,0 + 2e” <& HO, + OH™ Equation 1.14
HO, + H,0 + 2e™ & 30H™ Equation 1.15

In the specific case of Pt, which is the most noble metal studied for ORR
applications, the reaction mechanism is divided in well known elementary steps.
Considering M as the active Pt site on the catalyst surface, the following
mechanism is suggested for ORR in alkaline media [136]:

M+ 0, & MO, Equation 1.16
MO, +e” & MO, Equation 1.17
MO, + H,0 & MO,H + OH™ Equation 1.18
MO,H +e~ & MO +0OH™ or MO,H + e~ & MOOH™ Equation 1.19

In acidic media equations 13-14 are replaced with Equation 1.20:

MO, + H;0" + e~ & MO,H + H,0 Equation 1.20

With idea to investigate more in depth, further studied were made to
understand the highest activity of platinum and non noble metal in alkaline
solution respect acidic solution. Although the detailed process description is not
part of this context, it is fundamental to understand what is shown in Figure 1.13
to capture the essential acidic/alkaline behavior. The picture shows the schematic
formation of a double layer structure in contact with the surface of Pt-catalyst.
The double-layer can be divided in two parts. The first plane, very close to the
electrode, is called inner Helmholtz plane (IHP). The second plane, farther from
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the surface, is called outer Helmholtz plane (OHP). During ORR, the processes in
the Inner sphere (inset a) involve molecular O> chemisorptions on oxide-free Pt
active site followed from 4 ¢ /4H" transfer. This behavior is common in acidic and
alkaline solutions. In the outer sphere (inset b) there are molecular O> solvated
inside several water clusters. In alkaline condition, the hydroxyl ions adsorbed on
the Pt surface could interact with the water clusters through hydrogen bond. This
type of interaction is weaker respect the strongest chemisorption between Pt and
0. As consequence, the water clusters are stabilized and more electrons are
transferred to the O molecules placed in the second outer plane. In acidic
condition this behavior does not occur since hydroxyl ions are not present and as a
result, ORR kinetics is not enhanced like in alkaline medium [137].

Electrode

[ ] "{-*".*
Hydroxyl 5 Alkali M*
species Water Oxygen catio:l

Figure 1.13. Electric double-layer structure during ORR in alkaline media. Insets (a) indicate Inner
Helmholtz plane (IHP) while Insets (b) indicate outer Helmholtz plane (OHP). Figure modified from [137].

About the non noble metal catalyst, different structure and chemical
reorganization take place during the pyrolysis and ball mill processes. At the end,
the catalyst is composed by a complex mixture containing nitrogen-doped species
surrounded by graphitic and amorphous carbon in presence of metal oxides,
sulfides and carbides [102,138]. Due to this heterogeneous structure, it is difficult
to identify the real active site structure/s [83,139]. Also, also the surrounding
carbon structure around the M-N-C site seems to participate in the ORR through
electron induction or geometric effect [140,141]. Some studies published in
literature assert that the metal is not part of the catalytic center, although transition
metals result useful in the formation of active nitrogen/carbon groups [93,142].
Other research streams consider the metal ions (such as Fe**" showed in Figure
1.14) as a strong contributor to the active site [74,143,144]. Recently, modeling
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simulation, are supporting the FeNs ensembles into carbon plane as the active site
which adsorb and dissociate the O=0 bond during ORR [35,36]. Furthermore the
N4 coordination provide a relative stable structure which is not easily removed or
destroyed after acid leaching treatment or during ORR activity analysis.

Figure 1.14. Most proposed catalytic site for ORR in FeN4/C non noble catalysts family. Figure modified
from [83,145].

As previously described for Pt catalysts, also the non noble metal catalysts
show higher performances in alkaline media. Mukerjee and Ramaswamy [137]
proposed a catalytic cycle regarding the mechanism of ORR on pyrolyzed Fe
porphyrin macrocycles in alkaline solution (Figure 1.15) useful to describe a
theoretical reaction pathway for the FeN4/C catalysts family.

Although this mechanism is not confirmed, Mukerjee and Ramaswamy [137]
demonstrated through ORR polarizations curve analysis that the Fe*"/Fe*" couple
of the transition metal show higher redox potential in alkaline media. Furthermore
they showed that the peroxide intermediate on the active site is more stable
respect the same in acidic conditions and this behavior involves in an efficient 4 e~
pathway ORR reaction.
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Figure 1.15. Catalytic cycle of ORR mechanism on pyrolyzed Fe porphyrin macrocycles in alkaline solution.
Nitrogen atoms in FeNs/C square planar position were omitted from the author for clarity. Figure modified
from [137].

1.5.1 ORR testing

The rotating disk electrode (RDE) and the rotating ring disk electrode (RRDE)
are the most important electrochemical techniques use to measure the ORR
activity and the H>O» production. For this application, a three electrodes cell is
adopted as configuration with a rotating disk electrode [147] used as working
electrode in which the catalyst is deposited (Figure 1.16). The potential between
the working electrode (WE) and a reference electrode (RE) is swept linearly in
time while the current at working electrode is measured. The reference electrode
is used to measure and control the potential applied to the working electrode,
since its potential remains constant within the electrochemical cell. The counter
electrode (CE) is used to close the circuit inside the cell, it ensures the transport of
the current generated to the working electrode.
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Figure 1.16. Three electrodes cell

RDE is a type of working electrode that rotates within the electrolytic solution.
It is used for electrochemical measurements in three-electrode systems. Generally,
the equipment consists of a glassy carbon electrode disk inserted into a cylindrical
sheath of insulating material (such as Teflon). Moreover, when a Pt ring is present
around the central electrode disk and works as secondary electrode, the equipment
is called RRDE. The electrode rotates around its axis through an electric motor
with a specific angular speed (®) that can be varied as desired (Figure 1.17-A).
When an electrochemical reaction in heterogeneous phase occurs between a solid
surface and an adjacent solution phase, an electronic transfer takes place. In
general, the mass transport becomes the dominant step in dilute solution since the
reaction requires the supply of reactant and the removal of products [147]. In
electrochemistry, three different mass transport process occur:

e Diffusion due to a difference in the concentration gradient;

e Convection due to external mechanical energy like the RDE rotation;

e Migration due to a potential gradient coming from only the charged
species [148].

The disc through the rotation attracts the fluid to the surface, dragging the
solution radially from the center to the outside with a movement of the solution
perpendicular to the electrode. With this define regime, the mass transport of the
species is almost totally due to convection [149,150] and it is possible to describe
the concentration profile with mathematical equation useful in laboratory
experiments. According to the Nernst diffusion layer model (Figure 1.17-B), the
mass transport of the reagents close to the electrode at distance J, take place only
by diffusion mechanism. In this conditions, the current density can be determined
because the electrochemical reaction is kinetically controlled by mass transport.
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Figure 1.17. A) Solution movement caused by rotation of an RDE. a: flow of electrolyte solution; b: Glassy
carbon electrode; ¢: RDE body; d: direction of electrode rotation. B) Representation of the Nernst diffusion
layer profile model. Figure modified from [147]

The surface concentration of the reactive species is zero and the maximum
limit current that could be developed is described by the Levich equation
(Equation 1.21) [151]:

2 —
ij=062-n-F-A- 00/3 w2y s Equation 1.21

Where 0.62 is a constant valid using rad s™!' as rotation speed, n is the number
of electrons involved in the reaction, F is the Faraday constant (96485 C mol '), A
is the electrode area Dy is the species diffusion coefficient (1.90x107 cm? s! for
the oxygen), o is the electrode rotation speed v is the cinematic viscosity of the
solution (0.0109 cm? s™! for KOH 0.1 M solution) and Co is the reagent bulk
concentration (1.20x107® mol cm™ for oxygen saturated solution) [152,153].

From the Equation 1.21 is it possible to determine the number of the electron
involved in the electrochemical reaction from the slope of the line obtained
plotting i.™! versus o> (Equation 1.22):

1

n= Equation 1.22

/3.4~
slopex0,62+«F-A-C-D /3-v /6
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In a real system, the overall current measured at the electrode results from a
combination of two components: the limit current i already described above and
the kinetic current ix due to the electrons charge transfer at the electrode. The total
current is thus described from the Koutecky-Levich equation (Equation 1.23)
[152]:

S=—4= Equation 1.23

I versus ® 2 allows to determine n from the

From this equation, plotting i~
slope and ix from the intercept of the line. The selectivity of the reaction could be
evaluated through the H>O; (%) analysis. This parameter could be determined
using the RRDE equipment and setting the ring potential for H>O> oxidation to ca

1.2 — 1.4 vs RHE [154] [83]. The H202 (%) is obtained from Equation 1.24:

H;0,(%) = 200 - OLI;—I/VI;]H Equation 1.24
R

Where i and ir are the current density measured respectively at the disk and at
the ring. N is the ring collection efficiency and depend on the type of RRDE
working electrode. From the previous equation, it is possible to determine directly
the real number of electrons involved in ORR per O2 molecule through Equation
1.25:

n=4-(%H,0,)/50% Equation 1.25

1.5.2 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique commonly used to
study the oxidation and reduction reactions of molecular species present in
solution and in contact with the working electrode [155]. CV is also use to
investigate the electron transfer-initiated chemical reactions and evaluate the
capacitance of supercapacitors materials [156]. The analysis consists in the
measurement of the current (y-axis) flowing between the working electrode and
the counter electrode as a result of an applied potential (x-axis) that varies linearly
over time driven by the scan rate (v). The curves showed in Figure 1.18 as
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example are called voltammograms or cyclic voltammograms. Following the
IUPAC convention, when the high potential is on the right of the x-axis, the lower
curve, called forward scan, is related to the reduction of the electrochemical
processes and the upper curve, called backward scan, is related to the oxidation
processes. The potential is scanned in the direction indicated from the arrow.
From the starting potential E1 to the switching potential E2 the potential is swept
negatively. In the reverse scan direction from E2 back to E1 the potential is swept
positively [157,158].
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Figure 1.18. Examples of cyclic voltammograms. A) With well defined redox peaks. B) With capacitive
behavior.

When reaction peaks are present and well defined, is it possible to calculate
the reaction formal potential through the use of Equation 1.26:

Ey = w Equation 1.26

Furthermore, if reactive peaks are not present and capacitance analysis are
required, the area underlying the reduction trace is called charge capacitance
while the higher area under the oxidation trace is called discharge capacitance.
Considering the electrode area indicated as A, their specific values can be
calculated through the use of the following Equation 1.27:

1

C,(Fem™2) = R

f;; t1av Equation 1.27
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1.5.3 Linear sweep and stair case voltammetry

The electroactivity of catalysts active toward ORR at laboratory scale is
determined through a linear sweep voltammetry (LSV) or stair case voltammetry
(SCV) in aqueous oxygen-saturated solution. The solution is kept under stirring
by the rotating disk to facilitate the transport of oxygen from the bulk to the
surface of the catalyst. LSV is a common measure used for the study of
electrochemical systems especially when the reaction is irreversible or the cyclic
voltammetry cannot provide much information [155].

The stair case voltammetry is a powerful derivation of the linear sweep
voltammetry. In SCV, the potential is swept in a series of stair steps (Figure 1.19
A) and the current is measured at the end of each potential change (Figure 1.19 B)
[150].
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Figure 1.19. A) Stair step scan. B) ORR polarization curve resulting from SCV

When a LSV experiments is carried out, the faradic current due to the
electrochemical reaction measured at the working electrode is negatively affected
by the capacitive current (Equation 1.28). Capacitive current is due to the
formation of a double electric layer with charge separation in the electrode-
solution interface. This separation is caused by the negative or positive electrode
state of charge, which attracts opposite ions close to itself. In LSV experiment the
elimination of the capacitive current requires the subtraction of the LSV measured
in deoxygenated electrolyte from the LSV obtained in oxygen saturated
electrolyte [83].
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i=if—i=n-F-A-c- |=—C-= Equation 1.28

Where c is the oxygen concentration and C is the capacitance of the medium,
n is the number of electron exchanged in the electrochemical process, A is the
electrode area and D the oxygen diffusion coefficient. The time is indicated with t
and the electric field with dE/dt. In SCV configuration the contribution to the
current signal from the capacitive current is reduced and the current signal from
the faradic current obtained from the chemical reaction is enhanced. In fact,
waiting some seconds at constant potential, the dE/dt contribution of the
Equation 1.28 is reduced close to zero.

1.5.4 Theoretical background, thermodynamics and Kinetic

Considering a complete reduction reaction from oxygen to water, the ORR
thermodynamic electrode potential at standard conditions is 1.23 V in acidic
aqueous solution (pH 1) and 0.40 V in alkaline aqueous solution (pH 14). The
basic mechanism is a 4-electron reduction pathway but may involve in different
intermediates depending on the quality of the catalyst and the type of the
electrolyte. Table 1.6 show the different reactions held in acidic or alkaline
solution.

Table 1.6. Thermodynamic electrode potential of ORR referred to the pH of the Electrolyte

Th d ic electrod
Electrolyte pH ORR reactions ermo ynafnlc ¢ ectrode
potential (V)
Acidic solution 1 0, +4H" + 4~ — 2H,0 1.23
Alkaline solution | 14 | O, + 2H,0 + 4e- — 40H 0.40

Since the application vary from fuel cell to metal-air battery, the reaction take
place in different favorable pH conditions. Based on the pH of the solution, it is
essential to define the potential range in which the catalyst active toward ORR are
analyzed through linear sweep voltammetry. Generally, the analysis is carried out
in a range comprised between 0 V and 1.23 V vs RHE. With the intention of
obtain a more refined result, it is appropriate to restrict the range starting from
0.05 V and finishing at 1.2 V or, if is possible, at 0 V referred to the open circuit
potential (Eocv) to avoid hydrogen evolution reaction at 0 V and oxygen evolution
reaction at potential close to 1.23V. The instrumental range values are determinate
through the applications of the Nernst equations (Equation 1.29) considering the
pH of the electrolyte and the type of the reference electrode used in the
electrochemical cell to carry out the experiment [150]
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Elower/upper =EFE - 0059*pH - EOref Equation 1.29

For instance, using Ag/AgCls, as reference (E°=0.197V vs RHE) in a solution
at pH 13 the lower and upper limit become respectively —0.914 V (considering E
= 0.05 V) and 0.236 V (considering E = 1.2 V). Figure 1.20 show a typical
sigmoidal ORR polarization curve. There are three specific regions divided
depending on the kinetically determining step. At high potential the reaction is
under faradic control, the current density is low and the kinetic mainly depends on
the electrons charge transfer. This step may be interpreted as the activation
process of the reaction. At lower potentials the reaction is under mass transport
control: the electrons are available, but the oxygen has reached its maximum
concentration determined from the Henry law and depending from the physical
condition of the system (type of solvent, oxygen partial pressure, etc.). In this step,
since the oxygen concentration is constant, the current density reaches therefore a
maximum constant value called diffusion limit current (ip). In the middle of the
polarization curve the process is controlled partially from the electron charge
transfer and partially from the oxygen diffusion. In this step slight potential
variations lead to wide current improvements [155,159,160].
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Figure 1.20. ORR polarization curve

From the polarization curve is possible derive all the parameters that could
describe the catalyst performance at the laboratory scale. Concerning the graph
shown in Figure 1.20, ix (mA cm) is the corrected kinetic current density, E12 (V)
is the half-wave potential and Eonset (V) is the onset potential. The kinetic current
density is a measure of the electrochemical activity toward the oxygen reduction
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reaction: higher is the kinetic current density, higher are the performance of the
catalyst. In generally is evaluated at 0.9 V vs RHE to be closer to the kinetic
region [147]. i is determined by subtracting the limiting current contribution from
the total current i measured by the instrument through the application of the
Koutecky-Levich equation (Equation 1.30 and 1.31) [151]:

S=—4= Equation 1.30

2 lr 191

iy = — Equation 1.31

i—i

ix could be converted in the weight specific current in dividing it by the
catalyst loading L (g cm2) deposited on the electrode surface (Equation 1.32):

_ ik(0.9V)

im . Equation 1.32

The onset potential is the potential for which the reaction products are formed
[161]. For conventions is the potential evaluates at a current density of 0.1 mA
cm 2. The more the onset potential is shifted away from the thermodynamic
potential and the higher is the overpotential. The overpotential is the distance
between the thermodynamically reduction potential and the potential at which the
reaction is experimentally observed. It depends from 3 different contributions:

e Activation overpotential due to the activation energy required from the
electrochemical reaction;

e Concentration overpotential due to the difference among the concentration
of charge-carriers between the bulk solution and the electrode surface;

e Resistance overpotential generally due to junction between different
component present in the electrochemical devices.

The half-wave potential is a potential for which the current is equal to one
half of limit diffusion current i.. The evaluation of the half-wave potential is very
important since it is determined graphically from the real polarization curve and
not through a mathematical correction such in the case of the kinetic current. A
higher half-wave potential corresponds to higher ORR activity (for a given
catalyst loading). Figure 1.21 show the best graphical procedure useful to
determine the half-wave potential from the RDE experimental polarization curve.
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Figure 1.21. Determination of the half wave potential through graphical method

The speed of ORR is related with the exchange current density (Equation
1.33) since it is directly connected with the standard rate constant k° [150,159]
which is a kinetic measure of a redox couple considering the assumption that the
electrode reaction is one step and one electron process reaction (Equation 1.34):

ip = FAK°C Equation 1.33

O+ e  oR Equation 1.34

where iy is the kinetic current density, F is the Faraday constant, k° is the
kinetic constant and C is the concentration of the reagent at the catalyst surface.

For the general Equation 1.34, the two reactions can take place in both the
direction of the products and the reagents. When the reaction is at the equilibrium,
the current density of the forward reactions is the same of the backward reaction
and the net current density is zero. This value is called exchange current density
and its magnitude determines the rapidity of the electrochemical reaction. For
every type of electrochemical reaction, the exchange current density depends on
the reaction, on the type of catalyst on the electrode surface.

About what was said above, is it possible relate the ORR current density with
the overpotential through the Butler-Volmer equation (Equation 1.35):
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—aoFnc (1-ap)Fnc

I, = iooz (e RT — e RT ) Equation 1.35

Where I is the current density of the reaction, i°

is the exchange current
density, a is the transfer coefficient, 1 is the overpotential of the electrochemical
reaction, F is the Faraday constant, R the universal gas constant ad T the
temperature in Kelvin. The transfer coefficient is the change fraction of
overpotential that leads to a change in the rate constant of the exchange current

density.

The exchange current density could be determined from the Tafel equation
(Equation 1.36 A-B), which is an approximation of the Butler Volmer equation at
large overpotential (with 1> 118 mV). In fact, at large negative overpotentials

—aoFnc (1-ap)Fnc
€ RT >e RT

From Equation 1.35 is possible to write:

i = ioe_a%n Equation 1.36-A
n= %ln ip — glni Equation 1.36-B
Where
Slope = —2.3E
aF

Int t—23RTl [
ntercept = 2.3 ——logio

From ORR polarization curve (Figure 1.20) is possible to draw the Tafel plot
and determine its slope and the exchange current density from the intercept which
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are useful for making assumptions about the reaction mechanism. Figure 1.22
shows an example of the Tafel plot determined plotting log ix versus E.

29, Tafel Plot for a Fe-C-N catalyst
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Figure 1.22. Tafel plot for a non noble metal catalyst.

All the electrocatalytic reaction should be analysed based on the kinetics
evaluated by the Tafel slope. Tafel slope is kinetically always applicable, but its
intercept may not always be equal to the exchange current because the Butler
Volmer was derived considering an equilibrium steady state at the electrode
interface. Consequently, for a simple reaction like Equation 1.34, it is assumed
that the oxidized and the reduced species have always the same concentration (Co
= CRr) and the rate constant of the forward reaction equals the rate constant of the
backward reaction. In reality this behavior is noticeable only in limited case. For
example, even for the hydrogen oxidation reaction (HOR), which is one of the
simplest reaction, the Butler Volmer is not always applicable. Definitively, the
evaluation of the exchange current with a complicated reaction such as the ORR,
must be done carefully.

Regarding Non-Noble Metal electrocatalysts, several Tafel slopes are reported
in literature: some oxides such as Mg-MnO,/C, Ni-MnOx/C and MnO,/C show
Tafel slopes comprised between 47 and 57 mA/dec [162]. Pyrolyzed polypyrrole
supported on mesoporous carbon show 68 and 166 mV/dec as Tafel slope 1 and
Tafel slope 2 respectively [91]. To identify a possible rate determining step, a
comparison with a theoretical Tafel slope is required. The ORR mechanism is
difficult to determine and actually continues to be discussed [137,163,164]. Adzic
et al. [165] has also proposed in recent years the formation of a superoxide anion
as intermediate in ORR. Through the microkinetic analysis that includes coverage
terms, Shinagawa et al. [136] have elaborate a theoretical relationship between the
Tafel slope and the different steps involved of the ORR associative mechanism
[166—168]. The results of the Tafel analysis on the ORR elementary steps are
shown below in Table 1.7:
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Table 1.7. ORR elementary reaction steps associated with their Tafel slope determined through microkinetic
analysis. M denotes an empty site. Steps 1-4 take places in alkaline condition; step 5 is introduced instead of
steps 2 and 3 in acidic conditions.

N© Reaction steps Tafel slope 1 Tafel slope 2
(mV dec™) (mV dec™)
1 M + O, & MO, - -
2 MO, + e - MOy 120 -
3 MO, + H,O < MO,H + OH™ 60 -
MO;H + e < MO + OH or
4 MO;H + e < MOOH" 40 120
5 MO, + H;O" + e < MO,H + H,O 120 -

Table 1.8 shows some exchange current density values taken from the
literature for Pt and FeC catalysts families.

Table 1.8. ORR exchange current density for Pt/C family and non noble iron-based catalysts

Catalyst | ORR iy (A/cm?) Measure conditions Ref.
Pt 2.8x 107 At Pt/Nafion interface at 30 °C | [169]
PtO/Pt 1.7x 101 At Pt/nafion interface at 30 °C | [169]
FePc 1.3x 107 In pH 1.2 solution [159]
PtFe/C 2.15x 107 In 0.5 M H,SO4 at 60 °C [170]

1.5.5 Polarization and power density curve

For a full interpretation of the performance relative to a general cell or battery
(like a fuel cell, metal-air battery, etc.) is fundamental the basic knowledge of the
polarization curve (Figure 1.23) obtained during the device testing phase. Starting
from thermodynamic basics concepts, the Gibbs (AG) free energy of an
electrochemical conversion system is given as showed in Equation 1.37:

AG = AH —TAS Equation 1.37

Where AH is the energy released from the reaction (enthalpy), AS is the
entropy and T the absolute temperature. The maximum achievable electrical work
(W) is described by Equation 1.38:

W=—-nFE Equation 1.38
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Where n is the number of electrons involved in the reaction, F is the Faraday
constant (96485 C mol!) and E is the cell or battery potential. The electrical work
corresponds to the variation of the Gibbs free energy relative to the global
electrochemical reaction that takes place inside the device. The theoretical
potential of an electrochemical conversion system (evaluated at a certain
temperature, pressure and reagent concentration) is thus determined through
Equation 1.39:

E=—— Equation 1.39

At the open circuit potential condition (Eocy), in which no external current
flows, the maximum starting potential is always lower respect the theoretical one
due to the overpotential effect [171]. The potential, start to decrease as soon as the
current flows through the circuit. The efficiency (¢) in every moment is given
from the ratio between the measured potential and the theoretical potential
(Equation 1.40) [172]:

E .
Ecoy = ——2ctual Equation 1.40
Etheoretical

The final polarization 1 is given by Equation 1.41:

n= Epcy — Er Equation 1.41

Where Et is the final cell potential with a specific current (I) flowing. The
voltage drop due to polarization phenomena result from three kinetic limitations
of the reactions. In a polarization curve different polarization regions can be
recognized due to three different overvoltage phenomena. As indicate in Figure
1.23 they are called activation polarization, ohmic polarization and concentration
polarization [35].

The activation polarization is located at low current density and is related to
the electronic transfer process that takes place from the electrodes to the
electrolyte and vice versa. It is the overpotential necessary for the activation
energy of the electrochemical reaction. The kinetic of this process is well describe
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with the Tafel Equation derived from Butler Volmer equation for reaction with
high overpotential (see Equation 1.35 and Equation 1.36).

The ohmic polarization is the electrical resistance of the device equipment. Is
due to resistance and nature of the electrolyte, the type of materials used for the
battery construction, the current collectors and the surface resistive films on the
electrodes. There is a linear relationship between 1 and 1. This second polarization
region is described by the first Ohm law (Equation 1.42):

n =RI Equation 1.42

The concentration overpotential at higher density current is due to mass
transport limitation. This phenomenon occurs in presence of limited diffusion of
the active reagent or slow removal of the product at the electrodes surfaces. The
polarization is described by Equation 1.43:

RT c .
n= (—) lnC—0 Equation 1.43

Where C is the concentration of the species at the electrode surface and Co is
the concentration of the same species in the bulk of the solution.

The overall voltage drop is determined through the sum of the three
overpotential mentioned above. Is fundamental to recognize the similarity
between the potential drop behavior of a battery polarization curve and the
polarization curve obtained through ORR analysis with RDE described previously
in Paragraph 1.5.4. In fact in that case, the potential and current axes are rotate
but the RDE polarization curve shape is the same.

The power density curve (Figure 1.24) is directly determined from the
polarization curve through the Equation 1.44. It is used to understand the powers
generated by the device as a function of the current.

P=VI Equation 1.44
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Figure 1.24. Cell power density curve

The polarization curve should to be seen as the identity card of the catalyst
combined with the electrochemical device. The real power output of the device
has finally decided by the electrical demand of the external circuit. Furthermore,
regarding the fuel cell device fundamental is the design of the correct fuel supply
systems.

1.6 Fundamental of design of experiment

In this thesis, different tools coming from the theory of the design of
experiment (DOE) were used. Specifically, cube plots, Pareto charts, main effect
plots, and interaction plots were analyzed in some optimizations.
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The DOE is a statistical technique that allows the identification and
quantification about the causes of an effect through a series of experimental test.
In an experimental design, one or more variables (denoted as factors k), are
manipulated at different levels (low, high, medium, etc) to measure their effect on
another variable of interest (denoted as result y) [173]. The experimental design
describes a series of relative guidelines (which variables? In what way? How
many times? etc) with a predefined degree of confidence for a presumed cause-
effect relationship. This technique finds applications in industry, agriculture,
marketing, medicine, ecology, engineer, chemistry, etc., and it is an essential
phase in the development of an experimental study. The goal is to understand how
to change a process in the desired direction avoiding the one factor at a time
approach (OFAT), which, in general, is time-consuming and expensive [174].

The experimental analysis can be carried out following a full factorial
approach or through different types of fractional factorial DOE. A complete full
factorial experiment allows evaluating, with a limited number of tests, the effect
on the output of all the input variables examined covering all the possible
combinations. Moreover, it allows acquiring detailed information on the behavior
of the main factors and interactions between the factors examined. The full
factorial approach has several advantages:

e [t is easy to analyze and organize;

e The minimum number of tests is given by the number of all possible
combinations of factor levels;

e If all the factors k have two levels of analysis, the full factorial required 2~
experiments;

e It can be used for both qualitative (color, shape, etc.) and quantitative
factors (temperature, pressure, etc.);

e [t can be used to quantify interactions [175]

The experiments are then organized in a standard order, however, when
possible, it is recommended to perform the analysis in a randomized order to
ensure the following advantages:

e FEach event has the same opportunity to happen;
e Reduce the effect of the non-tested variables (the noise).

Table 1.9 and Figure 1.25 show an organization of the experiments for a 2°
full factorial analysis, which is used two times in the following chapter. To save
space, the points in a two-level factorial experiment are often abbreviated with the
— and + symbols. Sequences have as many symbols as factors, and their values
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dictate the level of each factor: — for the first (or low) level, and + for the second
(or high) level.

Table 1.9. DOE full factorial for 2° experiments

A B C AB AC BC ABC
—~ - — + + + —
+ - — - - + +
— + - — + - +
+ + - + - - -
- - + + - - I
+ - + - + - _
_ + s - - + —
+ + + + + + -
[a~, b*, c] [a*, b, c'] [a~, b, c'] [a%, b*, ]
BC ABC BC ABC
1 [a*, b, ] i [a*, b*, ]
1 AB i AB
[a~ b, ] T [a~ b, ] :
B 1 B 1
| |
| |
b a b, ¢ [a*, b, ¢*] b : [a*, b, ¢]
! AC AC

[ar b, &

A B

Figure 1.25. DOE full factorial for 23 experiments. A) faces used for the calculation of the main effect value
Ma (see Equation 1.45). B) One of the face used for the calculation of the interaction value Mab. The other
face, symmetrical to the one already represented, is voluntarily omitted for picture simplification (see
Equation 1.46)

Instead, a fractional factorial experiment is used as an alternative to the full
factorial design, excluding some experiments, when the process requires a huge
screening on many factors (more than 4 variables, i.e., 2° number of experiments).
This procedure allows analyzing a large number of factors with a small number of
tests. However, it requires a further phase of experimentation. Since this specific
procedure is not used in this thesis, the fractional factorial will not be further
examined.
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In the full factorial design, the influence of each factor on the final result
could be evaluated considering the main effect and their interactions. Both are
evaluated with the support of specific plots.

The main effect of a single factor is the difference between the average value
of the results present at the vertices of the face relatives to the high level of that
factor and the average value of the results present at the lower level. Thus,
considering the factor a (Figure 1.25 — A), the main effect Ma is described by
Equation 1.45:

M. = YatyaptYactyapc _ YityYe+Yct+YVBc
. =

Equation 1.45
4 4

Similar equations are valid for the determination of the main effects of factors
b (Mb) and ¢ (Mc). The interaction between two or more factors is the difference
between the mean cross value (Figure 1.25 — B) of the response results y between
the upper and lower level of those factors (Equation 1.46) [176].

M _ YitYctYaptyaBc _ YAtYActYB+YBC
ab — 4 4

Equation 1.46

Considering the case of a two levels of analysis, the main effect plot (Figure
1.26) is represented by a straight segment. The horizontal axis shows the value of
the factor while the vertical axis shows the corresponding output result. The
greater is the segment slope, the greater is the influence of the factor. If the
segment tends to be horizontal, the influence of that factor is null or not very
significant. The straight is described by Equation 1.47:

y = m* factor Equation 1.47

Where ‘y’ is the output result and ‘m ’ the angular coefficient
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Figure 1.26. Example of main effect plot: A) high influence B) low influence

The interactions between the parameters were evaluated considering the slope
of the segment in the interaction plots (Figure 1.27). Two parameters interact
when their slopes are different: the greater the difference, the greater is the
possibility that the parameters interact with each other, especially when the
segment intersect. In this case, the interaction plots should drive the analysis (and
not the main effects plot).

Output result
Output result

Significant interaction 1 Nonsignificant interaction

Factor value Factor value

Figure 1.27. Example of interaction plot: A) high interaction B) Non-significant interaction

Cube plots are used to see immediately which process variables combination
has provided the best performance showing the relationship between the factors
and a response (Figure 1.28). Each cube plots is made up by three factors
otherwise, in the case of two factors, it is a square plot. Specifically, cube plots
can show the combinations of factors or the “data mean”, or “fitted mean”, for
each combination. Cube plots could also made up with the combinations of
factors without any response mean. “Data means are the raw response variable
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means for each factor level combination, while fitted means use the least-squares
method to provide the mean response values of a balanced design” (same level of
the factors) [177]. In any case, data-mean method and fitted-mean method are
identical for balanced design but can be different for unbalanced design, in which
the levels of the factors are different (not in this context).

Cube Plot for Conversion (%)

Best
Yes \ combination

Use of catalyst

No

Pressure (Bar)

Figure 1.28. Example of cube plot applied to a chemical process in which conversion is the investigated
result and pressure, temperature and the presence of the catalyst are the factors.

An additional useful tool for assessing the influence of factors is the Pareto
chart (Figure 1.29). The scope of the Pareto chart is to highlight/suggest the most
important among a set of factors. Generally, 20% of the input creates 80% of the
result. The larger is the set of factors, the higher is the probability to discriminate
fundamental parameters from useless variables. The red line indicates the
threshold beyond which the parameter affects the analyzed response. It is
evaluated as 1-a/2 quantile of a t-distribution where a is the significance level and
the degrees of freedom equal to the degrees of freedom of the error. The results
that do not cross the red line are not significant and can be removed from the
model. The horizontal axis is defined by an inner calculation of statistical
coefficients.
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Figure 1.29. Example of Pareto chart. Results took from Chapter 5



Chapter 2

Materials and methods

2.1 Chemicals

Iron(Ill) phthalocyanine chloride (Fe(IlI)-Pc), Iron(Il) phthalocyanine,
Basolite® Z1200 (ZIF-8), sulfur >99.998 wt% (S), potassium hydroxide, ethanol
>99%, isopropanol 99.5 wt, hexane anhydrous 95%, hydrochloric acid 37 wt. %.
Sulphuric acid 97 wt. %, Nafion® solution containing 5 wt. %, Nochromix® were
purchased from Sigma-Aldrich (Italy).

Pt/C 20% and PtRu/C catalyst (Pt 30% Ru 15%) Alfa Aesar was purchased
from Johnson Matthey (United Kingdom).

MnO; Cathode as metal-air battery reference was purchased from Gaskatel
(Germany)

Vulcan XC 72 carbon was purchased from Cabot (USA).

Fumapem FAA-3-50 anion membrane was purchased from Fuel Cell Store
(USA).

Fumion® FAA-3 anion exchange ionomer was purchased from Fumatech
(Germany).

PBI Dopozol membrane was purchased from Danish Power System
(Denmark).

Neodymium magnet (NdFeB 2x1 mm N42) was purchased from Amazon.
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Nitrogen, hydrogen, and oxygen gases (99.999% purity) were supplied in
cylinders by SIAD (Italy).

All aqueous solutions were prepared using ultrapure water obtained from a
Millipore Milli-Q system with resistivity > 18 MQ cm.

2.2 Experimental analysis

2.2.1 Chemical-physical characterization of the electrocatalysts

Nitrogen adsorption-desorption isotherms were measured at liquid nitrogen
temperature, using a Quantachrome Autosorb-1 volumetric adsorption analyzer.
Physisorption Measurement were performed at relative pressure p/po from 1E—6 to
1 and 60 sampling points. Samples were degassed under turbo-molecular vacuum
at 150 °C for 2h followed by 275 °C for 4h before sorption measurements.
Nitrogen gases with super high purity (99.999%) was used for the physisorption
measurements. The Brunauer—Emmett—Teller (BET) equation was used to
calculate the apparent surface area from adsorption data obtained at p/po between
0.07 and 0.15. External surface and micropores area were obtained by t-method
based on the statistical thickness method (STSA) for carbon black using p/po
between 0.3 and 0.55. Pore size distributions and cumulative pore volumes were
determined by using quenched solid-state density functional theory (QSDFT)
methods and slit-like pores as a pore model [178—180]. These choices for DFT
and t-method were made as the best fitting against the experimental N> sorption
isotherms and best correlation coefficient respectively was observed.

X-ray photoelectron spectroscopy (XPS) was performed to determine the
elemental surface composition of the catalysts. The analysis was carried out using
a Physical Electronics PHI 5000 Versa Probe electron spectrometer system with
monochromated Al Ka X-ray source (1486.60 eV) run at 15 kV and 1 mA anode
current. The survey spectra were collected from 0 to 1200 eV. The narrow Nis
spectra were collected from 396 to 405 eV, the narrow Fe 2p spectra from 700 to
740 eV, and the narrow Cis spectra from 280 to 293 eV. All of the spectra were
calibrated against a value of the Cis binding energy of 284.5 eV. Casa XPS
software was wused for obtaining semi-quantitative atomic percentage
compositions, using Gauss—Lorentz equations with the Shirley-type background.
A 70%/30% Gaussian/Lorentzian line shape was used to evaluate peaks position
and areas of the high-resolution N5 spectra.

The XRD patterns were recorded on a Panalytical X Pert PRO diffractometer
with a PIXcel detector, using Cu (K radiation = 0.15418 nm), under the operating
conditions of 26 = 20 — 90° and 20 step size = 0.03, in order to examine the
different polymorphs. The markers were located using the Philips X’Pert
HighScore Software (ICDD database).
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An Hitachi S3000N scanning electron microscope (SEM) and a JEOL Ltd
JEM 2010 transmission electron microscope (TEM) were used to determine the
catalyst’s morphology.

2.2.2 Electrochemical characterization of the electrocatalysts

The electrochemical evaluation of the electrocatalysts prepared was carried
out in a conventional three-compartment electrochemical cell using a potentiostat
(Bio-Logic SP150), and a rotating ring disk electrode instrument (RRDE-3A ALS
Model 2323). The samples were tested in 0.1M KOH saturated with either N> or
0,. Before any test, glassware was clean using Nochromix® dissolved in
concentrated sulfuric acid, leave it overnight at 40 C. Then glasswares were
cleaned with ultrapure water until the boiling, this procedure was repeated 3 times.

For RDE measurements, the cell was equipped with a glassy carbon (GC) disk
working electrode (0.1256 cm? geometric area), a gold wire used as a counter
electrode, and a saturated Ag/AgCl used as reference electrode. All electrode
potentials were referred to the reversible hydrogen electrode (RHE) using the
Nernst equation previously checking the electrolyte pH by a HACH® Sension”
instrument. Different GC electrodes were prepared by ink drop-casting using an
ionomer-to-catalyst ITC mass ratio (mg of Nafion® over mg of catalyst) equal to
0.14 [181] and the catalyst loading was 0.400 mg cm 2. At the beginning of all
tests, the electrolyte was purged with N> for about 15 minutes with the aim of
remove any active species. To obtain an electrochemical clean catalyst surface, the
potential was swept between 0.0 and 1.2 V vs RHE with a sweep rate of 100 mV
s, (12 cycles), 20 mV s7! (6 cycles) and 10 mV s! (3 cycles); these scans were
enough to obtain stable voltammograms [182]. After this procedure a final
voltammetry was recorded at 10 mV s™!. After saturation with O, (15-20 minutes),
stair case voltammetry (SCV) were performed by rotating the electrode at 900
rpm and using a step size of 10 mV at the time period of 10 s step '. The samples
were tested thrice. Before any test, the working electrode was polished with 1 and
0.06 mm alumina powders.

The determination of the selectivity through H>O> production during ORR
was evaluated with the rotating ring disk electrode technique (RRDE). The ring
and disk potentials were controlled with an AutoLab bipotentiostat. The
experiment was carried out performing a linear sweep voltammetry (LSV) at a
scan rate of 5 mV s from 1.0 to 0.05 V vs. RHE on the disk, while the ring
potential was kept constant at 1.2 V vs. RHE to ensure the oxidation of the
peroxide species at the Pt ring to be under diffusion control [183]. The rotation
speed was set at 900 rpm and the electrode disk current was corrected removing
the background current measured under N> atmosphere saturation [154].

The tolerance of the catalysts to the presence of ethanol was examined by
performing LSV using a step size of 10 mV with time increments of 10s step' by
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rotating the electrode at 900 rpm in Oz-saturated 0.1 M KOH solution with
varying ethanol concentration from 0.01 to 2 M.

The stability of the best catalyst was evaluated with a “slightly modified” load
cycle durability test proposed by the fuel cell commercialization conference held
in Japan (2011) [184]. The solution was saturated with O instead of N> and the
measure was stopped after 2000 cycles. Each cycle was performed waiting 3 s at
the potential values of 0.6 and 1.0 V vs RHE (6 s the average cycle period) using a
sweep rate of 500 mV s . The polarization curves were acquired through stair
case voltammetry by rotating the electrode at 900 rpm. The activity was evaluated
at the beginning of the experiment and after 250, 500, 1000, and 2000 cycles.

2.2.3 Testing on Fuel Cell

Membrane preparation

Two different alkaline membranes were activated and used in these experiments.
The FAA-3-50 membrane (Fumatech) and the PBI Dopozol membrane (Danish
Power System). The membranes were delivered in bromide form (Br") and dry
form. For alkaline fuel cell applications, the membrane must be converted into
OH-form (Figure 2.1). The FAA-3-50 membrane was converted into hydroxyl
form by treating it with 0.5 — 1.0 M NaOH or KOH solution for at least 24 h. The
PBI membrane required to be activated in a solution of 6 M KOH for 5 days. The
different activation process is defined by the producer since the chemical
composition of the two membranes is different. The FAA-3 family consists of a
polyaromate (benzilic based structure) with quaternary ammonium group, while
PBI consist of a polybenzimidazole structure. After this treatment, both the
membranes were rinsed with demineralised water and immediately used. At the
beginning of the experiment, the membrane conductivity was evaluated measuring
the resistance obtained from electrochemical impedance spectroscopy (EIS) at
different temperature. The analysis was carried out setting the frequency scan of a
Metrohm Autolab instrument from 1E+6 to 1 Hz with a number of frequencies
equals to 50 and a logarithmic frequency step.

Figure 2.1 A) FAA-3-50 membrane in dry form. B) PBI Dopozol membrane during the activation in KOH 6
M solution.
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GDL preparation

The GDL preparation starts with the development of an ink containing the
catalyst dispersed in a Iso-propanol and water 2:1 v:v solution. The dispersion was
made through the use of an ultrasonic processor (UPSOH genesys
instrumentacion). The anode ink was prepared using a commercial PtRu/C
catalyst (Pt 30% Ru 15%) considering a final loading of 1.33 mgp; cm ™ and a
Nafion content of 4% in the overall amount of catalyst on the dry electrode
[31,185]. The cathode ink was prepared considering a final Non Noble Metal
catalyst loading of 3 mg cm™. The amount of Nafion was varied in base of the
type of experiment between 15 % and 50 %. One experiment was carried out
using Fumion as alkaline ionomer instead of Nafion. In this case, the amount of
Fumion respect the F-N-C catalyst, was set as the 50 % of the overall weight.

The Pt reference cathode was prepared using a commercial 40% Pt/C catalyst
considering a final loading of 1 mgp: cm™? and a Nafion content of 4% in the
overall amount of catalyst on the dry electrode [31,185]. All the cathodes and the
Pt-Ru anodes were prepared by spraying the respective catalyst inks through an
airbrush (Figure 2.2) onto a carbon cloth gas diffusion layer (ELAT LT 1400W).
The GDL preparation was carried out by alternating deposition steps of a small
amount of catalyst (100-200 pl) with drying steps on a heating plate until the
overall amount of the catalysts was in accordance with the quantity desired. A
GDL area of 16 cm? has required 600 ml of H,O and 1520 ml of isopropanol for
the ink preparation.

ek A
Figure 2.2. Airbrush used for the air-spraying
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Testing

The DEFC tests were carried out through a fuel cell test bench Mits pro-FCTS
- Arbin Instruments (Figure 2.3 — A). The fuel cell device construction was made
following the well recognized procedures. The membrane electrode assembly
(MEA), which is the combination of the membrane in contact with the sprayed
GDL, was assembled without hot pressing in the cell device by direct
sandwiching at room temperature of all the components. For these type of alkaline
membranes it is preferable to avoid the hot pressing process since it damages the
structure of the membrane, resulting in a breakage during the fuel cell testing at
higher pressure. Starting from the first terminal plate supported by the working
desk, the following components were added in this mandatory order: cathodic
bipolar plate, first gasket, cathodic GDL (with catalyst surface in contact with the
membrane), membrane, anodic GDL (with catalyst surface in contact with the
membrane), second gasket, anodic bipolar plate and second terminal plate. The
devices was locked using 8 screws (Figure 2.3 — B) closed with a torque of 3.5
N-m.

The anodic compartment was fed with a preheated 2 M ethanol / 2 M KOH
solution with a flow rate of 1 ml min!. The cathodic compartment was fed with
200 NmL/min of humidified and preheated pure O». The polarization curves were
recorded from open circuit potential Eocy down to 0.01 V [31]. The experimental
tests were carried at different temperature (25 — 60 — 80 — 90 °C), at different O>
backpressure (0.5 — 1 — 2 — 3 bar) using in some case two different Nafion loading
(15 and 50 9%). The short durability test was carried out through a
chronoamperometric test at 0.6 V for 8h recording a polarization curves every 30
min as previously described [12][186]. The temperature of the feed inside the
anodic compartment and the pressure of the O at the cathodic compartment were
varied according to the type of the research performed.
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Figure 2.3. A) Fuel cell connected to the Mits pro-FCTS - Arbin Instruments. B) Cross-section of the fuel
cell used in all the experiments.

2.2.4 Testing on Metal air battery

Gel preparation

The electrolyte was prepared combining an alkaline salt solution with a
gelling solution. The alkaline salt solution was made adding 0.4 g of ZnO in a 10
M KOH alkaline solution (12 g of KOH 0.85% in 18 ml H20). ZnO was added as
corrosion inhibitor of the aluminium to decrease its self corrosion rate in alkaline
solution [38]. The gelling solution was made adding 0.3 g of N,N methylenebis
(acrylamide) in 2 g of acrylic acid. The salt solution was combined with the
gelling solution. The mixture was stirred at 700-800 rpm for 10 minutes and
subsequently filtered on a plastic petri dish. Less than 1 ml (about 30 drops) of

63



K»2S,0g saturated solution was added by dropping into the mixture to activate the
gel polymerization process. The polymerization required almost two hours to
reach completion.

Assembly of the metal-air battery

The metal-air battery used for the experimental analysis consist of 3 Teflon
supports that can hold the anode and the cathode joined together. The electrolyte
gel is placed between the electrodes and two copper sheet in contact with them
allow the measures acquisition. The anode consist of an aluminium alloy (Al 7475)
with specific area of 2 cm?. This area corresponds to the active surface area of the
battery. The cathode is made up with different material layers: a Teflon film with a
carbon clothe and a nickel mesh joined together. The O, permeable Teflon cloth
prevent liquid electrolyte leakage while it allows oxygen to flow inside the battery.
The nickel grid is attached to the carbon layer on which the specific catalyst was
deposited through the use of an airbrush sprayer. The nickel grid helps in the
current conduction between the copper sheet and the catalyst layer. Figure 2.4
shows all the steps required to prepare the metal-air battery.
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Figure 2.4. a) Metal air battery components. b) Cathode placement ¢) Gel and anode placement d) Battery
closure.

Testing

The metal-air battery electrochemical tests were carried out using a 12-
channel Arbin Instruments BT2143 workstation at room temperature (25 °C).
Constant current discharges of 1.6 and 3.2 mA cm™ was carried out after leaving
for 5 min the battery at open circuit to allow good contact between the electrodes
and the electrolyte and to stabilize the OCP. The cut-off potential for all cases was
set at 0 V. Furthermore a dynamic galvanostatic measurements from 0 up to 12
mA/cm? with a swept of 0.4 mA cm 2 every 10 min was carried out to explore the
maximum current density of the cells.
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Chapter 3

Synthesis and Process Optimization

3.1 Basic Electrochemical characterization of the raw
materials

All the raw materials were characterized in terms of activity towards ORR
through SCV analysis. Table 3.1 and Figure 3.1 show the results. Since the
activity of these materials toward ORR is not high and the shape of their curves is
not fully defined, it was not possible determine all the electrochemical parameters.
For sake of simplification, in this preliminary test only the onset potential and the
half-wave potential (when possible) were analyzed. The analysis has
demonstrated that Iron(Ill)phthalocyanine chloride shows the best performance in
terms of onset potential (0.81 V vs RHE) and half-wave potential (0.89 V vs
RHE). Moreover, this raw material has the best well-defined ORR curve (Figure
3.1). The electrochemical performance remains in any case far from that ideal for
this type of application. From next chapter, different combinations of these
reagents will be taken into account during the synthesis formulations and the
process optimization of catalysts active toward the ORR in alkaline conditions.

66



Table 3.1. Summary of the experiment results in terms of onset and half-wave potential

Raw materials | Onset potential (V) | Half Wave potential (V)
Zif-8 0.68 n.d
Vulcan xc 72 0.87 0.72
Fe(Il)-Pc 0.87 n.d
Fe(III)-Pc 0.89 0.81
Pt-C 20% 1.01 0.90
1.07 Raw Materials
0.5
0.0 .
-0.5'/ o/
[
1.0 K
£ 151 e
S 201 :
£ -25- :
T 304 o o Zif8
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40] e Fe(ll)-Pc
-4.5 e PYC 20%
5.0
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0.0 0.1 02 0.3 04 0.5 06 0.7 0.8 0.9 1.0 1.1 1.2
E vs RHE (V)

Figure 3.1. SSV recorded in Oz-saturated electrolyte in alkaline condition relatively to the raw materials
analysis.

3.2 1% Catalyst: Fe(III)-Pc with Basolite Z 1200

3.2.1 Introduction to the catalyst synthesis

The first catalyst was synthesized through the following general procedure.
Iron(IIl)-phthalocyanine chloride C32Hi6CIFeNg (Fe(Ill)-Pc) was dispersed into 50
ml of ethanol. Then Basolite Z 1200 CgH2NsZn (Zif-8) was added followed from
sulphur (Fe(III)-Pc : S molar ratio 1:1) and the mixture was left under stirring for 1
h at room temperature. Afterward the mixture was transferred in autoclave for 16
hours at 160 °C. After, the suspension was filtered under vacuum using a Buchner
flask (provided with Whatman filter 6) and washed with deionised water. The Zif-
8/Fe(11l)-Pc powder was dried under N> atmosphere in dry box at room temperature
for at least a night and finally pounded in a mortar.

The first heat treatment was performed in a pyrolysis oven under N> flow after
30 min of atmosphere purification. At the end of this process, the sample was
treated for 3 hours with a 0.5 M sulphuric acid solution. Finally, this suspension
was filtered under vacuum using a Buchner flask provided with Whatman filter 6
and washed with deionized water. The second heat treatment was performed under
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forming gas flow (50% N2/H>) following the same procedure of the first treatment.
Figure 3.2 show a summary of the chemical process used to produce these catalysts.
The synthesis optimization was carried out dividing the experiments in three steps.
In the first step the optimization was mainly focused on the pyrolysis processes. A
23 full factorial design of experiment was used to evaluate the effect that the Zif-8
MOF support (A), the dwell time (B) and the temperature (C) have on the final
activity. The aim was to investigate whether pyrolysis treatment increase activity as
reported in literature [102,187].

Fe(lll)-Pc : Zif 8 wt ratio . .
1:1.5/1:0.5 Dwell time 1h / 3h Dwell time 1h / 3h
_ Batch reactor with Temperature: 600 / 850 °C Temperature: 600 / 850 °C

@

Fe(lll)-Pc: S
molar ratio

Final
Catalyst

t=16h
T=160°C

Filtration  Dryingin
Nitrogen

Pyrolysis in Acid Washing  Drying in Pyrolysis in
tubular quartz + Filtration Nitrogen tubular quartz

Figure 3.2. Chemical process at laboratory scale. Constant parameters in violet, variable parameters in red.

The exposure to air between the different phases of synthesis leads to the
formation of inactive iron oxide that were removed by acid leaching [138,188] after
the first heat treatment. The second heat treatment was carried out under forming
gas flow (50% N2/H) to further decrease the final amount of oxides and reduce the
inorganic metal particles formation during pyrolysis [189]. Afterward a series of
synthesis with different Zif-8 amount were carried out to evaluate the influence of
the MOF precursor since it tends to sublimate [86] at high temperature with a
subsequent increase in the catalyst surface area. For the relevant class of non-noble
metal catalyst, heat treatments between 600 and 1000 °C under inert atmosphere
have good benefits in ORR activity and stability [100]. Moreover, execute more
than one pyrolysis step seems to affect the final performance positively [101,102].
However, to evaluate the possibility to reduce the number of the steps involved in
the chemical process, further final studies were carried out considering the removal
of one pyrolysis step and the acid leaching.

The second synthesis step was focused on the study related to the autoclave
processes. A series of synthesis with different sulphur amount were carried out.
According to the literature, the presence of sulphur produces iron monosulphide
(FeS) instead of iron carbide (FexC) during the heat treatment. The absence of
FexC slows the graphitization of the pyrolysis products and as a result, the
catalytic active centres are preserved. Additionally, FeS can be removed during
the acid leaching step [190]. Further studies were carried out on the solvent used
inside the autoclave. The heterogeneous catalyst-solvent mixture is subject to
reaction under heat in a closed container in the autoclave. In such cases,
molecules with sufficient kinetic energy to break the intermolecular forces will
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leave the liquid phase to occupy the vapour phase space above. An equilibrium
state will then ensue whereby gaseous molecule-wall collisions result in these
molecules exerting a force onto the liquid surface. Under these conditions, a kind
of sintering takes places between the raw materials present inside the autoclave.
At the beginning ethanol was chosen as non-toxic slurry solvent with the task of
dispersing the reagents. 160 °C was selected as the autoclave temperature because
is almost the twice of the ethanol boiling point (78.4 °C). Afterward, n-hexane
was used instead of ethanol as slurry solvent in which to disperse the raw
materials mixture. The temperature of the oven was set at 140 °C because also in
this case is almost the twice of its boiling point (69.0 °C). Compared with ethanol,
n-hexane has higher oxygen solubility, lower vapour pressure and above all is a
non-polar solvent. The question to be posed is whether the oxygen solubility
rather than the chemical nature of solvents (polar or non-polar) influence the
protection of active centres rather than the formation of iron oxides. In any case, it
is not easy to analyse the physicochemical process that take place inside the
autoclave. As the temperature increase, the gases dissolved in solution (such as
oxygen and nitrogen) tend to escape in vapour phase but at this point the high
pressure forces their return into the solution. To equate the two solvents with the
same vapour pressure inside the autoclave, a third synthesis was carried out in
ethanol at 133 °C. In fact, working at 133 °C with ethanol provides the same
conditions as for working at 140 °C with hexane in terms of vapour pressure (622
kPa) determined through the Antoine equation [191] (Equation 3.1), which is a
semi-empirical correlations between saturated vapour pressure and temperature
for pure solvents :

B

pst = 10 A-Gcr Equation 3.1

where p is the vapour pressure, T is the temperature and A, B and C are
constant terms

In the last step, the best synthesis was repeated changing the autoclave steps
with a mechanical mixing at the solid-state level with ball mill process. The goal
was to evaluate the repeatability of the result decreasing the overall cost of the
process. Figure 3.3 shows the summary of the 3 steps previously described. To
facilitate the interpretation of the results, the Zif-8/Fe-phthalocyanine weight
ratios and the sulphur/Fe-phthalocyanine molar ratios analysed during the
optimization were labelled as Z/F and S/F, respectively.
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Step 1: study of the Step 2: study of the Step 3: study of the
pyrolysis processes autoclave process ball mill process

L B o

Design of experiment
Temperature: 600/850 °C
Dwell time: 1/3 h
Z/F wt ratio: 0.5/1.5
Final Results: 850°C/1h /1.5
Activity@0.8V: 56 mAg™
Half Wave Pot: 0.84 V

Sulphur concentration in ethanol

S/F:0-1-3
Final Results: S/F 3
Activity@0.9V: 2.4 mAg™
Half Wave Pot: 0.84 V

—>

|

Use of Ball Mill instead
of autoclave +2
pyrolysis and AL

Final Results:
Activity@0.9V: 1.5 mAg™
Half Wave Pot: 0.85 V

l

Z/F:0.5-15-2.0-2.5
Final Results: Z/F 1.5

Type of solvent
Ethanol - Hexane
Final Results: hexane
Activity@0.9V: 8.7 mAg™
Half Wave Pot: 0.87 V

Half Wave Pot: 0.83 V

Activity@0.9V: 1.3 mAg™ l

l Sulphur concentration in hexane
S/F:0-1-3-5-10
Final Results: S/F 3 —

1 or 2 Pyrolysis

With/without Acid leaching AL f— Activity@0.9V: 8.7 mAg™

Final Results: 2 Pyrolysis + AL Half Wave Pot: 0.87 V

Legend
Zif-8/Fe-phthalocyanine weight ratio= Z/F
Sulphur/Fe-phthalocyanine molar ratio = S/F

Figure 3.3. Summary of the chemical process steps relative to the first synthesis

3.2.2 Preliminary test

At the beginning of the synthesis optimization, a preliminary test was carried
out to evaluate the effect of the heat treatments on this class of materials. The Zif-
8/Fe(Ill)-Pc wt ratio was set to 1.5, the maximum temperature of the pyrolysis
oven was set at 850 °C and the residence time at the maximum temperature was
set to 1 h. The heating rate for the experiment was set at 10 °C min™'.

The activity toward the ORR was evaluated through SCV analysis in O»-
saturated electrolyte. The catalyst was tested in three steps: after the autoclave
process, after the acid leaching (subsequently the first pyrolysis) and at the end of
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the process, after the second pyrolysis. The results are summarized in Figure 3.4

and Table 3.2.
1.0
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Figure 3.4. SCV recorded in Oz-saturated electrolyte in alkaline condition relative to the first catalyst after

different step process.

Table 3.2. Summary of the experiment results in terms of onset and half-wave potential

Step process Onset potential (V) | Half Wave potential (V)
After autoclave 0.87 0.74
After acid leaching (HT1+AL) 0.91 0.78
After 2™ Pyrolysis (HT2) 0.93 0.84
Pt-C 20% 1.01 0.90

The results shown in Table 3.2 confirm the positive influence of the heats
treatments. After two pyrolysis steps with intermediary acid leaching the half-
wave potential of the catalyst has shifted of 100 mV indicating an increase of the
activity toward the ORR. Since this result reflected what is reported in the
literature, all the next synthesis consisted of a combination between Zif-8 and
Fe(Ill)-Pc, and were carried out following two pyrolysis steps under inert

atmosphere.
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3.2.3 1*' optimization step - Design of experiment

To investigate the effect that the main variables and their interaction have on
the catalyst activity and half-wave potential, a full factorial design was used in
this experiment. Following the results of the preliminary test, three parameters
were tested at two levels in this work, high and low:

(A) Zit-8/Fe(1lI)-Pc wt ratio: 0.5and 1.5
(B) Dwell time at maximum temperature: land3 h
(C) Maximum temperature during the pyrolysis: 600 and 850 °C

For every experiment, a mass load of 0.6 g in the first pyrolysis, and 0.3 g in
the second pyrolysis were used. The 2° design of experiment is graphically
represented in Figure 3.5 while Table 3.3 lists the experiments matrix useful to
evaluate the three variables.

One way to increase the number of data points in a DOE is to use replicates.
However, replicating an entire DOE can be expensive and time-consuming,
especially in this application where the number of pyrolysis affects the total time
required to complete the set of experiments. Using replicates is a way to increase
the reliability. An alternative way to increase reliability of the results is to use
centre points (CP). At the same time, the centre points give the possibility to
determine statistically if the relationship between variables and response is linear
or not. Furthermore, in this study, the central point for the temperature (725 °C)
represents a value at which in theory, the formation of iron carbides (FexC) does
not happen anymore [192]. For the central point the process parameters were set
as shown below:

(A) Zif-8/Fe(Ill)-Pc wt ratio: 1.0
(B) Dwell time at maximum temperature: 2
(C) Maximum temperature during the pyrolysis: 725 °C
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(C) Temp. Pyrolysis °C

600 —

(A) ZIF_8 wt ratio

Figure 3.5. Design of experiment

Table 3.3. Experiments matrix. Coded values for each variable are reported in brackets

Experiment | Z/F wt ratio | Dwell time (h) | Temp. pyrolysis (°C)
1 0.5 (-1) 1(-1) 850 (+1)
2 0.5 (-1) 1(-1) 600 (-1)
3 0.5 (-1) 3(+1) 850 (+1)
4 0.5 (-1) 3(+D) 600 (-1)
5 1.5 (+1) 1(-1) 850 (+1)
6 1.5 (+1) 1(-1) 600 (-1)
7 1.5 (+1) 3(+D) 850 (+1)
8 1.5 (+1) 3(+D) 600 (-1)
9 1.0 (0) 2(0) 725 (0)
10 1.0 (0) 2(0) 725 (0)

The software Minitab was used to evaluate the effect of the parameters on the
synthesis of the catalysts: the half wave potential (E1.2) and activity (A g ), which
is related with the mass transport-corrected current density (iy). For this analysis,
the confidence was set at 95%. Cube plots, main effect plots and interaction plots
were analyzed.

Results and discussions from the DOE analysis

The results obtained after the first series of experiment are reported in Figure
3.6 and Table 3.4. The electrochemical parameters were obtained from the stair
case voltammetry showed in Figure 3.7. Since some of these experiments did not
show activity at high potential (0.9 V), the research of the catalyst’s performance
was carried out at lower potential (0.8 V). Considering that mass transport losses
cannot be completely excluded at higher current densities below E = 0.8V [193]
and in some cases the diffusion limit current is not well defined (i.e., experiment 2
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and 6), it was decided to take into account an average value of the electrochemical
parameters. The analysis provided a first trend relative to the process parameters.
The cube plot (Figure 3.6) shows the best results with the combination of the
highest amount of Zif-8 treated at 850 °C for 1 h. Moreover, also the central point
conditions (Zif-8/Fe(IIl)-Pc wt 1.0), treated at 725 °C for 2 h, provide good results,
both as activity and half-wave potential.

Cube Plot for Activity (A/g) Cube Plot for Half wave pot (V)

0.76 10.71

© 850 £ 850
2 i3
g g
> >
oo a
a o
£ £
i &
g 600 = 600
(A) ZIF_8 wt ratio (A) ZIF_8 wt ratio

Figure 3.6. Cube plot “data means” of the variables analyzed.

Table 3.4. Summary of the experiment result in terms of activity and half wave potential.

Z/F Temp. Activit
Experiment vs/'t D well pyfol)lf)sis I S @ 0.8\3, Half Wave

ratio time (h) ©C) (mAcm?) A g’l) potential (V)

1 0.5 1 850 2.19 5.48 0.78

2 0.5 1 600 0.02 0.05 0.42

3 0.5 3 850 0.30 0.76 0.69

4 0.5 3 600 0.12 0.29 0.62

5 1.5 1 850 223 55.9 0.84

6 1.5 1 600 0.03 0.07 0.42

7 1.5 3 850 4.28 10.7 0.80

8 1.5 3 600 0.54 1.36 0.66

9 1.0 2 725 16.53 41.3 0.83

10 1.0 2 725 16.34 40.9 0.82
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Figure 3.7. SSV recorded in Oz-saturated electrolyte in alkaline condition relative to the first run of
experiments. Z/F 0.5 (A), Z/F 1.5 (B), Central point obtained with Z/F 1.0 725 °C in 2 h (C).
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The main effect plots in Figure 3.8 show the influence of the parameters
taken in consideration for the activity and half-wave potential, evaluated as
response of these experiments. Concerning the activity, all the variables influence
the final result: high temperatures and concentrations provide better results, while
extended residence time affects this response negatively. Regarding the half-wave
potential, at a first glance, temperature is the only parameter that affects the result.
As in the previous case, samples treated at 850 °C provide better results.
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Figure 3.8. Main effect plots of the variables analyzed.
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Interaction plots in Figure 3.9 show a sort of interaction between the Zif wt
ratio and the temperature in the case of activity and a strong interaction, especially
between temperature and dwell time in the case of half-wave potential.
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Figure 3.9. Interaction plot of the variables analyzed.
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3.2.4 Zif-8/Fe(III)-Pc wt ratio (Z/F) optimization

The synthesis regarding the optimization of the Z/F was conducted following
the DOE results. To increase activity, the idea was to increase the temperature of
both the 1t and 2™ pyrolysis, while reducing the dwell time. Thus, additional
samples with different Zif-8 weight ratio (from 0.5 to 2.5) were prepared
increasing the temperature over 850 °C in only 1 h of dwell time.

During the pyrolysis steps all the samples were treated increasing the
temperature from 25 to 800 °C at 10 °C min™!, and then from 800 to 880 at 1.3 °C
min~!, followed by a natural cooling. This temperature ramp reflects in a dwell
time of 1 h in which the temperature increases to reach the max value of 880 °C,
whether in the previous set of experiments the temperature was maintained
constant at 850 °C for 3 h, before the natural cooling. Then, the 2™ pyrolysis was
conducted in the same way, but varying the atmosphere from an inert one (N2 flow)
to a reducing one (N2/Hz 50%).

Table 3.5 shows the results of all the samples prepared with different Zif-8
weight ratio. In these analyses, the performances of the catalysts were good
enough to allow the evaluation of the activity at 0.9 V, to allow for a direct
comparison with platinum-based catalysts [193]. The column regarding the “mass
loss” observed during the pyrolysis steps was introduced to consider the material
loss caused by carbon matrix degradation and Zif-8 sublimation at high
temperature. These values were obtained measuring the weight of the catalysts
powder before and after the pyrolysis process (without prior drying treatment).
Figure 3.10 (A) shows the results obtained from the stair case voltammetry
recorded in Os-saturated electrolyte in alkaline condition. Figure 3.10 (B — C)
shows the relationship between the amounts of Zif-8 used in the synthesis and the
electrochemical parameters, such as activity and onset/half-wave potential. As the
Zif-8 wt ratio increases, activity mostly and electrochemical potentials improve.
Unfortunately, considering the material lost during the 1 pyrolysis, these results
show that the higher is the amount of Zif-8 respect the amount of Fe(IIl)-Pc, the
higher is the mass lost during the pyrolysis. As a further matter, considering the
similar onset potential and half-wave potential values of the samples Zif-8/Fe(III)-
Pc = 1.5, 2, and 2.5 (Table 3.5), and the increasing loss of material during the
pyrolysis, the sample Zif-8/Fe(III)-Pc = 1.5 has been taken as reference for further
optimization, as a compromise between good activity and amount of catalyst
remaining after the pyrolysis.

As a preliminary conclusion, further investigations are required to understand
how to limit the material loss and how to optimize the pyrolysis process in a more
effective way to keep good activity values without excessive material loss.
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Table 3.5 Summary of the experiment result in terms of activity, onset and half-wave potential.

Mass L
] ass. 088 Activity Onset Half Wave
Pyrolysis Sample during . .
parameters name pyrolysis @09V potential potential
o (Agh M) V)
(%)
Z/F 0.5 =~ 65 02+0.1 0.89 £0.01 0.79 £0.01
Dwelltime:1h | 75 5 ~75 13£03 | 0.92+0.01 | 0.83+0.02
Max Temp: 880 °C Z/F 2.0 ~ 80 1.7+0.3 0.93+0.01 | 0.83+<0.01
Z/IF2.5 > 85 2.1+04 0.94 +0.01 0.84 £0.01
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Figure 3.10. Result in terms of Stair case voltammetry (A), activity at 0.9 V (B) and onset/half-wave

potential (C)
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3.2.5 BET analysis

The BET analysis shows the specific surface area and the micropores
properties of the four samples synthesized at different Zif-8 wt ratio (Figure 3.11
and Table 3.6). The results show that increasing the amount of Zif-8 in each
catalyst does not always lead to an increase in the specific surface area. In fact,
sample Z/F 2.0 has less specific surface area than Z/F 1.5. The same behaviour is
present considering the total micropore surface area and the total micropore
surface volume. This deviation from the linearity of one sample has no significant
valence since the Zif-8 sublimation process that take place during the pyrolysis
involves several variables. In fact, the overall trend shows an increase of the
specific surface area in function of the amount of Zif-8.

Data calculated by the DFT model show a microporous fraction comprised
between 69 and 87% of the total BET specific surface area. Considering these
results, a linear correlation can be observed among activity and the percentage of
micropores.

Isotherms shows hysteresis loops closing at around 0.4 P/Po. This is an
indication of bottlenecks with diameter smaller than a critical size (estimated to be
ca. 5-6 nm for nitrogen at 77 K) and cavitation-controlled evaporation [194,195].
Due to this effect, no quantitative information about the size and size distribution
of necks can be deduced in the case of cavitation, consequently the peak located
around 33 A in the pore volume and surface DFT distributions is an artifact that
corresponds to a cumulative volume and surface of mesopores hindered by
bottlenecks with diameter smaller of the critical size [194,195].

A small difference in volume adsorbed and desorbed is observed in the
isotherms. This difference can be ascribed to material swelling during adsorption
and/or to non-reaching the equilibration time needed during the adsorption branch
due to diffusion limit of nitrogen, especially for highly microporous materials as
in this case.

Table 3.6. Results of nitrogen physisorption analysis

Sample BET specific Micropores % of Micropores
name surface area surface area by microporosity volume by DFT
[m’g™'] DFT [m’g™'] [em®g™]
Z/F 0.5 224.2 155.8 69.5 0.074
Z/F 1.5 521.4 442.4 84.9 0.188
Z/F2.0 494.5 421.4 85.2 0.171
Z/F 2.5 554.9 483.3 87.1 0.193

80




500

IS

o

S
1

—— Zif 8wt2.5
—— Zif 8wt2.0
——Zif 8wt 15
——Zif 8Wt0.5

o
'_
n
‘TO)
[32)
£ 300 - )
: -
= %7-/;"//
5200 - T
> e =
o l‘z"‘/:"':i
£ o
g100 o
<
0 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0
p/PO
3'8:2 —— Zif 8wt25 ] 0.40
. e Z!f_8 wt 2.0 {035
0.050{—Zif_ 8wt15 ]
. 0045] 4L8W0S 4030
0040+ nPore Volume /:/'i___/’_ 0.25
'« 0.035 - . ]
“€ 0.030- 0.20
o
§ 0.025 T 015
< 0.020
© 0.015- 010
0.010
0.05
0.005 -
0.000 ; : - == 0.00
0 5 10 15 20 25 30 35 40 45 50
Pore Width (A)
200 —— Zif 8wt25 600
180 {—+— Zif 8wt2.0
16017 Zif 8wt 1.5 e o
—e—ZIf_8W05 oot (500 5
1404 l s
- 400 =
2120 3
" w
. 100 300 5,
= 80 8
=3 200 »
@ 60+ 8
40 - 100 3
N
«Q
20 0 =
O T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Pore Width (&)

(L_B Swo) awinjo/\ 810d aAleInwngD

Figure 3.11. (A) Nitrogen adsorption/desorption Isotherms; (B) Cumulative total pore volume vs pore size by
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3.2.6 Further considerations on the synthesis: number of pyrolysis
and acid leaching investigation

This work aimed to evaluate the real influence of two pyrolysis steps and the
role of the intermediary acid leaching. With the goal of have a better evaluation of
the results, catalysts with higher activity were used. Z/F 2.0 S/F 1 was synthesized
through two pyrolysis, respectively under N> atmosphere and forming gas (N2/Ha
50%), but without intermediary acid leaching. This catalyst was then compared
with the same synthesized considering the acid leaching in Paragraph 3.2.5.. Z/F
2.5 S/F 1 was further synthesized by keeping it 2 h at the maximum temperature
in a single pyrolysis instead of being subjected to two pyrolysis of 1 h at
maximum temperature. This procedure provides the same amount of energy above
800 °C, but saves time and energy during the warm-up phase of the furnace. The
powder obtained after this process was divided in two samples. The first one was
analyzed after a final acid leaching treatment whilst the second one was directly
analyzed without final acid leaching. This catalyst was then compared with the
same synthesized through two pyrolysis processes described in Paragraph 3.2.5..

Figure 3.12 and Table 3.7 show the results obtained after these two
alternative ways. The sample Z/F 2.5 pyrolyzed twice showed higher activity at
0.9 V compared to the sample Z/F 2.5 pyrolyzed only one time. The acid leaching
does not seem to affect the overall performance. After two heat treatments, sample
Z/F 2.0 untreated with intermediary acid leaching shows an increase of only 0.1 A
gl as activity and 0.01 V in half-wave potential (mean value). In any case the
elimination of the acid leaching steps is beneficial in terms of preserved time and

costs at industrial level.
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Figure 3.12. Influence of the number of pyrolysis steps (A) on the activity and evaluation of the contribution
coming from the acid leaching (B).
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Table 3.7. Summary of the electrochemical experiment result after 1 and 2 pyrolysis steps with/without acid

leaching.
) Activity Half Wave
pl;Z:friZtS:'s Process @09V Onz:,t)pot pot
(Agh V)
Temp 880 °C 2 pyrolysis 1 h+ AL 1.7+0.3 0.93 +0.01 0.83 +<0.01
Z/F2.0 2 pyrolysis 1 h 1.8+0.6 0.94 +0.01 0.84 +0.01
1 pyrolysis 2 h + AL 0.7 £<0.1 0.92 +<0.01 0.82 +<0.01
Temp 880 °C .
Z/F 25 1 pyrolysis 2 h 1.4 +£<0.1 0.93 +<0.01 0.83 +<0.01
2 pyrolysis 1 h + AL 2.1+£04 0.94 £ 0.01 0.84 +£0.01

3.2.7 2" optimization step

The process optimization continued through the study of a series of
parameters concerning the synthesis in autoclave. In this step, the influence of the
sulphur concentration, type of solvent and synthesis temperature (which is related
with the internal vapour pressure) were studied. Figure 3.13 summarized all the
parameters studied in this section.

Fe(lll)-Pc : Zif 8 wt ratio 1:1.5

Fe(lll)-Pc : S molar ratio
1:0/1:1/1:3/1:5/1:10
t=16h
T=133/140/160 °C

Batch reactor with
Fe-Pc + Zif-8 +S

Type of Solvent

Ethanol / n-Hexane

Filtration

Figure 3.13. Optimization of the synthesis in autoclave. Constant parameters in violet, variable parameters in
red.

First sulphur concentration evaluation in ethanol

To further increase the protection of the active centre, an addition of sulphur
to the precursor mixture before the heat treatments was made. The sulphur molar
concentration was varied in base of the mol of Fe(Ill)-Pc present in the precursor
mixture keeping the Zif-8/Fe(Ill)-Pc wt ratio constant at 1.5. Three samples were
prepared: the first without sulphur, the second with the same molar concentration
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of sulphur compared to Fe(IIl)-Pc and the third with a triple molar concentration.
The catalysts are labelled as S/F 0, S/F 1, S/F 3 respectively. Table 3.8 and Figure
3.14 show the electrochemical results. The catalyst with the highest concentration
of sulphur (S/F 3M) has the best performance in terms of activity at 0.9 V. Using a
triple sulphur molar concentration respect to the iron phthalocyanine results in an

increase of activity from 1.1 t0 2.4 A g1,

Table 3.8. Summary of the electrochemical experiment result for different sulfur concentrations.

Synthesis Sample Activity Onset pot Half. wave. pot
parameters name @09_1\] \%) V)
(AgH)
S/F 0 0.1+0.1 0.88+0.01 0.74 £0.01
Dwell time: 1h
Temp: 880 °C S/F 1 1.1+£0.2 0.93£0.01 0.82 £0.02
Z/F 1.5
S/F 3 24+0.0 0.95 £<0.01 0.84 £ 0.01
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Figure 3.14. SSV recorded in Oz-saturated electrolyte in alkaline condition relating catalysts obtained with
different sulphur concentration.

Role of the type of solvent inside the autoclave

Two more experiments were carried out varying the solvent used inside the
autoclave. The first experiment was carried out by placing hexane at 140 °C for
16h. 140 °C was chosen as process temperature since 69 °C is the boiling
temperature (140°C = 2xBoiling temp.). All the synthesis carried out previously in
ethanol where performed at 160 °C since 78.4 °C is the ethanol boiling
temperature. With the aim to equate the two solvents with the same vapour
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pressure inside the autoclave, a second experiment was carried out in ethanol at
133 °C. In fact, working at 133 °C with ethanol provides the same conditions
obtained working at 140 °C with hexane in terms of vapour pressure (622 kPa).
The two catalysts were synthesised varying only the solvent or the autoclave
temperature keeping constant the composition Z/F 1.5 S/F 3. The aim was to
compare the results with the best catalyst described previously Paragraph. Table
3.9 gives a summary of all the physicochemical parameters regarding the oxygen
solubility (at 101325 Pa and 298.15K) and the vapour pressure constants for both
the solvents: ethanol and hexane.

Table 3.9. Summary of physicochemical parameters regarding the oxygen solubility and the vapour pressure
constants for ethanol and hexane.

Solubility
Solvent (Z;Iﬁf:;:, n(l)ozl T A B ¢ p

(MPa) fraction (°C) | (mmHg) | (mmHg) | (mmHg) | (kPa)

[196]
160 | 7.7 13320 | 1992 | 12523

1542 [197 0.57
Ethanol (1971 133 | 77 13320 | 1992 | 6256
Hexane | 51.0 [198] 225 140 | 7.0 12463 | 2330 | 6222

Figure 3.15 (A-B) shows the comparison of the catalysts prepared with
different solvents in terms of stair case voltammetry recorded in O:-saturated
electrolyte in alkaline condition. Specifically, Figure 3.15 A shows the results
obtained heating the different solvents (inside the autoclave) two times their
boiling temperature, while Figure 3.15 B shows the results obtained heating the
solvents at different temperature corresponding to the same vapour pressure as
suggested by the Antoine equation.

Table 3.10 lists all the results and the comparison obtained from the
experiments described above. Synthesizing the sample in ethanol at different
temperatures in the range of 130 - 160 °C does not change the results: activity and
half-wave potential remain the same. The use of hexane instead of ethanol,
significantly increases the activity of the catalyst, from 2.4 to 8.7 A/g and the half-
wave potential from 0.84 to 0.87V. This result is comparable than the best current
results present in literature for this class of catalysts obtained from Strickland et
al.[18].
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Table 3.10. Summary of the experiment result in terms of activity, onset and half-wave potential.

. Activity Onset Half Wave
Synthesis T P . .
parameters Solvent ©0) | «pa) @09V potential potential
(Agh V) V)
Dwell time: 1h Ethanol 160 1252 24+£<0.1 | 0.95+<0.01 | 0.84+0.01
Temp: 880 °C 133 626 24+£0.2 0.95+0.01 0.84 +£0.01
Zif wt ratio: 1.5
. Hexane | 140 622 8.7+£0.4 098+<0.01 | 0.87+0.01
S Molar ratio: 3
1.0 1.0
05] ° Hexane 140 °C 05] © Hexane 140°C
0.0] . Ethanol01 60 °C 001 e Ethanol 133 °C
o971« Pro20% ‘;J sl ¢ PrC20% .‘.J
1.0 s 1.0 s
~ 151 ool ~ 151 o8
§ 201 ) 5 20 2%
E 2.5 .’::: g 251 .::::
= 30 oo = 3.0 Ss
3.5 J 3.5 ﬁ f
4.0 4.0
45 A 45] B
5.0

0.0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 1.1 12
E vs RHE (V)
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Figure 3.15. SSV recorded in Oz-saturated electrolyte in alkaline condition relating catalysts obtained heating
the solvents inside the autoclave two times their boiling temperature (A) heating the solvents at different
temperature corresponding to the same vapour pressure (B).

Under the previously described process condition, operating with hexane at
140 °C or with ethanol at 133 °C provides the same partial pressure, but physical
parameters such as oxygen solubility and polarity are different. In order to
evaluate the surface elemental composition of the catalysts obtained respectively
through synthesis in ethanol or hexane, XPS analysis were made. Figure 3.16 and
Table 3.11 show the results obtained. The chemistry of nitrogen and carbon was
analyzed evaluating the different contributions of chemical groups [199,200]. At
first glance, it seems that treating the raw materials with the same vapour pressure
in the autoclave, produces the same final chemical composition in terms of carbon,
nitrogen and oxygen %. More in detail, Figure 3.16 (A-B) shows Cjs spectra
curves fitted using multiple peaks due to the presence of graphitic carbon (284.4),
carbon coordinated to carbon oxides C*-CxOy (285.3 eV) and a combination of
general carbon oxides O-C=0 (288.5 eV), C-O/C-O-C (286 eV), C=0 (289 eV),
and COOH (289.4 eV). Metal carbides are not present (283 eV). The sample
synthesized in hexane has lower amount of graphitic carbon and higher amount of

CxOy and C*-CxOy.
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Figure 3.16 (C-D) shows Nis spectra curves where pyridinic-N occurs at
~398 eV, pyrrolic or hydrogenated N at 400.9-401.4 eV, N-graphite species at
403.3 eV, and Nx-Fe at 399.0-399.8 eV. The sample synthesized in hexane shows
the highest amount of metal centers (Nx-Fe), typically recognized as active sites
for ORR [74,93]. This behaviour seems to affect the final activity of the catalyst
positively.
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Figure 3.16. XPS spectra of Cis and Nis for sample synthesized in ethanol or hexane at the same vapour
pressure inside the autoclave. The red and the black lines are the raw and the fitted spectra, respectively. A)
XPS spectra of Cis, sample prepared in ethanol. B) XPS spectra of Cis, sample prepared in hexane. C) XPS

spectra of Nis, sample prepared in ethanol, D) XPS spectra of Nis, sample prepared in hexane.
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Table 3.11. Elemental composition of samples synthesized in ethanol and Hexane at the same vapour

pressure (622 KPa)
Solvent Composition of C (Rel %)
C (at%) | Graphitic | C.0, | C*-C.0, | O (at%)
Ethanol 133°C | 90.5 53.70 17.50 | 28.80 6.3
Hexane 140 °C 90.6 44.96 16.40 | 38.65 6.2

Solvent

Composition of N (Rel %)

Pyrrolic or e Grafitic or
0, -
N (at%) hydrogenated H Fyridinic | N-Me cationic species
Ethanol 133 °C 3.2 47.05 45.18 7.77 -
Hexane 140 °C 3.1 43.65 19.87 18.56 17.92

Second sulphur concentration evaluation in Hexane

A second study was performed to evaluate in deep the role of the sulphur
when the synthesis is carried out in hexane. In this case five different molar
sulphur concentration were evaluated (S/F 0, S/F 1, S/F 3, S/F 5, S/F 10) keeping
the Zif-8/Fe(IIl)-Pc wt ratio constant at 1.5. The result showed in Table 3.12 and

in Figure 3.17 demonstrated that also in this experiment the catalyst with molar

sulphur concentration three times higher than the concentration of the

phthalocyanine (S/F 3 ) has the best performance with 8.7 A g! in terms of

activity at 0.9 V and 0.87 as half-wave potential.

Table 3.12. Summary of the electrochemical experiment result for different sulphur concentrations.

Synthesis parameters Sample g(t)l;lg Onset pot | Half. Wave. pot
name (Ag) V) V)
S/FO |10.7£0.1 | 0.92+<0.01 0.80+0.01
Dwell time: 1h S/F1 |22+0.2]0.92+<0.01 0.84 +0.01
Temp: 880 °C S/F3 |8.7+04 | 0.98+<0.01 0.87 +0.01
Z/F wt ratio: 1.5 S/F 5 2+1 0.94+0.01 0.82+0.02
S/F10 | 1.1£0.2 | 0.93+0.01 0.82 £0.01
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Figure 3.17. SSV recorded in Oz-saturated electrolyte in alkaline condition relating catalysts obtained with
different sulphur concentration (A) and Electrochemical parameters as a function of sulphur concentration

B).

Figure 3.18 and Table 3.13 show the XPS analysis relative to the catalyst
prepared in presence and in absence of sulphur. The chemistry of nitrogen and
carbon was analyzed evaluating the different contributions of chemical groups
[A,B]. Figure 3.18 (A-B) shows Cjs spectra curve fitted using multiple peaks due
to graphitic carbon (284.4 eV), carbon coordinated to carbon oxides C*-CxOy
(285.3 eV), and a combination of general carbon oxides O-C=0 (288.5 eV), C-
0/C-0-C (286 V), C=0 (289 eV) and COOH (289.4 eV). The catalyst not treated
with sulphur shows a well-defined peak in the reference zone of the metal
carbides (283 eV), confirming the results reported in literature [138]. In fact, the
presence of Sulphur produces iron monosulphide (FeS) instead of iron carbide
(FexC) during the heat treatment [C]. Additionally, FeS can be removed during
the acid leaching step.

Figure 3.18 (C-D) shows Nis spectra curves where pyridinic-N occurs at
~398 eV, pyrrolic or hydrogenated N at 400.9-401.4 eV, N-graphite species at
403.3 eV, and Nx-Fe at 399.0-399.8 eV. The sample synthesized in presence of
sulfur shows the highest amount of metal centers (Nx-Fe). The absence of FexC
slows the graphitization of the pyrolysis products and as a result, the catalytic
active centres are preserved [138].
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Figure 3.18. XPS spectra of Cis and Nis for sample synthesized in hexane in the presence or absence of sulfur.
The red and the black lines are the raw and the fitted spectra, respectively. A) XPS spectra of Cis, Sample
without sulphur. B) XPS spectra of Cis, sample in presence of sulphur. C) XPS spectra of Nis, Sample without
sulphur. D) XPS spectra of Cis, sample in presence of sulphur.
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Table 3.13. Elemental composition of samples synthesized in Hexane at 140 °C with different sulfur
concentrations

S/F Composition of C (Rel %)
C (at%) | Graphitic | C.0, | C*-C.0, | FexC | O (at%)
0 79.8 35.98 14.22 - 49.79 19.2
3 90.6 44.96 16.40 | 38.64 - 6.2
S/F Composition of N (Rel %)
N Pyrrolic or e Grafitic or cationic
(at%) hydrogenated H Fyridinic | N-Me species
0 1.0 45.72 24.17 15.28 14.83
3 3.1 43.65 19.87 18.56 17.92

3.2.8 Further considerations on the synthesis: use of the ball
milling as alternative to the hydrothermal synthesis

The Zif-8 based catalyst was also synthesized by replacing the hydrothermal
process with a mechanochemical synthesis, through the use of the ball milling
technique (jar volume 25 ml, 3 balls 10 mm of diameter, frequency 20 Hz, time 15
min). This experiment had the goal to eliminate the solvents used in the autoclave,
to obtain a catalyst with a comparable, or better performance (Z/F 1.5 — S/F 3).
Figure 3.19 and Table 3.14 show the results in terms of ORR curve and
electrochemical activity. Figure 3.19 shows the difference between the ORR
polarization curve of the catalyst obtained after the ball milling operation with and
without the two heat treatments with intermediary acid leaching. Table 3.14
shows only ORR parameters of the pyrolyzed catalyst because the polarization
curve of the catalyst without heat treatment is not well defined and shows low
activity. For this class of materials, the results confirm that heat treatments
increase the performances by affecting the nature of the catalyst through the active
site formation, the activation of existing sites, and the carbon graphitization, as
also demonstrated in the literature [83,201].
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Figure 3.19. SSV recorded in Oz-saturated electrolyte in alkaline condition comparing catalysts obtained
through ball milling with and without heat treatment. Pt/C catalyst performance added for comparison.

Table 3.14. Summary of the electrochemical experiment of the Zif8-FePc catalyst obtained through ball mill
process after two heat treatment.

Catalyst Activity 0.9 V (A g | Onset pot (V) | H. W. pot (V)
Z/F15-S/F3 1.5+£0.6 0.95+<0.01 | 0.85+<0.01

Although this type of process is cheaper, the catalyst show lower performance
respect to the same produced by hydrothermal synthesis. The order of magnitude
is the same but the half-wave potential is 20 mV lower respect the previously best
catalyst (Z/F 1.5 — S/F 3 autoclave + 2 heat treatment — Table 3.12). In any case,
these catalysts are not able to reach the performance of the reference Pt/C catalyst.

3.2.9 Fe(III)-Pc with Basolite Z 1200 catalyst conclusions

At the end of the synthesis optimization, the best catalyst has proven to be the
one synthesized in hexane with a sulfur concentration three times higher respect
the molar concentration of iron phthalocyanine and Zif-8/Fe-Pc weight ratio equal
to 1.5. The maximum temperature reached during the pyrolysis step was 880 °C
and the dwell time at high temperatures between 800 and 880 °C was 1 h. For this
class of materials, the number of pyrolysis seems to affect the performance more
than the acid leaching. Moreover, the hydrothermal synthesis proved to be more
effective in producing active catalysts respect to the mechanochemical ball
milling method. The final catalyst, obtained with the combination of the best
parameters and two heat treatments, was then named “Z/F 2HT” catalyst and was
studied more in detailed in terms of kinetics, durability, and physical-chemical
properties in Chapter 4.
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3.3 2" Catalyst: Fe(II)-Pc with Vulcan Carbon XC 72

3.3.1 Introduction to the catalyst synthesis

In the first part of this work, Iron(II) phthalocyanine C3oHi¢FeNg (Fe(I)-Pc)
was mixed with Vulcan XC 72 (Vulcan) as conductive carbonaceous support [22].
The synthesis consists of only a single mechanical mixing as described by S.
Zhang et al [133] with the modification of the type of Vulcan and the evaluation
of the best weight ratio. The first weight ratio between Vulcan and the Fe(II)-Pc
was set at 1.5, taken as a reference value from the optimal catalyst synthesised
previously. 450 mg of Vulcan were added to 300 mg of Fe(I)Pc and the mixture
was transferred in a stainless steel jar (volume 25 ml) with 3 stainless steel balls
(diameter 10 mm). Figure 3.20 shows the chemical process scheme. The jar was
placed in a ball mill with translational movement (Figure 3.21) and subjected at a
frequency of 20 Hz for 15 min. Although the combination of phthalocyanines with
Vulcan is well known [203], the application of this mechanochemical process to
this mixture is quite recently. Since the evaluation of the right Vulcan/Fe(II)-Pc
weight ratio was not carried out and is not still present in literature [133,134], a
series of different ratio were studied to understand which was the best
combination in terms of RDE-ORR performances. The goal of this process was to
evaluate and demonstrate the performance of the catalyst only with the use of a
ball mill and without expensive thermal treatments.

20 Hz
15 min
3 Balls — Diameter 10 mm
Volume Jar 25 mi

Fe(ll)-Pc

Final
Catalyst

Vulcan xc 72

Ball Milling

Figure 3.20. Scheme of the synthesis process - 1% step.

Afterward, the catalyst obtained from the first step, have been subjected to
three different synthesis processes. These experiments aimed to evaluate if
specific heat treatments positively or negatively affect the final activity and
durability of the Vulcan/Fe(Il)-Pc based catalysts in alkaline conditions. In the
first process variation, the Vulcan was pyrolyzed before the ball milling process.
This preliminary heat treatment aimed to increase the conductivity of the support
improving the graphitization of the carbonaceous matrix.
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Figure 3.21. A) Stainless steel jar with balls. B) Translational ball mill.

In the second process variation, the catalyst obtained from the ball milling
process was heat-treated at 400 °C for 2 h under nitrogen and hydrogen
atmosphere flow. The purpose of this treatment was to carry out a sort of
annealing at low temperature under hydrogen reductive atmosphere.

The last process is the most complicated. The two starting reagents are first
ball milled together, then pyrolyzed, acid leached, pyrolyzed a second time, and
the resulting powder ball milled again. In contrast to the previous synthesis, this
experiment would like to see if for this mixture combination, an heat treatments
between 600 and 1000 °C under inert atmosphere have good benefits in ORR
activity and stability as describe in literature [100]. At these high temperatures the
Vulcan is subjected at two different graphitization process [204,205]. The acid
leaching was carried out to remove the iron oxide not incorporated in the catalyst
matrix. These particles are formed during the exposure to the air after being taken
out from the inert atmosphere present in the pyrolysis furnace [138,188]. Figure
3.22 shows the summary of the 3 steps previously described. To facilitate the
interpretation of the results, the Vulcan / Fe(Il)-Pc weight ratios was labelled as
V/F.
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Step 1: study of the 1

treatment
(" () + 3&@
Vulcan/FePc wt ratio 1st process variation
V/F:1-15-2-3-5-7-10 Pyrolyzed vulcan + V/F BM
Final Results: V/F 5 —_—
Activity@0.9V: 35 mAg™ Activity@0.9V: 22 mAg™
Half Wave Pot: 0.91V Half Wave Pot: 0.90 V

l

2nd process variation

V/F BM + HT in Hy/N,

Activity@0.9V: 3.6 mAg™
Half Wave Pot: 0.87 V

l

3rd process variation

V/F BM + 2HT + intermediary AL

Activity@0.9V: - mAg™
Half Wave Pot: 0.76 V

Legend
Vulcan xc 72/Fe-phthalocyanine weight ratio = V/F

Figure 3.22. Summary of the chemical process steps relative to the second synthesis

3.3.2 1*' process: Vulcan/Fe(IT)-Pc wt ratio (V/F) optimization

The ratios V/F 1.0, V/F 2.0, V/F 3.0, V/F 5.0, V/F 7.0 and V/F 10 were
synthesised in addition to the first reference ratio of V/F 1.5 to evaluate V/F
combination. Figure 3.23 — 3.24 and Table 3.15 show the electrochemical results,
which prove that the quality of the catalyst increases until the V/F ratio reach the
value of 5. With V/F =5, the catalyst shows an half-wave potential of 0.91 V and
35 A g! as activity at 0.90 V, which is better of the Pt/C reference (0.91 V and
23.6 A g'!, respectively). Instead, in term of onset potential, the Pt/C reference is
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slightly better, with a value of 1.01 V compared to 0.96 V of the non noble
catalyst.
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Figure 3.23: SSV recorded in Oz-saturated electrolyte in alkaline condition related to V/F catalysts obtained
through ball milling. The black and red solid line indicate respectively the Pt/C 20% and the V/F 5.
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Figure 3.24: Activity at 0.9V of V/F catalysts obtained through ball milling with different weight ratios.
Measurements repeated three times.
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Table 3.15. Summary of the electrochemical results of V/F catalysts prepared by ball milling.

Sample name | Activity 0.9 V (A g!) | Onset pot (V) | H. W. pot (V)
V/F 1.0 6.3%0.6 0.94+<0.01 | 0.88+<0.01
V/F 1.5 21+ 1 0.96 £ <0.01 0.89 £0.01
V/F2.0 23+4 0.96 £ 0.01 0.90 £ <0.01
V/F 3.0 27+£6 0.96 £ 0.01 0.90 £ 0.01
V/F 5.0 35+4 0.96 £ <0.01 0.91 £0.01
V/F7.0 34+4 0.96 £<0.01 | 091 £<0.01
V/F 10.0 19+£3 0.96 £ <0.01 0.90 £ 0.01

Pt/C 20% 23.6+£0.2 1.01 £<0.01 0.91 £0.01

3.3.3 Application of different thermal treatment: fundamental.

The catalyst with the best wt ratio obtained from the previous analysis (V/F =
5) was used for all these type of experiments. The electrochemistry activity was
analyzed through the evaluation of the kinetic current, the mass activity, the onset
potential and the half-wave potential. The analysis was performed on all the
catalysts except for those with bad performances or with a diffusion limit current
not well defined due to low performance in this region. In this case, the
calculation of the kinetic current and the activity was omitted and only the
evaluation of the half-wave potential was considered.

2" Process — Vulcan/FePc¢ wt ratio 5:1 synthesized through ball
milling after Vulcan Pyrolysis

The second process adds a pyrolysis step before the ball milling. The
pyrolysis step was conducted only to the Vulcan XC 72, at 850 °C for 1 h under
nitrogen atmosphere flow (N2 flux: 50 ml/min). The heating rate was set at
10 °C/min. The Fe(II)-PC was added in the following ball milling step. Figure
3.25 shows the process scheme. Figure 3.26 and Table 3.16 Showed the results.
The performance are quite lower respect to the not thermally treated catalyst, with
22 A g'! as mass activity and 0.90 V as half-wave potential. Since the results are
not satisfactory and the process is more expensive compared to the previous one,
this procedure was not considered anymore.
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Vulcan xc 72

Fe(ll)-Pc

Final
Catalyst

Pyrolysis in tubular quartz
Ball Milling

20 Hz

850 °C 1h
10°C/min
100 mi/min

15 min
3 Balls — Diameter 10 mm
Volume Jar 25 ml

Figure 3.25. Scheme of the synthesis process — 2" step

Table 3.16. Summary of the experiment result in terms of activity, onset and half-wave potential.

Activity 0.9 V (A/g)

OnSet pot (V) | HW pot (V) | Ix (mA/cm?)
0.96 £0.01 0.90 £0.01 9+4 22+ 11
1.0 1
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Figure 3.26. SCV recorded in Oz-saturated electrolyte in 0.1 M KOH alkaline solution. Measurements

repeated three times.

3" Process — Vulcan/FePc¢ wt ratio 5:1 synthesized through ball mill

followed by Annealing

in N2/Hz

In the third process, the two starting reagents, Vulcan and FePc, were first
mixed with a ball milling step, then heat-treated at 400 °C for 2 h under nitrogen

and hydrogen atmosphere flow (N2 flux: 75 ml min~!, H> flux: 25 ml min!). The
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heating rate was set at 10 °C min~!. Figure 3.27 shows the process scheme. The
relative low temperature of 400 °C is to preserve the phthalocyanine from the total
thermal degradation [206]. The presence of hydrogen during the thermal process
is useful to reduce the amount of the inorganic metal particles which partly
decrease the final activity of the catalyst [189]. Figure 3.28 and Table 3.17 show
the results obtained. The catalyst produced in this way has a low activity,
especially if compared to the catalysts produced with the other processes. In fact,
the mass activity was almost 4 A g”! and half-wave potential 0.87 V.

20 Hz
15 min
3 Balls — Diameter 10 mm
Volume Jar 25 ml

Fe(ll)-Pc

Final
Catalyst

Vulcan xc 72 Annealing in tubular quartz

Ball Milling

400 °C 2h
10°C/min
N,/H, (75+25) ml/min

Figure 3.27. Scheme of the synthesis process — 3™ step.

Table 3.17. Summary of the experiment result in terms of activity, onset and half-wave potential.

OnSet pot (V) | HW pot (V) | Ik (mA/cm?) | Activity 0.9 V (A/g)
0.93£<0.01 | 0.87+0.01 1.4£0.2 3.6£0.6
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Figure 3.28. SCV recorded in Oz-saturated electrolyte in 0.1M KOH alkaline solution. Measurements
repeated three times.
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4™ Process — Vulcan/FePc wt ratio 5:1 synthesized through ball
mill with 2 heat treatment and intermediary acid leaching

The last process scheme is summarized in Figure 3.29. In detail, the heat
treatments were carried out at 900 °C for 1.5h with a heating rate set at 10 °C
min~!. The inert inner atmosphere was kept under nitrogen flow (N2 flux: 100 ml
min!). The intermediary acid leaching was performed with HCI 6 M. The first
ball milling helped maximizing the mixing of the raw materials, while the second
ball milling homogenised the resulting catalyst. A second catalyst was also
synthesised according to this procedure, by adding urea to the resulting powder
after the acid leaching, before the second heat treatment. Urea was added to
powder by ball milling, with a catalyst/urea weight ratio of 2:1. The aim was to
increase the local nitrogen amount during the second pyrolysis for preserving, or
even increasing the FeN active centres. It is known from the literature, in fact, that
urea decomposition at 140-240 °C releases CO and NH3, the latter favouring Fe-N
bonding [207].

Figure 3.30 and Table 3.18 show the results obtained. For both catalysts, with
and without urea, the diffusion limit current was not well defined and, as a
consequence, it was not possible to calculate the specific mass activity. The half-
wave potential values were very similar, 0.74-0.76 V.

Although the literature is reporting that more than one pyrolysis step should
affect the performance of non noble metal catalysts [27] positively, in this case the
resulting catalyst from the balling of Vulcan/Fe(Il)-Pc pyrolyzed twice had the
worse ORR catalytic activity compared to the other V/F-based catalysts produced
according the other processes. The addition of urea did not provide any effect.

Final
Catalyst

Vulcan xc 72
Fe(ll)-Pc

Acid Leacing Dryingin N, Pyrolysis in tubular quartz
Ball Milling Ball Milling

20 Hz 900°C1.5h HCI6M 900 °C 1.5h 20 Hz

. A 10°C/min "
15 min 10°C/min 4Days . 15 min
3 Balls — Diameter 10 mm 100 ml/min 3 Balls — Diameter 10 mm
Volume Jar 25 ml Volume Jar 25 ml

Figure 3.29. Scheme of the synthesis process — 4™ step.
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Figure 3.30. SCV recorded in Oz-saturated electrolyte in 0.1M KOH alkaline solution. Measurements

repeated three times.

Table 3.18. Summary of the experiment result in terms of onset and half wave potential.

OnSet pot (V) | HW pot (V)
Without Urea 0.86 +0.01 0.76 £ 0.01
With Urea 0.86+£<0.01 | 0.74 +0.01

To understand more in depth this complex process, the onset potential, half-
wave potential and average mass activity in the current diffusion limit region,
were calculated after each single step of the 4™ process, and compared with the
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values of the reference Pt/C. Figure 3.31 and Table 3.19 show the results
obtained.

With the 1% ball milling, the activity is very high, 35 A g and 0.91 V, better
than Pt/C (23.5 A/gand 0.91 V also considering the carbon present in the catalyst
loading). The 1% heat treatment have drastically reduced the ORR activity (2 A g!
and 0.85 V), sign that the ORR active sites are in some way destroyed by the high
temperature. Similar behaviours have been found in the literature for these types
of catalysts [133,208]. The acid leaching step further decreases the ORR activity
(0.7 A g! and 0.83 V). The 2™ heat treatment kills the ORR activity (0.2 A g”' and
0.77 V), as a further confirmation that, in this case, the temperature does not play
a positive role.
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Figure 3.31. Comparison of the mass activity at 0.9V and half-wave potential after the different process steps.

Table 3.19. Summary of the experiment result in terms of activity, onset and half-wave potential.

Process step OnSet pot (V) | HW pot (V) (m AI lc(m_z) Actl(\[:tg_?)ﬁ v
Ball mill 0.96 £<0.01 | 0.91+£0.01 14+2 35+4
1st pyrolysis 0.93 £0.01 0.85+0.01 0.8+04 2+1
After acid leaching | 0.92 £ 0.01 0.83 £0.01 0.3+£0.1 0.7+0.4
2nd pyrolysis 0.89 £0.01 0.77+£0.01 | 0.08+£0.02 | 0.19+£0.05
Pt/C 20% 1.01 £<0.01 | 0.91 +£0.01 9.4+0.2 23.5+0.3
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3.3.4 Fe(Il)-PC with Vulcan Carbon XC 72 catalyst conclusions

From the analysis of four different processes used to synthesise V/F-based
catalysts, Figure 3.32 clearly highlights that the ball milling step is sufficient for
producing a very active catalyst. Adding further synthesis steps, such as heat
treatments or acid leaching, negatively affect the ORR activity of the catalysts.
Notably, during the mechanochemical synthesis the kinetic energy generated by
the impact of the balls with the reagents not only favours the mixing, but also
generates a local increase of the temperature, which could be sufficient to favour
Fe-N-C binding, and the consequent formation of FeN active sites [110,209,210].
Thus, the best catalyst emerged from this series of investigations, V/F BM, was
further investigated in terms of kinetics, durability, and physical-chemical

properties in Chapter 4.
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Figure 3.32. Final comparison of the 4 processes studied with the Vulcan/FePc catalysts.
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Chapter 4

Electrochemical and chemical-
physical characterization

4.1 Introduction

Different electrochemical chemical and surface analysis were carried out to
investigate the properties and the difference between the two best catalysts
obtained after their synthesis processes. Specifically, the two catalysts were
analysed in terms of stair case voltammetry, cyclic voltammetry, Tafel analysis,
short load cycle durability test, Koutecky Levich analysis, and H2O2 production as
electrochemical evaluation, and BET, SEM, XPS, and %Fe with ICP analysis as
physical chemical analysis. The BET and XPS analysis related to the Z/F 2HT
catalyst are reported into Chapter 3.2, since their results were fundamental for the
choice of the synthesis optimization. The V/F BM was also evaluated in terms of
ethanol tolerance, because this catalyst was the only enough active to justify an
experiment in Direct Ethanol Fuel Cell (DEFC). This analysis was fundamental
for the understanding of the results obtained in DEFC, to evaluate the activity
drop due to fuel cross over.

4.2 Electrochemical characterization of the Pt/C 20%
used as a reference for Oxygen Reduction Reaction (ORR)

For this type of study, Platinum nominally 20% on carbon black (Pt/C 20%
Alfa Aesar) was chosen as a reference. All the electrochemical analyses were
carried out using the same methodology used for all the Non-Noble Metal catalyst
(previously reported in Chapter 2.2), with the implementation of some
modifications. The cyclic voltammetries were recorded between 0.1 V and 1.2 V
vs RHE. The starting point was set at 0.1 V to avoid hydrogen evolution at lower
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potential [211]. These experiments were performed in order to determine the Pt
electrochemical surface area (ECSApica) in 0.1 M KOH alkaline solution [212]. A
platinum counter was used in the electrochemical cell instead of gold wire counter
[193]. The experiments were repeated thrice for assuring a good repeatability.

4.2.1 Stair case voltammetry and Tafel analysis on Pt/C 20%
catalyst

Figures 4.1 show the Pt/C reference SCV followed by its Tafel plot obtained
in alkaline condition (KOH 0.1 M). Generally, Pt/C based catalysts exhibit two-
step Tafel slope: about 60 mV dec™! at lower overpotential and 120 mV dec™' at
higher overpotential [136]. The value of the slope may vary slightly, depending on
the crystal Pt facet, uncompensated resistance correction, the purity of the
electrolyte, and the chosen boundaries for linear fitting of the curve. Perchloric
acid and alkaline solution are non-adsorbing electrolyte because they do not
inhibit the adsorption of the intermediate. As reported in the literature, there are
several measures of Tafel slope in the 50-80 mV dec! range at lower
overpotential and 100-130 mV dec ! range at higher overpotential [166]. In the
presence of O, the Pt electrode surface changes according to the potential. Thus,
at potential higher than 0.8 V, the electrode surface is a mixture of Pt and PtO,
while at lower potentials, the Pt surface is pure Pt [159]. The two different values
obtained from the Tafel analysis are associated with the two types of surface area
described above and indicate a change in the reaction mechanism. Tafel slope of
120 mV dec ! at higher overpotential indicates that the first electron transfer is the
rate-determining step while Tafel slope of 60 mV dec! indicates a limitation of
the rate reaction due to the desorption/absorption of the species involves in the
reactions (See Chapter 1.5 for more details in the ORR mechanism).
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Figure 4.1. SCV recorded in Oz-saturated electrolyte in alkaline condition (A) and respectively Tafel plot (B)
obtained from a reference sample of Pt-C 20% Alfa Aesar.

Figure 4.2 shows the Pt/C CV recorded with a sweep rate of 10 mV s in N»-
saturated electrolyte in alkaline conditions. The ECSA in m? gp; ' was determined
integrating the hydrogen desorption charge in the positive-going potential scan
(from 0.15 to 0.4 V vs RHE) [212] and calculating the value through the
Equation 4.1:

QH—adsorption(C) 5
= = =10
390 uC cmpiLpe(mgprem=2)Ag(cm?)

Equation 4.1

ECSAPtCat (ngpt_l) = [

The charge of full coverage for clean polycrystalline Pt is QH = 390 uC ¢cm
instead of 210 uC cm 2 since the measure was carried out in alkaline media rather
than acidic media [213]. This value is used as the conversion factor [193]. Ly is
the working electrode Pt loading (0.08 mgp: cm2) and Ay is the surface area of the
glassy carbon electrode (0.1256 cm?).
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109 —  Pt-C 20% in 0.1M KOH
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Figure 4.2. CV recorded at 10 mV/s in N»-saturated electrolyte in alkaline conditions.

Table 4.1 summarizes the electrochemical parameters obtained from the
electrochemical analysis. All the analyses show small standard deviations.
Considering that the experiments have been repeated on different days and
different samples, it can be affirmed that the results obtained on the Pt/C reference
are constant and repeatable in this laboratory. The half-wave potential and the
activity are slightly higher respect to some examples present in literature (catalyst
loading 0.1 mg cm? instead of 0.4 mg cm2) [114,126,133], whereas the ECSA is
slightly lower compared to similar analysis made in KOH 1 M (36.1 m? gpi'!)
instead of KOH 0.1 M (27.2 m? gp; ') [212]. In any case, the values remain in the
typical range of this catalyst. The Tafel behavior is the same as reported in
electrochemical books and literature [166].
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Table 4.1. Summary of the experiment result in terms of activity, onset and half-wave potential and ECSA
for the Pt-based catalysts used as reference in KOH 0.1M. The activity was calculated considering both the
total amount of catalyst (first value) and only the Pt loading (second value).

Electrochemical Parameter Value
Onset potential (V) 1.01 £<0.01
Half wave potential (V) 0.91 £0.01
Ik catalyst (mA cm™) 9.4+0.2
Activity Catalyst at 0.9 V (A g™) 23.5+0.3
Activity Ptat 0.9 V (A g™ 118 +2
ECSA (m? gp ) 27.2+0.4
Tafel slope 1 (mV dec™) 58 +2
Tafel slope 2 (mV dec™) 122+8
Il (mA cm™) (2.4 +0.9) E-05
)2 (mA cm™) (2.1+0.7) E-02

4.2.2 Durability test under O: stress condition in alkaline
condition

Figures 4.3 — 4.4 shows the SCV and the activity loss of the Pt/C obtained
after the durability tests under O»-saturated solution, subjected to stress conditions
through a series of repeated CV with a sweep rate of 500 mV s! and holding time
of 3 s at the potential values of 0.6 and 1.0 V vs RHE (6 s the average cycle period:
inset of Figure 4.4). Table 4.2 summarizes the main electrochemical parameters
achieved from the durability experiments described above. The results show a
reduction of the catalyst performance. After 2000 cycles, the half-wave potential
has shifted by 30 mV and the activity evaluated at 0.9 V showed a loss of about
65%. This behavior is in accordance with the literature; other studies has
demonstrated huge instability of Pt/C catalyst in alkaline medium through the
study of the ECSA loss after several CV cycles [211].
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Figure 4.3. SSV of Pt/C recorded in Oz-saturated electrolyte in alkaline condition after different cycles under
Oz stress conditions acquired at 500 mV/s from 0.6 to 1.0 V vs RHE, 6 s each cycle.

25+
° Cycles in Oy
00 06-1.0V
Ea ] 3+3 seconds
< 45] -1
N 15 1 o\ 500 mVs
fe)) ®
S 101 0\
= 1 hd
s ]
5
O ] T T T T T T T T
0 500 1000 1500 2000
Cycles
w 3s 1.0V Open circuit potential
% During idle/stop operation
>

0.6V )
——
5o 3s Maximum load
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Table 4.2. Summary of the experiment result in terms of activity, onset and half-wave potential and exchange
current density for the Pt-based catalyst after different CV cycles.

Cycles | Onset pot (V) | Half Wave pot (V) | Ik (mA cm™) | Activity 0.9V (A g™)
0 1.01 0.90 9.34 23.4
250 1.00 0.89 6.06 15.1
500 1.00 0.89 5.30 13.2
1000 0.99 0.88 4.13 10.3
2000 0.98 0.87 3.29 8.23

4.3 1% Catalyst: Z/F 2HT

4.3.1 Stair case voltammetry (SCV) and Tafel analysis

Figure 4.5 — 4.6 show the SCV and the Tafel plots of the corrected kinetic
current density in alkaline conditions (KOH 0.1M) for the catalyst Z/F 2HT. Table
4.3 summarizes all the electrochemical results. The first Tafel slope at lower
overpotential, was calculated starting from a potential lower than the onset
potential (0.98 V vs RHE) because it should be calculated considering a faradic
kinetic current. As previously described, the onset potential is the potential at
which a current density of 0.1 mA cm is measured in the polarization curve [214]
and after this value, the ORR faradic current start to be predominant. The second
Tafel slope, at higher overpotential, was calculated starting from the point of

variation of the first slope until the beginning of the diffusional control region
(0.75-0.70 V).

Table 4.3. Summary of the experiment result in terms of activity, onset and half-wave potential Tafel slope
and exchange current density

OnSet pot (V) 0.98 +<0.01
HW pot (V) 0.87 £< 0.01
Ix (mA cm™) 3.5+2
Activity 0.9V (Ag) 87+04
Tafel slope 1 (mV dec™) 53+ 1
Iol (mA cm?) (1.9 + 0.3) E-06
Tafel slope 2 (mV dec™) 100 £ 25

As evident from the results reported in Table 4.3, the catalyst shows
repeatable results in terms of electrochemical results, activity at 0.9 V, and the first
Tafel slope. Only the second Tafel slope is not constant and this can be associated
with a not constant transition between the kinetic «» diffusion current control
regions. From the first Tafel plot, it was possible determine the values of the
exchange current io1. These values, with lower order of magnitude respect to the
Pt/C reference (E-06 instead of E-05 mA c¢cm2) are in any case questionable since
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the Tafel equation arise from Butler-Volmer equation, as preannounced in the
introductory chapter. The Buttler-Volmer equation is valid only if a series of
limitations are respected and cannot be applied to any reversible electrochemical
reaction, especially in the case of ORR. If it is imposed as a condition, the
equivalence between the ORR mechanism of Z/F 2HT and the mechanism
described in Chapter 1.5, it could be argued that the experimental Tafel slope 1 of
53 mV dec™! indicates that the migration of a proton from a water molecule to the
superoxide group (OO-) has become the rate-limiting step of the reaction. This
result is almost the same showed in the previous paragraph relating to the Pt/C
benchmark. Since the real ORR mechanism of the synthetized catalyst is not
known, it is not possible to confirm with certainty. The change of gradient in Tafel
slope at higher overpotential (100 mV dec!) denotes a modification in the

reaction mechanism [159].
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Figure 4.5. SCV recorded in Oz-saturated electrolyte in alkaline condition.
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Figure 4.6. Tafel plot obtained from Figure 4.5.

4.3.2 Cyclic voltammetry (CV)

Figure 4.7 shows the CV recorded in Nj-saturated KOH 0.1 M alkaline
electrolyte at 10 mV s!. The CV shows the typical capacitive current shape that
arises from the presence of many oxidized functional groups on its surface. These
groups, indicated as CxOy and C*-CyOy, are visible from the XPS analysis
described in Chapter 3.2. The presence of oxygenated groups increases the
specific pseudo-capacitance of carbonaceous and heteroatom-doped carbon
materials. In fact, the total capacitive current is caused both by the electrostatic
charge and the fast faradic charge transfer reactions that occur at the double layer
[156]. Table 4.4 summarizes the specific and mass capacitances. Since the results
are not competitive for supercapacitor applications [215], and the increment of the
capacitive current is not the aim of this work, further studies in other common
electrolytes have not been made.
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Figure 4.7. CV recorded in Nz-saturated electrolyte in alkaline condition at 10 mV s7'.

Table 4.4. Summary of the experiment result in terms of specific capacitance and mass specific capacitance
determined from CV recorded in N2-saturated electrolyte in 0.1 M KOH. Area of the electrode: 0.1256 cm?,
catalyst loading: 400 ug cm™2.

Voltage Scan Specific Mass specific
Electrolyte range rate capacitance capacitance
) mVs! (mF cm ?) Fgh
0.1 M
KOH 00-1.2 10 38+3 95+8

4.3.3 Load cycle durability test

The stability of the catalyst was evaluated with a “slightly modified”
durability test proposed during the FC Commercialization Conference held in
Japan (2011) [184], and described in detail previously in Chapter 2.2. Table 4.5
and Figure 4.8 show the results obtained. After 2000 cycles, the half-wave
potential has slightly decreased with a shift of 10 mV. The activity evaluated at 0.9
V has showed a reduction of about 25%. This loss is lower compared to the Pt/C
used as a reference (loss of about 65%, see Paragraph 4.2.2), but the overall
activity of this Fe-N-C catalyst remains below to the required standards.
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Table 4.5. Variation of electrochemical parameters at different durability cycles.

Cycles 0 | 250 | 500 | 1000 | 2000

Half wave potential (V) | 0.87 | 0.86 | 0.86 | 0.86 | 0.86
Onset Potential (V) 0.97 10.97 1097 | 0.96 | 0.96
Ix (mA ¢cm™) 34 [ 31 29| 27 | 25
Activity at 0.9 V(Ag") | 84 | 7.8 | 72 | 6.7 | 6.2

1.0
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0.04 « 500 cycles HWP =0.86 V o
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Figure 4.8. SSV recorded in Oz-saturated electrolyte in alkaline condition after different cycles under O2
stress conditions acquired at 500 mV/s from 0.6 to 1.0 V vs RHE, 6 s each cycle.

4.3.4 Koutecky Levich analysis

To evaluate the overall theoretical number of the electrons transferred in the
reaction, a Koutecky Levich (K-L) analysis was performed. Figure 4.9 shows the
different SCV curves obtained respectively at 300, 500, 700, 900 rpm, and the
corresponding Koutecky-Levich plots calculated at 0.2, 0.3, 0.4 and 0.5 V. The
experiments were not carried out at electrode rotation rate higher than 900 rpm
due to laboratory limitation with the aim to preserve the deterioration of the
internal RRDE graphite brush. In any case, the rotation rate affect only the limit
current ip values and the range comprised between 300 rpm and 900 rpm is
enough to perform the koutecky levich analysis. The half-wave potential and the
onset potential are not affected from the rotation rate variation. Table 4.6 lists the
number of electrons determined from the slopes of the Koutecky-Levich plots.
The parallel plots showed in Figure 4.9 — B indicate a first-order kinetics
concerning oxygen [216].
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Figure 4.9. SCV curves at different rotation speed recorded using a step size of 10 mV at the time period of
10 s step™! in Oz-saturated KOH 0.1 M solution (A). Corresponding Koutecky-Levich plots at different
potentials (B).

Table 4.6. Overall number of electrons involved in the ORR for the Z/F 2HT catalyst.

VvsRHE | ne
0.2 4.0
0.3 39
0.4 39
0.5 39

The number of electrons determined through the Equation 1.22 (Chapter 1.5)
at different potentials (0.2 V — 0.5 V) exhibits values very close to the theoretical
value of 4 electrons, suggesting the expected reaction pathway with low formation
of H>0O:. Since the analysis is only a theoretical approach, it is appropriate to
confirm the results through the H>O: evaluation via RRDE experiment.

4.3.5 Hydrogen peroxide analysis

A RRDE analysis was performed to evaluate the hydrogen peroxide
generation. The experiment and the calculations were carried out as described
previously in Chapter 1.5.1. Figure 4.10 shows the H>O> molar concentration
and the ORR pathway through the real overall number of electrons involved in the
reaction during the cathodic potential scan from 1.00 to 0.05 V. Table 4.7
summarizes all the numerical results obtained in RRDE.
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Figure 4.10. A) H202 molar percent generation in function of the disk electrode potential measured at 900
rpm in Oz saturated 0.1M KOH solution. B) N° of electrons involved in the ORR in function of the disk
electrode potential.

Table 4.7. H20: molar percent and N° of electrons involved in the ORR at 0.1, 0.5, and 0.9 V.

Sample Potential % H20, N° electrons

0.1 12.4 3.75
Sample 1 0.5 4.45 3.91

0.9 0.00 4.00

0.1 10.7 3.78
Sample 2 0.5 3.63 3.92

0.9 0.00 4.00

0.1 12.4 3.75
Sample 3 0.5 4.04 3.92

0.9 0.00 4.00

The catalyst shows different molars H2O: generation depending on the
electrode potential. Up to 0.4 V the molar % is lower than 6%. This value
increases until 14 % at lower potential, where the diffusion current resistance is
dominant. This behavior is reflected in the decrease of the electrons involved in
the ORR from 4 to 3.75, since some oxygen molecules have followed the 2-
electron reduction pathway. The H>O2 % is slightly higher respect to the 20% Pt/C
reference, as reported in the literature and analyzed in the same conditions [217].
At 0.1 V the Pt/C reference shows only 10% of H>O> production.
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4.3.6 Morphological analysis - HRTEM

The morphological analysis of the Z/F 2HT catalyst was performed through
the acquisition of HRTEM images at different magnifications. At lower
magnifications (Figure 4.11-A) the sample shows a typical amorphous carbon
agglomeration. More in depth, in Figure 4.11-B it is possible to recognize a
distorted rhombic shape of Zif-8 crystal embedded inside the carbon matrix [218].
In some cases, due to the graphitization processes that occurs during the pyrolysis,
a carbonization of some Zif-8 crystal took place into the nitrogen-doped graphitic
porous carbons, leading to a residual carbonized capsule embedded into the matrix
(Figure 4.11-C at larger magnification).

150165 200,000 X48K 200nn

-

m

151181 200,060 KoK

Figure 4.11. HRTEM images of Z/F 2HT catalyst at different magnifications. 40k (A), 120k (B), 400k (C).
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4.3.7 ICP analysis

The total iron amount was determined through ICP-MS analysis after
dissolution of the sample in 12 M HCI solution. This analysis has been useful to
compare the activity with the real amount of metal inside the catalyst. Table 4.8
shows the results of this experiment. The average amount of iron present in the
catalyst after two pyrolysis and an intermediary acid leaching is about 1.1 % by
weight. Considering the chemical composition of the not treated catalyst (Z/F 1.5)
starting from the raw materials, the Fe % should be 3.7 % by weight while the Fe %
contained in the Fe(IIl)-Pc is not more than 9.2% by weight.

Table 4.8. ICP analysis of the Z/F 2HT catalyst

Sample Concentration (ppm) | Concentration %
1 0.36 1.33
2 0.21 0.77
3 0.33 1.21
Average value 0.30+£0.08 1.1£0.3

4.4 2" Catalyst: V/F BM

The best catalyst obtained from the previous process optimization (V/F BM)
was further synthesised to evaluate the reproducibility of the experiment. Table 4.9
shows the ORR performance of both the synthesis. The second batch confirmed the
results obtained with the first experiment then it was further analyzed.

Table 4.9. Summary of the experiment result in terms of activity, onset and half-wave potential.

OnSet pot (V) | HW pot (V) | Ik (mA cm2) | Activity 0.9V (A g ™)
Batch1 | 0.96+<0.01 | 0.91+0.01 14+ 1 35+4
Batch2 | 0.96+<0.01 | 0.91+0.01 14+2 36£5

4.4.1 Stair case voltammetry (SCV) and Tafel analysis

Figure 4.12 — 4.13 show the SCV and Tafel plots of the corrected kinetic
current density in alkaline conditions (KOH 0.1 M) for the catalyst V/F BM.
Table 4.10 lists all the electrochemical results obtained. This catalyst shows low
standard deviations and repeatable results. The half-wave potential is comparable
with the Pt/C reference and the activity is slightly higher. The Tafel slopes were
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calculated following the same procedure described in the previously Paragraph
(4.3). At lower overpotential (0.95 - 0.90 V) the Tafel slope shows a result of 35
mV dec™!, whereas the second Tafel slope, at higher overpotential (0.86 - 0.80 V)
is 108 mV dec'. Both the slopes are lower respect to the Pt/C reference, but are in
accordance with the typical results for carbonaceous materials reported in the
literature [203,219]. Also the exchange current density, as a consequence of the
lower Tafel slope, shows a value of 5.0 E-09 mA cm™2, which is 4 orders of

magnitude lower respect to the platinum even if the activity is higher.

Table 4.10. Summary of the experiment result in terms of activity, onset and half-wave potential Tafel slope
and exchange current density

OnSet potential (V) 0.96 £ <0.01
HalfWave potential (V) 0.91 £0.01
Ik (mA cm™) 14+2
Activity @09V (Ag ) 36+5
Tafel slope 1 (mV dec™) 35+1
Iyl (mA cm™) (5.0+1.8)-10"
Tafel slope 2 (mV dec™) 108 +9
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Figure 4.12. SCV recorded in Oz-saturated electrolyte in alkaline condition.
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Figure 4.13. Tafel plot obtained from Figure 4.12.

4.4.2 Load cycle durability test

The durability test was carried out as previously described in Chapter 2.2..
Table 4.11 and Figure 4.14 shows the results obtained. After 2000 cycles, the
half-wave potential has slightly decreased with a shift of 10 mV. The activity
evaluated at 0.9 V has showed a reduction of about 40%. The activity loss in
terms of % is lower compared to the reference Pt/C. Furthermore, the absolute
activity value is higher and the half-wave potential, which is more important,
remains more stable respect to the same number of cycles of the Pt/C 20% catalyst.
Even if the standard requirements are not reached [75], this good performance

invites to further test the catalyst in fuel cell .

Table 4.11. Variation of electrochemical parameters at different durability cycles.

Cycles 0 | 250 | 500 | 1000 | 2000

Half wave potential (V) | 0.91 | 0.91 | 0.90 | 0.90 | 0.90
Onset Potential (V) 0.96 | 0.96 | 0.96 | 0.96 | 0.96
I (mA cm™?) 142 | 11.1 | 106 | 9.8 | 8.2
Activity at 0.9V (A g™ | 35.7 [ 27.7 | 26.6 | 24.6 | 204
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Figure 4.14. SSV recorded in Oz-saturated electrolyte in alkaline condition after different cycles under O2
stress conditions acquired at 500 mV s~! from 0.6 to 1.0 V vs RHE, 6 s each cycle.

4.4.3 Cyclic voltammetry (CV)

Figure 4.15 shows the CV recorded in Nz-saturated KOH 0.1 M alkaline
solution at 10 mV s™!. The CV shows two pairs of peaks related to two different
redox processes. From the graph it was possible to determine the anodic (Epa) and
the cathodic (Epc) potentials. Afterward, the formal potential (E’o) was calculated

through the use of Equation 4.2:

Equation 4.2

The first formal potential is equivalent to 0.815 V, while the second one is
0.245 V. These two values refer to the phthalocyanine iron redox processes since
0.80 V corresponds to the Fe?"*" redox couple, while 0.25 V is related to the
Fe!™?" redox couple [208,220,221]. In this catalyst, the iron redox peaks are
clearly visible because the material was not pyrolyzed. Table 4.12 lists the results

obtained.
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Table 4.12. Anodic, cathodic and formal potential of the redox couples showed from Vulcan/Fe(II)Pc CV

Epa [V vs RHE] | 0.82 £<0.01

[ ]
Redox 1 | Exc [V vs RHE] | 0.81 + < 0.01
[ ]

E’o [V vs RHE] | 0.82 £ < 0.01

Epa [V vs RHE] | 0.26 + < 0.01

Redox 2 | E,c [V vs RHE] | 0.23+£0.01

E’ [V vs RHE] | 0.24+0.01

0.5+
047 Fe/Fe” Fe™'/ Fe”
0.3- \
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Figure 4.15. CV recorded in N2-saturated electrolyte in alkaline condition at 10 mV s,

4.4.4 Koutecky Levich analysis

Figure 4.16 and Table 4.13 show the results obtained from the Koutecky
Levich analysis. Figure 4.16 shows the different SCV curves obtained
respectively at 300, 500, 700, 900 rpm and the corresponding Koutecky-Levich
plots calculated at 0.2, 0.3, 0.4, and 0.5 V. Table 4.13 lists the number of the
electrons determined from the slopes of the Koutecky-Levich plots. The parallel
plots showed in Figure 16 — B indicate a first-order kinetics concerning the

oxygen.
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Figure 4.16. SCV curves at different rotation speed recorded using a step size of 10 mV at the time period of
10 s step ! in Oz-saturated KOH 0.1 M solution (A). Corresponding Koutecky-Levich plots at different
potentials (B).

Table 4.13. Overall number of electrons involved in the ORR for the V/F BM.

VvsRHE | ne
0.2 4.4
0.3 4.3
04 4.3
0.5 4.2

For this class of catalyst, the number of electrons obtained at different
potentials is slightly higher respect to 4. As previously reported, the K-L analysis
is a theoretical approach applicable to noble catalyst, in fact Pt/C in 0.1 M NaOH
solution shows 4 e for the reduction of oxygen [216]. However, the theory is
wide used also for non noble catalysts [91]. An electrons number higher than 4 is
attributable to the imperfect validity of the theory.

4.4.5 Hydrogen peroxide analysis

Figure 4.17 shows the H>O, molar concentration and the overall number of
electrons involved in the ORR during the cathodic potential scan from 1.00 to
0.05 V of the V/F BM catalyst conducted in RRDE. Table 4.14 lists all the
numerical results obtained.
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Figure 4.17. A) H202 molar percent generation in function of the disk electrode potential measured at 900
rpm in O saturated 0.1 M KOH solution. B) N° of electrons involved in the ORR in function of the disk
electrode potential.

Table 4.14 H202 molar percent and N° of electrons involved in the ORR at 0.1, 0.5, and 0.9 V.

Sample Potential % H,0, N° electrons

0.1 7.82 3.84
Sample 1 0.5 5.67 3.88

0.9 0.00 4.00

0.1 9.87 3.80
Sample 2 0.5 7.90 3.84

0.9 0.00 4.00

0.1 10.5 3.79
Sample 3 0.5 6.31 3.87

0.9 0.00 4.00

The behavior of this second catalyst is similar to the Z/F 2HT, with a
maximum H>O, molar % lower than 14%. The overall production of hydrogen
peroxide in slightly higher respect to the first catalyst, especially after a potential
of 0.5 V when the molar H>0: % increases until 7-10 %. The increase of hydrogen
peroxide is not linear, in fact the curves show a maximum at around 0.45 V, just at
the beginning of the well-defined diffusion limit current region, as also reported in
the literature for similar non-noble catalysts [91,217]. In any case, like for the
other Z/F catalyst, the number of electrons never drops below 3.75 and the results
are very close to the 20% Pt/C reference analyzed in the literature at the same
experiment conditions (which shows a 10% of maximum H>O; production at 0.1
V [217)).

4.4.6 Ethanol tolerance test

The tolerance of the catalyst toward ethanol was tested by measuring the ORR
activity in alkaline solution in the presence of different concentrations of ethanol.
Figure 4.18 and Table 4.15 show the results obtained. This Fe-N-C catalyst is
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highly tolerant at low ethanol concentration. Below an ethanol concentration of
0.10 M, the half-wave potential of the ORR polarization curve remains constant at
the value of 0.91 V vs RHE. As the ethanol concentration increases from 0.5 to 2
M, the ORR activity decreases and the half-wave potential shifts from 0.91 to 0.89
V vs RHE. This high concentration is in any case almost impossible to be found at
the cathode due to the crossover phenomena, since 2 M is the concentration of
ethanol typically fed to the anode of the DEFC [185]. High concentrations of
ethanol at the cathode indicate a broken or malfunctioning of the MEA or other
components of the device. The decrease of the activity can also be attributed to the
reduction of electrical conductivity and O2 solubility in the electrolyte solution.
Furthermore, a diminution of the oxygen solution concentration results in a slight
reduction of the diffusion limit current, as described from Levich equation [31].
Although this class of catalysts remain selective with regard to the ORR and is
inert toward the oxidation of alcohols [30], the solubility effects of ethanol on
phthalocyanine should not be ignored.
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Figure 4.18. SCV measured in Oz-saturated KOH 0.1 M at different ethanol concentrations ranging from 0.05
Mto 2.0 M.

Table 4.15. Variation of electrochemical parameters at different ethanol concentration.

Ethanol Concentration (M) | 0 | 0.05]0.10] 0.50 | 1.00 | 1.50 | 2.00
Half wave potential (V) 0911091 ]0.91]0.90|0.89|0.89 | 0.89
Onset Potential (V) 0.96 10.96 | 0.96 | 0.95]0.9510.94 | 0.94

Ix (mA cm?) 127 {114 1107 | 74 | 54 | 39 | 2.8
Activity at 0.9 V 31.8 128.626.7]18.6|13.5] 98 | 7.0

Instead, considering the ethanol tolerance of the reference catalyst, the
performance of Pt/C 20% in diluted ethanol solution is poor, as already published
[31]. In fact, the activity starts to decrease already with an ethanol concentration
lower than 0.01 M. At higher ethanol concentrations, the Pt/C catalyst shows low
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selectivity toward ORR and this behaviour could be well noticed through the
presence of high electro-oxidation peaks [31]. From this point of view, the V/F
BM is more promising respect to the Pt/C commercial catalyst. [222-224].

4.4.7 BET analysis

Table 4.16 and Figure 4.19 show the BET results relative to the specific
surface area and pore size distribution of the V/F BM catalyst. Respect to the Z/F
2HT catalyst, the V/F BM catalyst shows a higher cumulative volume value
derived from mesopores. The micropore area is more than an order of magnitude
lower respect to the other catalyst. Moreover, even if a more precisely DFT
analysis was not carried out, it is clear that the specific surface area of V/F BM is
lower than the Zif-8 thermally treated catalyst (Chapter 3.2), and above all, it is
also lower than the Vulcan XC 72 raw material [225]. While the high surface
porosity of Z/F 2HT resulted from the heat treatment and sublimation of the Zif-8
at high temperatures, here, the decrease of the specific surface area is certainly
due to the mechanical process in which the raw materials are subjected to high
impacts and local compression phenomena. Furthermore, the difference in volume
adsorbed and desorbed observed in the isotherms plotted in Figure 4.19 is lower
compared to the Z/F 2HT catalyst. This behaviour confirms the low microporosity
level, since significant differences in volume are typically for highly microporous
materials. In fact, phenomena like material swelling or nonequilibrium problems
take place due to diffusion adsorption limit of nitrogen.

Table 4.16. Results of nitrogen physisorption analysis of V/F BM catalyst.

Analysis Physical property Value Unit
BET Surface area 130.5 m’g’!
External surface area 117.7 m’ g’
t-Plot report Micropore area 12.8 m’ g’
Micropore volume 0.623 E-02 | cm® g!
Cumulative surface area of pores 2975 m? g
. (0,1 — 300 nm)
BJH Adsorption ;
Cumulative volume of pores 0.522 om? o
(0,1 — 300 nm) ' &
Cumulative surface area of pores 1303 m?g
. (0,1 — 300 nm)
BJH Desorption -
Cumulative volume of pores 0.49] o o
(0,1 — 300 nm) ' &
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Figure 4.19. Nitrogen adsorption/desorption Isotherms for the V/F BM catalyst.

4.4.8 XPS analysis

Figure 4.20 and Tables 4.17 — 4.19 show the surface elemental composition
obtained through XPS analysis. The catalyst shows an higher concentration of
carbon, around 97%, and a nitrogen content less than 1%. The amount of surface
oxygen is around 2 % and a low quantity of sulphur (0.18%) is present due to the
use of Vulcan XC 72, which contains a small percentage of this element.

The chemistry of carbon was analyzed through Cis spectra (Figure 4.20 A).
The catalyst shows the predominant graphitic carbon peak (284.4 ¢V) followed by
multiple peaks due to carbon coordinated to nitrogen at 284 eV, and a series of
general carbon oxides C*-CxOy at 285.3 eV, O-C=0 at 288.5 eV, C-O/C-O-C at
286 eV, C=0 at 289 eV, and COOH at 289.4 eV. The chemistry of N5 nitrogen is
quite more complicated (Figure 4.20 B). The spectra show different absorption
peaks: pyridinic-N occurs at ~398.3 eV, N-ammine at 399.5 eV, pyrrolic at 400.9 eV,
graphitic or cationic N at 402.1 eV, N-Ox species at energy higher than 403 eV, and
Nx-Fe at 399.0-399.8 eV [200]. The XPS analysis was not able to detect the
presence of Fe.
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Figure 4.20. Cis (A) and Nis (B) high-resolution X-ray photoelectron patterns for V/F BM catalyst.

Table 4.17. Atomic surface composition of V/F BM catalyst.

Element Atomic %
O (at. %) 2.20+0.07
C (at. %) 97.00+0.12
N (at. %) 0.62+0.19
S (at. %) 0.18 = 0.01

Table 4.18. Cls speciation of the different electrocatalysts.

Group Atomic %
Cor 71.17 £ 0.58
C* 2.83+1.04
C-N 5.64+0.93
O 439 +1.56
C=0 4.50 +0.02

COOH 5.90 +0.29
GOy 3.54+£0.23
GOy 2.05 +0.08
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Table 4.19. N1s speciation of the different electrocatalysts.

Group Atomic %
N-pyridinic 20.89 +£2.02
N-amine 3492 £10.10
N-pyrrolic 16.66 +£2.30
N4 Ng/N* 9.26+1.22
Bulk N-H 492 +295
N-O 824 +£2.72
N-O 5.10+7.21

4.4.9 Morphological analysis — SEM

The morphological analysis of the V/F BM catalyst was carried out by
scanning electron microscope (SEM) at different magnifications (Figures 4.21 A
— B). The pictures show a sort of agglomerated dark carbon black particles with
size lower than 50 um. The distribution of the particle size is not uniform. This
catalyst’s morphology is typical for materials mainly consisting of carbonaceous
support [133,226]. Figure 4.21 — A, acquired at lower magnitude, showed
different iron oxide particles confirmed by EDX analysis made on the particle
displayed in Figure 4.21 — B. Considering their size, is it possible to affirm that
they do not participate to ORR activity since iron needs to be coordinated with
nitrogen in a carbon matrix at atomic level. Their formation could be due to the
loss of the inner phthalocyanine iron during the high energy collisions of the ball
milling process.
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Figure 4.21. SEM images of V/F BM at different magnifications: 0.2K(A), 1K (B)

4.4.10 ICP analysis

The Fe % content was determined through ICP-MS analysis after dissolution
of the sample in 12 M HCI solution. This analysis has been useful to compare the
activity with the real amount of metal inside the catalyst. Table 4.20 shows the
results of this measurement. The average amount of iron present in the catalyst
after the ball milling process is less than 0.5 % by weight. The analysis confirms
that almost all the catalyst consists of carbonaceous materials. This result is also
in accordance with the XPS and SEM analysis. Considering the chemical
composition of the not treated catalyst (Z/F 1.5) starting from the raw materials,
the Fe % should be 1.6 % by weight while the Fe % contained in the Fe(Il)-Pc is
not more than 9.8% by weight.
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Table 4.20. ICP analysis of the V/F BM catalyst

Sample Concentration (ppm) Concentration wt %
1 0.30 0.41
2 0.22 0.30
3 0.36 0.48
Average value 0.29 +0.07 0.40 £ 0.09

4.5 Conclusions

The two best catalysts selected from the optimization of the synthesis
processes, Z/F 2HT and V/F BM, showed good results, in line with the best
materials of these non noble metal class of catalysts present in the literature
[86,126,133]. Furthermore, it is appropriate to remember that the advantages of
these catalysts arise from the full optimization and deep evaluation of their
synthesis processes. Although the Z/F 2HT shows higher specific surface area and
its Tafel plot is more similar to the Pt/C reference, the V/F BM catalyst obtained
by simple mixing raw materials in ball mill shows better performance in terms of
mass activity, half-wave potential, and durability. The H2O2 % production results
for both catalysts are in accordance, and in some case better, respect to the
literature [91,217,227]. The short RRDE durability of V/F BM catalyst compared
to Pt/C 20% in alkaline condition is very promising. The V/F BM catalyst was
studied for both fuel cell and metal-air battery applications since it has showed
better performance respect to the Z/F 2HT catalyst in terms of activity. The Z/F
2HT material was tested only in metal-air batteries. All the results and
performances relative to the application in electrochemical devices are described
extensively in Chapter 6. As a reminder, Figure 4.22 shows the ORR activity
obtained in RDE of both the catalysts.
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Figure 4.22. Comparison of SCV recorded in Oz-saturated electrolyte in alkaline condition between Z/F 2HT
catalyst, V/F BM catalyst and Pt/C reference catalyst.
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Chapter 5

Improvement of the ink for RDE

with the Design of Experiment

5.1 Introduction

Among the several steps involved between the synthesis of a new catalyst and its
testing in a fuel cell, the role of the ink in terms of composition and dispersion for the
preparation of the electrodes is sometimes overlooked. Recently, different studies
have evaluated the fundamental role of the optimization of the ink containing the
catalysts for the preparation of electrodes, either at RDE or MEA level [193,228].
These works show the importance of the catalyst dispersion obtained with ultrasonic
bath before the deposition on an electrode. The electrochemical performance and
rheology of on ink are affected by a countless number of variables. Many parameters
come from the ultrasonic equipment, such as frequency, power, duration and the bath
temperature. Other variables arise from the catalyst ink vessel, as for example, if it is
kept close to increase the pressure or if mixed at high rotation speed [229].

In the last two decades, different studies have demonstrated the importance of
ultrasonic and sonochemical methods in the preparation of metallic
nanoparticles/carbon-supported electrocatalysts ink. All the advantages arise from
enhanced mass transport phenomena, ultrasound cavitation and water sonolysis [230].
The ultrasound are sound wave with a frequency comprised between 16 kHz - 5
MHz in the case of gases and between 16 kHz - 500 MHz in the case of liquids and
solids. The use of ultrasonic wave is very common for improving both synthesis and
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catalytic processes in the chemical industry. This specific research field is called
sonochemistry and is focused in the use of liquids to enhance reaction rates, product,
yields, and erosion of surfaces [231]. In reality, these events are directly connected
with a well-known secondary effect called cavitation, which takes place when an
ultrasonic wave passes through a liquid medium. When this phenomenon occurs,
microbubbles form and violently collapse through implosion resulting in the
formation of high-energy jets of liquid that interact with the surfaces/substances of
whatever is present in the liquid.

In this work, a detailed study of the ink formulation was carried out using the
design of the experiment (DOE). A full factorial design approach was taken into
account through the evaluation of three variables: the sonication time, the type of
solvent and solvent/water volume ratio. The electroactivity toward oxygen reduction
reaction (ORR) was considered as the output effect and was analyzed with a rotating
disk electrode (RDE) apparatus. The results were analyzed through cube plots, main
effect and interaction plots, and Pareto charts. The goal of this study was to
demonstrate the importance of the DOE methodology in the study of the parameters
that most affect the final performance of an electrocatalyst in terms of activity and
repeatability of the tests. The experiment was carried out on the previously best V/F
BM catalyst (mass activity: 36 A g!' - half-wave potential: 0.91 V) obtained from a
mechano-chemical synthesis through ball milling process (Chapter 3.3).

5.2 Design of experiment

A full factorial design approach was used in this experiment to investigate the
effect of some parameters and their interaction on the preparation of the ink for
testing the catalyst’s performance at RDE level. Based on the instrument present
in our laboratory, three parameters were tested at two levels, high and low:

(A) Sonication time 20 and 40 min
(B) Type of solvent ethanol and 2-propanol
(C) Solvent/water volume ratio (S/W) 2 and 3

All the tests were performed on the V/F catalyst, prepared in a single batch.
The sonication frequency was kept constant at 40 + 5 kHz and the bath
temperature was kept at 35 = 5 °C. The ink was always prepared inside the same
vial geometry.

The 2° design of experiment is graphically represented in Figure 5.1, while
Table 5.1 shows the experiments matrix useful to evaluate the three variables. The
experimental set was repeated thrice (24 analysis in total).

133



iel 1
o |
L 31 1T 1
5 5 | 6
C |
= 1
:‘"_‘; 1
c 1
[}]
> | ] @----- k- - i,
2 /,3 i 2-Propanol <&
21+ @ Ethanol &\
| ]
1 |
20 40

(A) Sonication time (min)

Figure 5.1. Design of experiment for the optimization of the ink containing the V/F catalyst.

Table 5.1. Experiments matrix. Code values for each variable are reported in brackets

Experiment | Sonication time (min) | Solvent | Solvent/water ratio (S/W)
1 20 (-1) Eth (-1) 2:1(-1)
2 40 (+1) Eth (-1) 2:1(-1)
3 20 (-1) Prop (+1) 2:1(-1)
4 40 (+1) Prop (+1) 2:1(-1)
5 20 (-1) Eth (-1) 3:1(+1)
6 40 (+1) Eth (-1) 3:1(+1)
7 20 (-1) Prop (+1) 3:1(+1)
8 40 (+1) Prop (+1) 3:1(+1)

The software Minitab was used to evaluate the effect of the parameters on the
ORR performance in alkaline media: half-wave potential (E12) and activity (A g~
1, which is related with the mass transport-corrected current density (i) but it is a
more comprehensible physical parameter. The ORR kinetic current Ix was
calculated taking into account the mass transport by using the Koutecky—Levich
(K-L) theory [151,193]. (see Chapter 1.5).

The software has showed the results in terms of Cube plots, main
effect/interaction plots, and Pareto chart. The p-value was determined through the
analysis of variance (ANOVA) with the confidence level set at 98%. If the p-value
is less than 0.02 (2%), is it possible to reject the null hypothesis that there is no
difference between the “means”. Thus, it is possible to conclude that a significant
difference does exist.

Cube plots were used to see immediately which combination of variables has
provided the best performance in activity and half-wave potential through the
calculation of the “fitted means”. “Fitted means” uses least squares to predict the
mean response values of a balanced design and are useful for assessing response
differences due to changes in factor levels.
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The main effect plots were useful to understand the influence of each
parameter: the greater the slope, the greater the influence. The interactions
between the parameters were evaluated considering the slope of the line in the
interaction plots. Two parameters interact when their slopes are different: the
greater the difference, the greater the possibility that the parameters considered
interact with each other, especially when the lines intersect.

Pareto Chart is another way to see the relevance of each parameter on the
analyzed phenomenon. The purpose of this chart is to highlight the most important
factor among a set of factors.

5.3 Electrochemical and statistical results

Tables 5.2 — 5.7 list the electrochemical results obtained from all the SCV
analysis, including their respective averages and standard deviation values. The
results are expressed in terms of kinetic current density (mA cm2), mass activity
(A g!), onset potential (V), and half-wave potential (V). The sample with the best
performance (highlighted in red) was found to be the one sonicated for 40 min and
treated with ethanol in a solvent/water ratio of 3:1. This result is also supported
from the cube plot shown in Figure 5.2. The difference in terms of mass activity
is more pronounced than the half-wave potential because the first one is
determined from a mass-transport correction for thin-film RDEs (Equation 5.1),
which is valid under a faradic process. The catalyst electroactivity toward ORR is
quantified at E = 0.90 V because at higher current densities (below E = 0.90 V)
the interference from mass-transport losses cannot be completely excluded [193].
In case of catalyst with an activity comparable to that of the Pt/C reference at 0.90
V, it is not possible to guarantee a total faradic process at this potential. This fact
leads to further variability in the results. Thus, with the idea of approaching the
faradic behaviour at higher potential, was decided to analyze the kinetic properties
also at 0.92 V.

In any case, the consideration of the half-wave potential has remained
fundamental since it derives from a polarization curve acquired experimentally.
An increase of only 0.1 volts involves significant improvements in terms of
electro-catalytic performance.

The results collected in Table 5.7 have shown that the best catalyst’s inks
have a half-wave potential close to 0.91 V, and, indeed, the results are
reproducible.
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Table 5.2. I at 0.90 V (mA cm2)

Experiment tsi(::;c(z::i(:)l Solvent f;::) Sample 1 | Sample 2 | Sample 3 | Average Dsetv
1 20 (-1 Eth(-1) | 2:1(-1) 7 8 6 7 +1
2 40 (+1) Eth (-1) | 2:1(-]) 9 10 7 9 +2
3 20 (-1 Prop (+1) | 2:1 (-1) 3 3 1 2 +1
4 40 (+1) Prop (+1) | 2:1(-1) 5 3 3 4 + 1
5 20 (-1) Eth (-1) | 3:1 (+1) 10 10 6 9 +3
6 40 (+1) Eth (-1) | 3:1(+1D 16 17 18 17 +1
7 20 (-1 Prop (+1) | 3:1 (+1) 6 8 4 6 +2
8 40 (+1) Prop (+1) | 3:1 (+1) 8 6 6 7 +1

Table 5.3. Activity at 0.90 V (A g™")

Experiment tsi(::;c(z::i(:)l Solvent 2{:?:) Sample 1 | Sample 2 | Sample 3 | Average I)Setv
1 20 (-1 Eth(-1) | 2:1(-1) 17 20 14 17 +3
2 40 (+1) Eth(-1) | 2:1(-1) 23 24 17 21 +4
3 20 (-1) Prop (+1) | 2:1(-1) 8 8 2 6 +3
4 40 (+1) Prop (+1) | 2:1(-1) 14 7 7 9 +4
5 20 (-1 Eth(-1) | 3:1 (+]) 24 25 14 21 +6
6 40 (+1) Eth (-1) | 3:1 (+1) 41 42 45 43 +2
7 20 (-1) Prop (+1) | 3:1 (+1) 14 19 10 15 +4
8 40 (+1) Prop (+1) | 3:1 (+1) 21 15 15 17 +3

Table 5.4. I at 0.92 V (mA cm?)

Experiment tsi(::;c(a:lli(:; Solvent rSz::?(]) Sample 1 | Sample 2 | Sample 3 | Average Dsetv
1 20 (-1) Eth (-1) | 2:1(-1) 1.9 1.4 1.5 1.6 +0.3
2 40 (+1) Eth (-1) | 2:1(-]) 2.1 1.8 2.5 2.1 +0.3
3 20 (-1) Prop (+1) | 2:1(-1) 0.9 1.0 0.4 0.8 +0.3
4 40 (+1) Prop (+1) | 2:1(-1) 14 1.0 0.9 1.1 +0.3
5 20 (-1) Eth (-1) | 3:1 (+]) 1.9 2.6 2.8 2.4 +0.5
6 40 (+1) Eth (-1) | 3:1 (+1) 3.6 4.3 4.8 4.2 + 0.6
7 20 (-1) Prop (+1) | 3:1 (+1) 1.6 1.9 1.1 1.6 +0.4
8 40 (+1) Prop (+1) | 3:1 (+1) 2.0 1.4 1.5 1.6 +0.4

Table 5.5. Activity at 0.92 V (A g™")

Experiment tsit::;c(igi(:; Solvent I_S;:?; Sample 1 | Sample 2 | Sample 3 | Average ])Setv
1 20 (-1 Eth(-1) | 2:1(-1) 5 4 4 4 +1
2 40 (+1) Eth(-1) | 2:1(-1) 5 4 6 5 +1
3 20 (-1) Prop (+1) | 2:1 (-1) 2 2 1 2 +1
4 40 (+1) Prop (+1) | 2:1 (-1) 4 3 2 3 +1
5 20 (-1 Eth (-1) | 3:1 (+1) 5 6 7 6 +1
6 40 (+1) Eth (-1) | 3:1 (+1) 9 11 12 11 +2
7 20 (-1 Prop (+1) | 3:1 (+1) 4 5 3 4 +1
8 40 (+1) Prop (+1) | 3:1 (+1) 5 3 4 4 +1
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Table 5.6. Onset potential (V)

Experiment tsi(r):;c(z:::i(:)l Solvent rsg?:) Sanllple Sal;lple Sar;lple Average I)S;v
1 20 (-1) Eth(-1) | 2:1(-1) 0.95 0.95 0.95 0.95 +<0.01
2 40 (+1) Eth(-1) | 2:1(-1) 0.95 0.96 0.96 0.96 +0.01
3 20 (-1) Prop (+1) | 2:1(-1) 0.95 0.95 0.94 0.95 +0.01
4 40 (+1) Prop (+1) | 2:1(-1) 0.95 0.95 0.95 0.95 +<0.01
5 20 (-1) Eth(-1) [ 3:1(+]) 0.96 0.96 0.96 0.96 +<0.01
6 40 (+1) Eth (-1) | 3:1 (+1) 0.96 0.96 0.96 0.96 +<0.01
7 20 (-1) Prop (+1) | 3:1 (+1) 0.95 0.95 0.94 0.95 +0.01
8 40 (+1) Prop (+1) | 3:1 (+1) 0.95 0.95 0.95 0.95 +<0.01
Table 5.7. Half wave potential (V)
Experiment Si::llllzgzg;l Solvent f;:?:) Sanllple Sanzlple Salglple Average Dsetv
1 20 (-1 Eth (-1) | 2:1(-1) 0.90 0.90 0.89 0.90 +0.01
2 40 (+1) Eth (-1) | 2:1(-]) 0.90 0.89 0.90 0.90 +0.01
3 20 (-1 Prop (+1) | 2:1(-1) 0.88 0.88 0.84 0.87 +0.02
4 40 (+1) Prop (+1) | 2:1 (-1) 0.89 0.87 0.88 0.88 +0.01
5 20 (-1 Eth(-1) | 3:1(+D) 0.89 0.90 0.90 0.90 +0.01
6 40 (+1) Eth (-1) | 3:1 (+1) 0.90 0.91 0.91 0.91 +0.01
7 20 (-1 Prop (+1) | 3:1 (+1) 0.90 0.90 0.88 0.89 +0.01
8 40 (+1) Prop (+1) | 3:1 (+1) 0.90 0.89 0.89 0.89 +0.01
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The main effect plots shown in Figure 5.3 are useful if different levels of a
factor affect the response differently. The chart is represented from a line: if it is
not horizontal, then there is a main effect. The greater the slope, the greater the
influence of that level.

In these results, the trend is clearly the same for all the responses. In fact, 40
minutes as sonication time, ethanol as solvent type, and 3 as solvent/water volume
ratio always provide the best results.

Figure 5.4 shows the interaction plots between all the combinations of the
factors. The non-parallel lines on the interaction plot indicate interaction effects
between the parameters (for instance sonicated time combined with the type of
solvent showed in the first section of each figure). If the non-parallelism is more
pronounced, the interactions are more intense, especially when the lines are
intersected.

It this study, the three variables do not interact with each other since the lines
are almost parallel and never intersect. This means that the factors can be
considered individually. Also in this case the trend of the results is the same for all
the responses.

The parameters and the interaction that most affect the final responses can be
viewed more intuitively through the Pareto Chart shown in Figure 5.5.

Although these interaction plots are helpful to display the effects, it is also
useful to evaluate statistical significance by looking at the effects in an analysis of
variance (Table 5.8 — 5.10) in terms of p-value, which is the most frequently used
tools for deciding if a result is statistically significant.

In this analysis, the confidence level was set at 98% and a p-value of 0.02 was
used as the cut-off for significance. If the p-value is below 0.02 the factor (or the
combination of more factor) is significant, over 0.02 is not significant.
Considering both the activity and half-wave potential, the combination of all the
results has shown that only the factors “type of solvent” and “solvent/water vol
ratio” have p-value under 0.02. The half-wave potential is the limiting factor. If
the activities are evaluated individually, then also the sonication time has a
fundamental role (Figure 5 a — B).
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Figure 5.3. Main effect plot of the variables analyzed. A) Activity at 0.90 V (A g™"), B) Activity at 0.92 V

(Ag™), C) Half wave potential (V).
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141
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(response is Activity at 0.9V (A/g); o = 0.02)

Tem 2,567

AC
Factor Mame
| A Sonication time (min)
B B Solvent
| c SAW ratio
0 1 2 3 4 5 & 7 8

Standardized Effect

Pareto Chart of the Standardized Effects

(response is Activity at 0.92 V (A/g); « = 0,02)
Term 2,567

Factor Name

A Sonication time (min)
AC B Snlw:nt.
C S/W ratio
T T T T T
3 4 5 6 7

Standardized Effect

Pareto Chart of the Standardized Effects
(response is Half Wave Pot (V); o = 0,02)

Tem 2567

Sonication time [min)

Solvent

5/W ratio

o 1 2 3 4
Standardized Effect

|
|
|
|
Factor MName
A
B
C

Figure 5.5 Pareto Chart of the standardized effect. a)Activity at 0.90 V (A g™!), B) Activity at 0.92 V (A g ™),
v) Half wave potential (V). Factor: A-Sonication time, B-Solvent, C-S/W ratio.
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Table 5.8. p-value related to the evaluation of the activity in A g™ at 0.90 V for the parameters analyzed
experimentally.

Model Parameters p-Value
Sonication time 0.001
Linear Solvent 0.000
Solvent/water ratio 0.000
Sonication time*Solvent 0.018
2-Way interaction | Sonication time*S/W ratio | 0.043
Solvent*S/W ratio 0.239

Table 5.9. p-value related to the evaluation of the activity in A g™' at 0.92 V for the parameters analyzed

experimentally.
Model Parameters p-Value
Sonication time 0.005
Linear Solvent 0.000
Solvent/water ratio 0.000
Sonication time*Solvent 0.067
2-Way interaction | Sonication time*S/W ratio | 0.210
Solvent*S/W ratio 0.067

Table 5.10. p-value related to the evaluation of the halfwave potential in V for the parameters analyzed
experimentally.

Model Parameters p-Value
Sonication time 0.213
Linear Solvent 0.003
Solvent/water ratio 0.013
Sonication time*Solvent 0.855
2-Way interaction | Sonication time*S/W ratio | 0.855
Solvent*S/W ratio 0.114

The statistical analysis was repeated removing the non-significant Sonication
time*Solvent (AB) + Sonication time*S/W ratio (AC) from the half-wave
potential evaluation. This procedure was useful to increase the number of degrees
of freedom and to improve the quality of the results. Figure 5.6 and Table 5.11
show the new results in terms of Pareto Chart and p-Value, respectively. After all,
the elimination of the non-significant interaction has not shown significant
differences from previous results leaving the Solvent (B) and the Solvent/Water
ratio (C) as the two most influential parameters for the half-wave potential.
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Figure 5.6. Pareto Chart of the standardized effect with halfwave potential (V) as response after the removal
of the non-significant interaction Sonication time*Solvent (AB) + Sonication time*S/W ratio (AC). Factor:
A-Sonication time, B-Solvent, C-Solvent/water ratio.

Table 5.11. p-value related to the evaluation of the halfwave potential in V after the removal of the non-
significant interaction Sonication time*Solvent (AB) + Sonication time*S/W ratio (AC).

Model Parameters p-Value
Sonication time 0.188
Linear Solvent 0.001

Solvent/water ratio | 0.009
2-Way interaction | Solvent*S/W ratio | 0.095

At the end of the DOE analysis, the results have showed that ethanol is better
than iso-propanol. Furthermore, a higher sonication time and a higher
solvent/water (S/W) ratio positively influence the electrochemical performance of
the ink, when tested at RDE level. To investigate more in depth these two
parameters, further analyses were made using a solvent/water volume ratio equals
to 4:1 and a sonication time of 40 minutes. Table 5.12 and Figure 5.7 show the
results of these experiments and demonstrate that a volume ratio higher than 3
does not increase the electrochemical performance. Respect to the best samples
obtained working with an S/W volume ratio equal to 3, the analyses performed
using a S/W volume ratio equal to 4 showed lower average values both in terms of
activity and half-wave potential. The wide standard deviation also proves a non-
constant dispersion of the catalyst in the solution. Considering this latter
information, a further analysis was carried out to investigate the ink behavior by
increasing the sonication time until 60 minutes, keeping constant the S/W volume
ratio at 3. The results in Table 5.13 and Figure 5.8 do not show an improvement
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of the performance, both in terms of activity and half-wave potential. The only
remarkable information is a decrease in the standard deviation of the half-wave
potential. All this information indicated that after 40 minutes of sonication the ink
has reached its ideal performance and further sonication processes could lead to

small improvements compared to the time and energy involved.

Table 5.12. Electrochemical parameters for the three inks prepared with the following specifications: 40 min
as sonication time, ethanol as solvent, 4:1 as solvent/water volume ratio.

Sample 1 | Sample 2 | Sample 3 | Average | St. Dev.
Ix (mA ¢cm2) at 0.90 V 6 14 12 11 4
Activity at 0.90 V (A g')) 14 36 30 27 11
Ix (mA cm ) at 0.92 V 1 4 3 3 1
Activity at 0.92V (Ag ™)) 4 10 7 7 3
Onset Potential (V) 0.95 0.96 0.96 0.96 +0.01
Half wave potential (V) 0.89 0.91 0.90 0.90 +0.01

Table 5.13. Electrochemical parameters for the three inks prepared with the following specifications: 60 min
as sonication time, ethanol as solvent, 3:1 as solvent/water volume ratio.

Sample 1 | Sample 2 | Sample 3 | Average | St. Dev.
Ix (mA cm 2) at 0.92 V 14 16 15 15 1
Activity at 0.90 V (A g ) 35 41 38 38 3
Iy (mA cm %) at 0.92 V 4.0 42 4.2 4.1 0.1
Activity at 0.92V (Ag ) 9.9 10.6 10.4 10.3 0.3
Onset Potential (V) 0.96 0.96 0.96 0.96 +<0.01
Half wave potential (V) 0.91 0.91 0.91 0.91 +<0.01
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Figure 5.9 A — B show the most representative results coming from the
statistical analysis made above. The pictures represent the polarization curves
obtained from the analysis of the ink after 40 and 60 minutes of sonication in
ethanol with a solvent/water ratio of 3. These are the parameters that increase
more the final performance, and decrease the dispersion, as clearly visible in
Figure 5.9 in the range from the half-wave potential to higher potential where the
reaction in under faradic control.
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Figure 5.9. SCV recorded in Oz-saturated KOH 0.1 M alkaline solution. Results obtained through the
analysis of a triple set of ink prepared in ethanol with a S/W ratio of 3 and sonicated for 40 min (A) and 60
min (B).

5.4 Conclusions

The experimental data set analyzed in this work has demonstrated that the
best conditions to prepare an ink for RDE electrodes, with the V/F BM catalyst,
are:

e Sonicate at least 40 minutes,
e Use ethanol as organic
e Keep the solvent/water volume ratio equals to 3.

Considering both the responses (activity and half-wave potential), the Pareto
charts, and the p-values have showed that the type of solvent and its volume ratio
affect the final performance more than the sonication time. The sonication time,
however, remains fundamental to increase the performance of the results
especially after 20 minutes. In terms of half-wave potentials, the longer is the
sonication time, the lower is the final standard deviation of the half-wave potential.

This work wanted to prove the importance of the use of multivariate statistics
to optimize the ink composition before its deposition on the electrode surface.

The possibility to increase the number of variables involved in the statistical
analysis (for instance bath temperature, sonication frequency, etc.) would imply
the use of a more time expensive “fractional” design of experiment but it would
certainly lead to further improvement in terms of ink formulation.

With a focus on future improvements, it would be also appropriate to combine
the electrochemical results with the dispersion particles distribution inside the ink.
This type of study approach could also be used to evaluate the behavior of the ink
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in case of the use of an automated robotics as spray system, for preparing
electrodes of bigger size (e.g., gas diffusion layers, MEAs, etc.). Considering the
repeatability of its operation, is it possible to find the best conditions that provide
the best dispersion and the highest activity performance. It is not possible to apply
the DOE evaluation if the deposition is made through the use of a manual sprayer.
The variability during the spray deposition is very high respect to the simple
deposition on a rotating disk and depends on different variables, such as the
ability of the operator, the pressure of the air, the gun condition, etc.
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Chapter 6

Testing in electrochemical devices

6.1 Introduction

Two different catalyst previously described were tested in electrochemical
devices. The V/F BM was tested both in Direct Ethanol Fuel Cell (DEFC) and in
Metal-Air Battery (MAB), since it showed a promising ORR performance at the
RDE scale in alkaline conditions (in terms of activity, selectivity, and durability,
see Chapter 4). The Z/F 2HT was tested only in MAB due to its lower activity.
Figure 6.1 shows their performance at RDE laboratory scale in terms of ORR

polarization curves.
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Figure 6.1. Comparison of SCV recorded in Oz-saturated electrolyte in alkaline condition between Z/F 2HT
catalyst, V/F BM catalyst and Pt/C reference catalyst.
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6.2 Testing of V/F BM in DEFC

The V/F BM cathode catalyst was tested in DEFC as described in the
materials and methods chapter (Chapter 2.2). Briefly, the non noble cathode
behaviour was originally evaluated at different temperatures and O2 backpressures.
Afterward, the catalyst was studied considering two different Nafion loading. The
tests were mainly performed realizing MEAs with an alkaline membrane (Danish
PBI). The maximum performance obtained in terms of polarization and power
curves were compared with the performance of the commercial Pt/C catalyst,
tested at the same test conditions. A final short durability test was carried out to
evaluate the performance loss during 8 h of working time. A second set of
experiments was also carried out using another type of commercial alkaline
membrane, Fumapem FAA-3-50 (Germany). A comparison between the two
commercial membranes was made. The experimental details and all the results are
showed and described below. As a brief reminder, PtRu/C (Pt 30% Ru 15%) was
always used as anodic catalyst with a final Pt loading of 1.33 mg Pt cm 2 and a
Nafion content equal to 4% (see Chapter 2.2 for all the details). The DEFC was
always fed with 2 M EtOH/KOH solution. The potassium hydroxide was used to
increase the hydroxyl ions concentrations with strong benefits for the anodic
reaction kinetics and the alkaline membrane conductivity [232].

Several MEAs were prepared for different set of experiments. The aim was to
evaluate the repeatability in the preparation procedure of the MEAs and their
performance.

6.2.1 Cathode analysis at different temperatures: MEA1 with PBI
membrane

Figure 6.2 shows the polarization and power density curves obtained
increasing the temperature of the DEFC from 25 to 80 °C. As expected, the results
clearly demonstrated that the temperature positively affects the maximum
performance of the cell: In fact, the temperature improves the diffusion coefticient
of oxygen and membrane conductivity. Furthermore, the raise of the temperature
results in a reduction of the activation energy of the system [233,234].
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Figure 6.2. Polarization curves (filled symbols) and power density curves (open symbols) for alkaline DEFC

MEA 1 prepared using V/F BM as a cathodic catalyst. The experiments were carried out at 25, 60 and 80 °C,

1 bar of Oz backpressure, and 15% of Nafion content. Cathode catalyst loading: 3 mg/cm?. Anode: Pt loading
1.33 mg/cm? and 4% of Nafion content.

6.2.2 Cathode analysis at different O, back pressure: MEA2 with
PBI Membrane

Figure 6.3 shows the polarization and the power density curves obtained at
different relative O» pressure (1 — 2 — 3 bar). The experiments were performed
keeping constant the DEFC temperature at 90 °C. The results have showed that an
increase of the Oz back pressure results in a diminution of the overall performance
in terms of maximum power and current density. This behaviour is totally in
contrast respect to the performance of Fe-N-C catalysts produced from
phthalocyanine and thermal treatments [31]. This result could be due to the
different BET specific surface area, since phthalocyanine-based Fe-N-C catalysts
had approx 1500 m?*g™!, much higher that V/F BM, only 130 m? g! (see Chapter
4.4). Generally, materials with high specific surface and with high micropores
require higher pressure to force oxygen diffusion to the active sites. The anodic
pressure was kept constant at ambient pressure. In all experiments, the
polarization curves rapidly decay beyond 200 mA c¢m 2, with a drastic decrease of
the power density. This rapidly variation could be ascribed to mass transport
limitation of oxygen into the cathode catalyst layer, because of its porosity
structure [232], or flooding phenomena [235,236].
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Figure 6.3. Polarization curves (filled symbols) and power density curves (open symbols) for alkaline DEFC

MEA 2 prepared using V/F BM as a cathodic catalyst. The experiment was carried out at 1, 2 and 3 bar of O2

backpressure, 90 °C as fuel cell temperature and 15% of Nafion content. Cathode catalyst loading: 3 mg/cm?.
Anode: Pt loading 1.33 mg/cm? and 4% of Nafion content.

6.2.3 Cathode analysis with different Nafion loading: MEA3 and
MEA?2 with PBI membrane

Figure 6.4 — 6.5 show the result obtained testing the V/F catalyst with
different Nafion content. The presence of Nafion inside the catalyst ink is
supposed to act as a binder and not as a polymer electrolyte, since the alkaline
environment of DEFC. Figure 6.4 shows the results obtained with a Nafion
loading equal to 50% respect to the catalyst weight. The graph demonstrates again
that an increase in pressure results in a diminution of the performance, even in the
case of higher Nafion amount. This behaviour confirms what has just been
described in the previous paragraph. Figure 6.5 compares two MEAs, with 50%
and 15% of Nafion at the cathode. The 15% MEA shows the best performance
with 70 mW cm™ as max power density at 220 mA cm ™ of current density, higher
values compared to the 50% MEA (that is, +12% more as max power density).
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Figure 6.4. Polarization curves (filled symbols) and power density curves (open symbols) for alkaline DEFC

MEA 3: prepared using V/F BM as a cathodic catalyst. The experiment was carried out at 1, 2 and 3 bar of Oz

backpressure, 90 °C as fuel cell temperature and 50% of Nafion content. Cathode catalyst loading: 3 mg cm™.
Anode: Pt loading 1.33 mg cm™2 and 4% of Nafion content.
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Figure 6.5. Polarization curves (filled symbols) and power density curves (open symbols) for alkaline DEFC
prepared using V/F BM as a cathodic catalyst. Comparison between cathodes loaded respectively with 15%
and 50% of Nafion (MEA 2 vs MEA 3). The experiment was carried out at 1 bar of Oz backpressure at 90 °C
as fuel cell temperature. Cathode catalyst loading: 3 mg cm™2. Anode: Pt loading 1.33 mg cm ™2 and 4% of
Nafion content.

6.2.4 Comparison between V/F BM and Pt/C reference

Figure 6.6 shows the comparison between the best results obtained from the V/F BM
(MEA 2) catalyst and the Pt/C reference working in alkaline DEFC with Danish PBI
membrane. The Pt/C MEA was also tested at 3 bar as O, backpressure, because its
performance increases with this physical parameter. As evident from the charts, respect to
the Pt/C reference catalyst, the V/F BM catalyst shows better performance as power
density only at 1 bar (Figure 6.6 A), while it remains less powerful if compared at higher
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pressure (Figure 6.6 B). At low current density, below 40 mA cm2, the polarization
curves of V/F BM and Pt/C catalysts (MEAs) are almost coincident, with the same Eocy
values. Either at 1 and 3 bar, the V/F BM catalyst reaches the maximum power density at
lower current density values compared to Pt/C.
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Figure 6.6 Comparison of the Polarization curves (filled symbols) and power density curves (open symbols)
for alkaline DEFC between V/F BM MEA 2 and Pt/C 40% cathodic catalyst at 1 bar (A) and 3 bar (B) Non
noble Cathode catalyst loading: 3 mg cm™ with 15% of Nafion. Pt/C cathode catalyst loading: 1mg Pt cm™
with 4% of Nafion. Anode: Pt loading 1.33 mg cm™ and 4% of Nafion content.

Table 6.1 summarizes all the most important results. The mass specific power
density take into account the overall amount of Pt present in the fuel cell also
considering the anode. It is a sort of representation used from who is involved in
this research field to demonstrate the enhancement of the results if the amount of
the noble catalyst (and consequently the price) is considered. Moreover, working
with Pt at 3 bar of pressure requires to spend more energy for the fuel cell

operation.

Table 6.1. Comparison between V/F BM and Pt/C catalysts in terms of electrodes preparation and DEFC
results. See Table 1.2 in Chapter 1 for details.

Catalyst Anode Cathode Pt | Nafion | Operating Power Mass Pt
type Pt/Pd load load amount | conditions density power Ref
(mgem2) (mgem?) (%) (mWcem?) | (mWmgp')
V/C BM 1.33 3.0 15 1 bar 90°C 70 53 -
Pt/C 1.33 1.0 4 3 bar 90°C 90 39 -
};ﬁelr(nllzc 15 3.5 n.a 60 °C 101 na. [27]
Hypermec Pd
™ 1 n.a. n.a 80 °C 73 73 [28]
K14 mgpaCm
45%
Fe-N-C Ptﬁ;‘gc' 25 50 93,01;? 73 55 [30]
mgpCr 2
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Although the overall performance does not exceed that of the Pt/C catalyst,
the results are promising and show the same order of magnitude of the best non
noble metal catalysts reported in literature for DEFC, as shown in Table 6.1.
Furthermore, they demonstrate the validity of the economic feasibility of the
synthesis process of this V/F BM catalyst.

6.2.5 Short term durability test applied to V/F BM cathode
catalyst - MEA4 with PBI membrane

In the literature, there is no specific protocol available for testing the
durability for MEAs in DEFC. For this type of studies, it is fundamental
guaranteeing a very stable membrane containing fixed OH—conducing groups
(such as quaternary ammonium groups) that could facilitate the movement of
OH-ions [237,238]. Actually, a commercial membrane with these characteristics
is not still available on the market, notwithstanding the many efforts made by the
scientific community.

Thus, the PBI membrane used in this experiment is doped with hydroxyl ions,
but it does not contains fixed OH groups. A short durability test was conducted on
a new MEA, MEA4, through a chronoamperometric test at 0.6 V for § h,
recording a polarization curve every 30 min, as previously described in the
materials and methods chapter (Chapter 2.2). Figures 6.7 — 6.8 and Table 6.2
summarize the best results obtained every hour. The working potential was fixed
as 0.6 V, since it is a potential in which the current density is still far from the
mass diffusion limit region (Figure 6.7), and the power density is approx. the 70%
of the maximum initial value (Figure 6.8).

Table 6.2. Resume of maximum current density, maximum power density and Open circuit potential at
different working time obtained after short durability test.

Time Eocv | Max Power density | Power density loss
(h) M (mWem™) (%)
0 0.87 50.6 100%
1 0.81 20.2 - 60.0%
2 0.80 24.9 -50.8 %
3 0.77 19.7 -61.1 %
4 0.77 23.3 -54.0 %
Rest 30 min | 0.83 36.4 - 28.1(+56.2%)
5 0.76 29.3 -42.1 %
6 0.74 26.1 -48.4 %
7 0.75 27.8 -45.1 %
8(end) 0.74 25.8 -49.0 %

The values listed in Table 6.2 show a gradual decrease of the maximum
power density and open circuit potential with the time. At the end of the test, after
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8 hours of work, the maximum power density has lost the 50% of its performance.
It is fundamental to notice that it is possible to recover the value of the open
circuit potential and part of the maximum power density by shutting-off the DEFC
for 30 minutes (DEFC at open circuit voltage without interrupting the fluxes of
reagents). Shutting-off the cell after 4 h has led to a good recovery of the Eocv, and
a recovery of the max power density from 23 to 36 mW cm™ (+56%). This
behavior is promising because the increment caused by the rest suggests that the
power density reduction could be due to flooding problems in the catalyst’s pores,
and not to a deactivation of the catalyst’s active sites. In fact, the literature reports
that flooding is more relevant at intermediate values of currents density, at which
experiments are carried out, where usually most of the resistance is due to ohmic
phenomena, and not to mass transport issues [10].

This means that the decrease of the performance is not only caused by the
degradation of the catalyst, but it depends on the system itself (MEA fabrication,
cell assembly, etc.). In fact, in support to this assumption, the durability results
obtained with RDE were very positives, with a minimum performance decay
(Chapter 4.4). In a DEFC, even if water is consumed as a reactant at the cathode
and the electro-osmotic drag moves water from cathode to anode, studies
regarding cathode flooding are well described in literature [10,239]. If the
flooding affects the performance of this device, further experiments are
mandatory in order to confirm this effect and evaluate catalyst
hydrophilic/hydrophobic properties and contact angle, membrane conductivity,
and dimensional change caused by swelling. Last but not least, also the type of
membrane, fuel cell size and fluid dynamic into the bipolar plate channels affect
the flooding and must be taken into account [240].

The low durability performance in DEFC may also be associated to
incompatibility between the membrane materials (PBI alkaline membrane) with
the ionomer adopted for the ink preparation (Nafion acid ionomer), instability of
the membrane [241], lose of the close contact between the electrodes and the
membrane surface, since the MEA was not prepared by hot pressing procedures
[30].
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Figure 6.7. Short-term durability test in DEFC at 1 bar and 90 °C. Polarization curves acquired at different
time ranges. MEA4
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Figure 6.8. Short-term durability test in DEFC at 1 bar and 90 °C. Power density curves acquired at different
time ranges. MEA4

6.2.6 Comparison between Danish PBI MEA 3 and Fumapem
FAA-3-50 (MEA 5 and MEAG6) alkaline membranes

The V/F BM cathode catalyst was also tested through the use of a second
alkaline membrane provided by Fumapem, the FAA-3-50. Two different
experiments (two different MEAs) were carried out. The first experiment was
performed testing the MEAS with the FAA-3-50 membrane following the same
procedure adopted in the previous analysis conducted with the PBI membrane.
The test was performed starting from low temperature and low Oz back pressure
followed by their gradually increment until the MEA reached the maximum
performance. The second experiment was carried out preparing a new MEA,
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MEAG6, using an alkaline ionomer (Fumion 50%, see method Chapter 2.2)
solubilized in the V/F BM catalyst ink instead of the Nafion as a binder. In fact,
the idea was to combine an alkaline membrane with its specifically —OH
conductive ionomer provided by the same manufacturer, since it is preferable to
use a ionomer strongly compatible with the material of the membrane [242].
However, the cathode GDL preparation through manual airbrush was difficult due
the high viscosity of the ink loaded with high amount of Fumion —OH ionomer.
Figure 6.9 shows different aggregations as flakes on the surface of the GDL,
which appeared at the end of the spray/dry operations. These flakes did not appear
when Nafion was used as binders, instead of Fumion. This problem could be
solved as well suggested in the literature [243,244], through a further electrode
preparation and ink optimization.

Figure 6.9. Cathodic GDL prepared using Fumion ionomer. Flake aggregations are present on the GDL
surface after airbrush spray/dry operation.

Furthermore, with the Fumapem alkaline membrane it was not possible to
increase the O backpressure, because of a rapid O» crossover (Figure 6.10)
resulting in a decrease of the open circuit and power density. Due to this technical
problem, it was not possible a direct comparison between the PBI and Fumapem
membranes at same operative conditions.
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Figure 6.10. Crossover effect (red circle) produce by Oz backpressure increment from 0.5 to 1bar.

Table 6.3 summarises the MEA composition, the operative condition and the
maximum power density obtained from the experiments while Figure 6.11 shows
the best results obtained.

Table 6.3. Comparison between Danish PBI MEA 3 and Fumapem FAA-3-50. Operative conditions.

Operative Max power
Sample name Membrane Ionomer pera density
conditions "
(mWem™)
PBI Dopozol 90 °C
MEA3 Danish Power Nafion 50% | bar 53.6
System
MEAS5 FAA-3-50 Nafion 15% 80 °C 47.4
Fumapem 0.5 bar
MEA6 FAA-3-50 Fumion 50% o0°c 20.0
Fumapem 0.5 bar

Although the polarization curves of the two different configurations start with
the same open circuit potential, the V/F BM based catalyst tested with the 50 % of
Nafion in contact with the PBI membrane shows the best performance as power
density compared to the FAA-3-50 membrane in contact with the same amount of
Fumion (red line). The FAA-3-50 membrane showed relatively good performance
with MEAS working at 0.5 bar as O» backpressure. The best result showed in
Figure 6.11, was unique and achieved after a series of unsuccessful tests. The
polarization curve was close to the average performance of the curves obtained
with the PBI membrane but this behaviour was not replicable. Furthermore, with
the FAA-3-50 membranes it was not possible to increase the pressure more than
0.5 bar to avoid cross over effects and membrane rupture. The comparison
between the PBI and FAA-3-50 membranes (Figure 6.12 A — B) after their most
arduous working condition shows a FAA-3-50 membrane more worn even if has
worked at only 80 °C under 0.5 bar of O2 backpressure. In fact, the FAA-3-50
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membrane suffered the testing in DEFC: the membrane showed signs of
degradation, and appeared more worn than the PBI membrane, notwithstanding
milder conditions of testing (see Table 6.3).
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Figure 6.11. Comparison of the Polarization curves (filled symbols) and power density curves (open symbols)
for alkaline DEFC equipped with PBI membrane (MEA3 blue) and FAA-3-50 membrane (MEAG red). The
best FAA-3-50 performance are coloured in brown (MEAS). Non noble Vulcan/FePc cathode loading: 3 mg

cm2. PtRu/C anode loading: 1.33mg Pt cm™ with 4% of Nafion.

Figure 6.12. Comparison between FAA-3-50 membrane after working test at 80°C 0.5bar (A) and Danish
PBI membrane after working test at 90 °C 3 bar (B).

The difference in terms of membrane performance was studied more in depth
through conductivity analysis (Figure 6.13). The conductivity values were
calculated from the resistance values obtained at different temperature through
EIS experiments using the Equation 6.1:
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S
A*R

o= Equation 6.1

Where o is the conductivity in S cm™!, S is the membrane thickness in cm, A
is the membrane area in cm? and R is the membrane resistance in ohm.
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Figure 6.13. Membrane conductivity at different temperature. PBI membrane after activation in KOH 6 M 5
days (red line). FAA-3-50 after activation in KOH 1 M 1 day (black line).

The log(c) was then plotted in function of 1000/T in an Arrhenius plot
(Figure 6.14 A — B) to estimate the activation energy as the slope of Equation 6.2:

Ino =Ink — = Equation 6.2
RT

In which k is a membrane constant, R is the universal gas constant, T is the
temperature in K and Ea is the activation energy that activates the H" or OH™
motion, based on the membrane type mechanism.
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Figure 6.14. Comparison between the FAA-3-50 (A) and Danish PBI (B) Arrhenius Plot

The results obtained from this study demonstrate that a higher membrane
conductivity is related to the lower energy activation. This is the case of the PBI
membrane, which shows higher conductivity even if the higher thickness (93 pm)
respect to the FAA-3-50 membrane (51 um). In general, higher thickness is related
to better mechanical properties. In fact, PBI membrane has showed lower O>
crossover during the DEFC experiments.

6.3 Testing of V/F BM and Z/F 2HT in Metal-Air Battery
(MAB)

The V/F BM and Z/F 2HT cathodes catalysts were also tested in alkaline
MAB devices. At the beginning, the V/F BM catalyst was tested at different
current density to evaluate the current working range for this class of materials.
The V/F BM has been chosen since was the most promising catalyst resulted from
the RDE analysis. After the selection of the most appropriate currents, the
experiments were repeated with a Vulcan catalyst with double amount of iron
dispersed in the carbon matrix. Z/F 2HT catalyst and MnO: reference were
subsequently tested at the same condition, and all the catalyst were analysed
through a series of dynamic galvanostatic measurements from 0 to 12 mA cm 2.
The cell setup and the electrode preparation are described in Chapter 2.2.

The data analysis of the MAB was carried out considering that are different
electrochemical devices respect the fuel cells battery. For instance, the MABs
tested in this work are realized with an alkaline gel electrolyte instead of a
polymer alkaline membrane. Furthermore, as fundamental consideration, the
MABSs are primary batteries, which works with air instead of oxygen as cathodic
fuel, with no backpressure to help the contact between the gas and the catalyst.
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6.3.1 Preliminary tests at different discharge current density

As first set of experiment, constant discharge currents of 1.6, 3.2, 5 and 7 mA
cm 2, respectively, were applied to 4 different MAB with V/F BM cathode catalyst.
The discharge currents were applied after 5 min of rest at open circuit potential to
stabilize the Eo and allow a good contact between the electrodes and the
electrolyte [38]. Figure 6.15 A shows the results with the evolution of the cell
potential, which immediately demonstrates that the higher is the current density
applied to the battery, the lower is its life time. As expect, a linear correlation
between these two variables was demonstrated plotting the results in Figure 6.15
B. As a final result, considering the short life time of the battery at higher current
density (4 h at 5 mAcm™ and 11 h at 7 mAcm™2), 1.6 and 3.2 mAcm > were
chosen as current density for all the following experiments. The lower results at
higher current density could be attributed to the low amount of iron at the cathode,
and a general low activity of this class of material towards ORR in MAB fed with
air at atmospheric pressure.
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Figure 6.15. A) MAB V/F BM discharge curves at different current density. B) Relationship between current
density and life time. Non noble V/F BM cathode loading: 3 mg/cm?. Anode Al 2 cm?. Alkaline gel
electrolyte.

6.3.2 Tests with V/F BM at different Fe(II)Pc ratio

The second V/F BM with wt ratio of 2:1 was prepared and tested to compare
two different iron amounts dispersed into the Vulcan carbon matrix. In fact, it is
reasonable to expect an improvement in the battery lifetime increasing the amount
of the active metal involved in the reaction process. As expected, the results
shown in Figure 6.16 A — B demonstrate an increment in the lifetime of the MAB
by doubling the amount of iron (V/F BM catalyst with 2:1 as weight ratio).
Unfortunately, the increment in durability is not linearly connected with the
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increase of iron amount. In fact, considering for example 100 g of catalyst, V/F
BM 2:1 contains a double amount of iron respect to V/F BM 5:1, but it has not
shown a double increment of the MAB durability.
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Figure 6.16. A) MAB V/F BM discharge curves at different current density (1.6 — 3.2 mAcm™) for different
V/F BM wt ratio (5:1, 2:1) B) Mass specific capacitance of the same catalysts referred to the amount of
aluminum lost during the battery discharge. Non noble V/F BM cathode loading: 3 mg cm™2. Anode Al 2 cm?.
Alkaline gel electrolyte.

The mass specific capacity has followed the opposite trend: V/F BM 2:1 had
lower mass capacity because more aluminum has react during the discharge
process due to the higher content of Fe. A further explanation could be due to the
generation of aluminates via self-corrosion, which produce Al(OH); on the Al
surface through blackening (see Chapter 1.4). In fact, the results is a black and
porous aspect of the anode, due to the formation of an aluminate layer located on
the surface of the electrode [245]. The higher is the accumulation of AI(OH)3
between the gel electrolyte and the aluminium electrode, the lower is the battery
lifetime because Al(OH)s; blocks the diffusion process of OH™ ions to the
electrode surface [38]. In conclusion, increasing the amount of iron slightly
increases the battery performance. However, the use of phthalocyanine as a
precursor is not a real advantage since it is the most expensive raw material in the
synthesis process of the V/F BM catalyst. In particular, a double amount of iron
phthalocyanine is far to be related with a double increment of the battery lifetime.
Using alternative iron precursors, cheaper then phthalocyanine, like iron acetate,
to the catalyst formulation could be a possible solution to this problem.
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6.3.3 Comparison between V/F BM, Z/F 2HT and MnQ./C
catalysts

The synthesized catalysts were compared to a commercial MnO»/C catalyst
pasted on a Ni mesh and pressed together on a film of O;-permeable Teflon
capable to avoid liquid electrolyte leakage and water inlets. Figure 6.17 A-D
shows the results. The initial Eocv value resulted to be always comprised between
1.5-1.6 V.
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Figure 6.17. A-B) Discharge plot of the different catalysts at 1.6 and 3.2 mA cm2. Mass specific capacitance
referred to the amount of aluminium lost during the battery discharge. Tests with V/F BM at different FePc
ratio. Non noble V/F cathode loading: 3 mg cm™. Anode Al 2 cm?. Alkaline gel electrolyte.

These values have immediately dropped at 1.3-1.4 V after the 5 minutes of
rest time used to stabilize the open circuit potential. All the catalysts have showed
a plateau in the potential curve starting from the Eocy and finishing at their specific
lifetime drop. At a current density of 3.2 mA cm2, the V/F BM catalysts have
shown more durability respect to the Z/F 2HT catalyst, which has shown better
performance at 1.6 mA cm™2. In any case, regarding the durability, the MnO»/C
reference has shown better performance at both current densities.
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The mass specific capacitance of this family of catalysts was difficult to
understand because it has not followed a logical path. The interpretation of the
maximum capacitance instead of the mass capacitance (Table 6.4) resulted in this
case easier since it was not possible to discriminate the reasons regarding the
aluminium weight loss of one catalyst compared to another (real amount of
sprayed catalyst, cell assembly, AI(OH)sz formation, etc.). In terms of mass
capacitance, the MnO> reference has shown again the best performance with 124
at 1.6 mA cm 2 and 112 at 3.2 mA cm 2.

Table 6.4. Resume of MAB results for all the catalysts analyzed in this experiment. Area electrode: 2 cm?.
Cathode catalyst loading: 3 mg cm™

Current density | AAl | Time | Capacitance | Capacitance

(mA cm™) (gr) | (h) (mAh) (mAh gra™)
Valean/FePe 5:1 5l s T o &0
Vulcan/FePc 2:1 ;:g 8:?3(1) ?Zj 18075 ZT;
ZIRSIFePe 151 35— s T i
MnO»/C reference ég 8;2; ?gz ﬁ; féé

Figures 6.18 A-D show the dynamic galvanostatic of each catalyst. The
measurements were made from 0 to 12 mA cm 2 with a shift of 0.4 mA cm ™ every
10 min. The V/F BM and Z/F 2HT non noble catalysts start at higher Eocy, 1.6-1.5
V, respect to the MnO,/C, 1.4 V. However the MnO,/C showed a constant plateau
from the beginning of the test up to the end at almost 9 mA cm2, while the other
synthesized catalysts exhibited a faster initial decay of the potential. All the
materials showed a rapid decrease of the battery potential once reached 8.5-10 mA
cm 2 as applied current density. In this type of experiment, Vulcan/Fe 5:1 catalyst
showed the best performance in terms of maximum durability (4.5 h).
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Figure 6.18. Dynamic galvanostatic measurements from 0 up to 12 mA cm2 with a shift of 0.4 mA cm™
every 10 min for A) Vulcan/FePc 5:1 B) V/F BM 2:1 C) Z/F 2HT 1.5:1 D) MnO2/C reference alkaline MAB.
Non noble V/F BM cathode loading: 3 mg cm™. Anode Al size: 2 cm?. Alkaline gel electrolyte.

The small differences between the catalyst are more visible plotting the
polarization and density power curves showed in Figure 6.19 A-D and compared
in Figure 6.20 A-B. The polarization curves were obtained from the galvanostatic
measurement. In fact, the mean value of the potential in every current step, could
be considered as a potential value in function of the applied current. The results
placed in a plot E (V) vs i (mA cm?) generate the typical polarization curve a
general battery device [35]. The power density curve was then calculated directly
through the usual P=VI equation. From Figure 6.20 B it is clear that V/F BM 5:1
showed the best performance in terms of maximum current and power density, but
the differences with the other material are very low. This could be related to the
not fully reproducible manual preparation of the cathode layer with the airbrush
gun, or in the cell assembly phase.
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Figure 6.19. Polarization curves (filled symbols) and power density curves (open symbols) for A) V/F BM
5:1 B) V/F BM 2:1 C) Z/F 2HT 1.5:1 D) MnO2/C reference alkaline MAB. Non noble V/F BM cathode
loading: 3 mg cm™. Anode Al 2 cm?. Alkaline gel electrolyte.
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Figure 6.20. Final comparison in terms of Polarization curves (A) and power density curves (B) of all the
catalysts analyzed in MAB.

Figures 6.21 A-B show final resume histograms regarding the comparison at
different current density of the aluminium weight loss and the battery lifetime for

169



all the catalysts analyzed. From Figure 6.21 A, the aluminium weight loss was
related with the current density and the battery lifetime: lower was the current
density, more durable was the battery and higher was the final anode weight loss.
Only the MnO> reference showed a similar Al weight loss for both the current
density tested, even if even its durability at 1.6 mA cm™ was double respect to
that at 3.2 mA cm2. Unfortunately, part of the aluminium was lost due to the
anode self-corrosion process in alkaline media, which starts immediately when the
battery was closed. This secondary reaction generates H, and AI(OH)4 and it is
not possible to discriminate the amount of aluminium involved in the primary
reaction respect to the amount involved in the second undesired reaction. In this
experiment, at the end of the current discharge, the Al anode was always not
totally consumed because the production and accumulation of AI(OH); at the
interface between the gel and the Al anode was the reason for the death of the
battery. The lifetime behaviour showed in Figure 6.21-B demonstrates that the
higher is the applied current density, the lower is the battery lifetime. In theory,
the use of a double current density should halve the lifetime and this phenomena
was observed especially with the Z/F 2HT catalyst, and even more in the case of
MnO,/C reference catalyst. At 1.6 mA cm™? the durability lifetime of the non
noble catalysts increased with the iron catalyst content, while at 3.2 mA cm? the
histograms did not show great differences. The aim of a primary metal-air battery
catalyst is to work as long as possible time with the highest consumption rate of
materials, to exploit as much as possible (till to the end of life) the aluminium
anode. From this point of view, Z/F 2HT catalyst was the best at 1.6 mA cm of
current density and V/F BM 2:1 was the most performing at 3.2 mA cm 2.
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Figure 6.21. Final resume histograms of aluminium weight loss (A) and battery lifetime (B) of all the
catalysts analyzed in MAB.
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Chapter 7

Main conclusions and scale up
evaluation

7.1 Conclusions

In this work of thesis, two non noble metal catalysts active toward ORR, were
synthesized, optimized, characterized and tested in DEFC and MAB.

The Z/F 2HT synthesis optimization, has demonstrated that the best
conditions are obtained working in hexane with a sulphur concentration three
times higher respect the molar concentration of iron phthalocyanine and Z/F 2HT
weight ratio equal to 1.5. Sulphur has demonstrated to preserve the Fe-Ng4
ensembles during the pyrolysis phase. Thus, the value of 1.5 was chosen as
optimal Z/F 2HT weight ratio since it was the best compromise between catalyst
activity in RDE and mass loss during the synthesis, due to the Zif-8 evaporation at
high temperature. The maximum temperature reached during the pyrolysis step
was 880 °C and the dwell time at high temperatures between 800 and 880 °C was
1 h. For this class of materials, two pyrolysis steps seem to affect the performance
more than only one heat treatment. Moreover, the hydrothermal synthesis proved
to be a more effective synthesis in producing active catalysts respect to the
mechano-chemical ball milling method. The final catalyst, named “Z/F 2HT”,
was able to reach 8.7 A g' as mass specific activity and 0.87 V as half-wave
potential at RDE level. This result is comparable to the best current results present
in the literature for this class of catalysts obtained from Strickland et al. [86,126]
at higher temperature (1000 °C under NH3; atmosphere vs 800-880 °C under
No/H> atmosphere).

The V/F BM synthesis optimization has demonstrated that the best conditions
are obtained mixing these two raw materials with a weight ratio of 5:1. The ball
milling step without further thermal treatments was sufficient for producing a very
active catalyst. In fact, the optimization process demonstrated that adding further
synthesis steps, such as heat treatments or acid leaching, negatively affected the
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ORR activity of the catalysts. The reproducibility of the synthesis, the production
of almost one gram of catalyst (750 mg) and the testing in DEFC have also been
demonstrated. The final catalyst, named “V/F BM”, was able to reach 35 A g as
mass specific activity and 0.91 V as half-wave potential at RDE level. This result
was comparable with the Pt/C reference tested in the same conditions.

In terms of electrochemical performance, although the Z/F 2HT shows higher
specific surface area and its Tafel plot is more similar to the Pt/C reference, the
V/F BM catalyst obtained by simple mixing raw materials in ball mill shows
better performance in terms of mass activity, half-wave potential, and durability.
The H202 % production results for both catalysts are in accordance, and in some
case better, respect to the literature [91,217,227]. The short RRDE durability of
V/F BM catalyst compared to Pt/C 20% in alkaline condition is very promising.
The V/F BM catalyst was studied both for fuel cell and metal-air battery
applications since it showed better performance respect to the Z/F 2HT catalyst in
terms of activity.

The optimization carried out on the ink formulation using the design of
experiment has demonstrated the best conditions useful to maximize the activity
and the reproducibility of the results in terms of mass specific activity and half
wave potential. Sonication for at least 40 minutes using ethanol as organic solvent
with a solvent/water volume ratio equals to 3 was identified as the best condition
to improve the V/F BM catalyst ink formulation. Moreover, this work proved the
importance of the use of multivariate statistics with the aim of optimize the ink
composition before its deposition on the electrode surface

The experiments carried out in DEFC have demonstrated that the best
operative condition in terms of activity, are obtained working with the Danish PBI
alkaline membrane at 90 °C as cell temperature, with 1 bar as Oz back pressure
and 15% as Nafion cathode content. Although the overall performance does not
exceed that of the Pt/C catalyst, the results are promising since have reached 70
mW cm 2 as maximum power density and 53 mW mgp; ! as mass specific power
density. These values have the same order of magnitude of the best non noble
metal catalysts reported in literature for DEFC [27,28,30,31,33].

Concerning the durability, after 8 hours of work, the cell has lost 0.1 V as Eocy
and the 50% of its performance in terms of maximum power density. By shutting-
off the DEFC for 30 minutes after 4 h of work (DEFC at open circuit voltage
without interrupting the fluxes of reagents), has led to a partial recovery of the
Eoev and a recovery of the maximum power density from 23 to 36 mW cm™
(+56%). This behaviour was promising because the increment caused by the
refresh suggested that the power density reduction could be due to flooding
problems in the catalyst’s pores, and not to a deactivation of the catalyst’s active
sites.

The application of the two catalysts in MAB have demonstrated a different
behaviour from the RDE analysis. At lower discharge current density (1.6 mA
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cm?) the Z/F 2HT showed better results in both terms of durability and
capacitance (29.4 h, 94 mAh). At higher discharge current density (3.2 mA cm™)
V/F BM catalyst showed the best performance (15.3 h, 98 mAh). Moreover, by
doubling the amount of Fe(Il)Pc in the V/F BM catalyst formulation, the
performance at 3.2 mA cm™ further increased (16.4 h, 105 mAh). This behaviour
is opposed to the results obtained at RDE level, in which the V/F 5 activity was
higher than the V/F 2 activity (see Chapter 3.). The explanation lies in the
difference between the devices since the MAB is a primary battery fed with air at
atmospheric pressure and the polymer membrane is replaced by an electrolytic
gel. Compared to the commercial MnO»/C reference catalyst (38.7 h and 124 mAh
at 1.6 mA cm2, 17.5 h and 112 mAh at 3.2 mA c¢cm?), the Z/F 2HT and V/F BM
catalysts showed lower durability and lower capacitance (see Table 6.4). The
power density of the V/F BM catalyst (both V/F 5 and V/F 2), is the only most
performing feature compared to the MnO/C reference. In any case, further
improvements are required.

In conclusion, it is also fundamental to make a consideration regarding the
possible scale-up development of these two catalysts. Regarding the hydrogen
PEMFC, the American Department of Energy (DOE) have deeply analyzed the
minimum requirements in terms of cost and performance mandatory for a
sustainable application in the automotive sector [75,76]. In the case of AEMFC
and DAFC, there are no current guidelines.

While the Pt/C catalysts are already in a production phase, the non noble
metal catalyst are still in a scale-up/validation/MEA testing phase. Few companies
are evaluating the commercialization of non noble metal catalysts [246]. These
materials, in some applications, are showing promising results in terms of activity
and durability. E.g., Lo Vecchio et al. [247], have demonstrated high activity (70
mW c¢m2) and good durability (loss of the 60% of the initial performance after
100 h of work) of the PMF-011904 commercial catalyst purchased from Pajarito
Powder, LLC tested in DMFC (90 °C, 5 M CH30H, 45 % of Nafion amount, 6 mg
cm 2 FeNC catalyst loading). According to Banham and Ye from Ballard Power
Systems [248], three basic criteria must be respected to consider an industrial
development of the fuel cell catalyst: activity, durability[249], and cost. Among
the two catalysts synthesised in this work, the V/F BM is the one to be considered
since it showed higher performance in terms of activity and durability. The
activity in DEFC, which is related to the power density requirements of the
devices, has shown good performance compared to the Pt/C reference and the
literature best results. The durability has not shown excellent results, but the
decrease of the performance was not only caused by the degradation of the
catalyst, since it also depends on the system itself (MEA fabrication, cell
assembly, type of membrane, fuel cell size, flooding due to fluid dynamic into the
bipolar plate, etc.[240]). Activity and durability in MAB have shown results close,
but not higher, to that of the MnO./C reference cathode. However, improvements
in synthesis can fill the gap.

In terms of costs, the reagent prices and the development/management (not
only R&D costs, but also energy, equipment purchase and its amortisation, waste
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management, gas and solvent recovery, etc) of the industrial process should be
considered. The prices of the raw materials bought in large amount for chemical
processes are very different from the prices proposed for laboratory and small
research applications. However, commercial laboratory prices have been used as
reference to make a sort of comparison. Table 7.1 summarises the costs of the
commercial raw materials (from Sigma Aldrich and FuelCellStore) and the
hypothetical costs of Z/F 1.5, V/F 5 and Pt/C 20% catalysts obtained combining
only the starting reagents in their specific wt ratios.

Table 7.1. Raw materials costs from commercial company

Prize
Categor Raw material Producer
Bory (€/g)
. Stock index

Precious metal Pt October 2019 26

Carbon support Vulcan xc 72 FuelCellStore 0.9

Sulfur Precursor | Sulfur 100% | Sigma Aldrich 1.9
Nitrogen/Iron Iron(11T)-phthalocyanine chloride Sigma Aldrich 14.4
Precursor Iron(Il)-phthalocyanine Sigma Aldrich 15.5

o . Basolite 21200 Sigma Aldrich 7.9

mef:“:frk Methyl-imidazole Sigma Aldrich 0.3
W Zinc chloride Sigma Aldrich 11.9

n-Hexane 95% Sigma Aldrich 0.2

Solvent/Acid Ethanol 99.8% Sigma Aldrich 0.2
Sulfuric acid 95-97 % Sigma Aldrich 0.02

Pt/C20% | Sigma Aldrich - Merk | | 113
Raw Materials Z/F1.52HT - 10.5

combined V/F 5 BM - 3.3

without process Pt/C 20% - 5.9

The Z/F 1.5 catalyst should cost at the beginning around 10.5 € g
considering the synthesis carried out from Zif-8 and phthalocyanine. Starting from
their precursor (Methyl-imidazole, Zinc chloride, etc) the final cost partially
decreases. However, considering the 80% of mass loss during the heat treatments
the final price increases five times (at laboratory scale). Moreover, it is necessary
to take into account high-pressure vessel, the use of solvent inside the autoclave,
the energy required for the heat treatments at high temperature, the intermediary
acid leaching process, the use of hydrogen gas during the 2" pyrolysis with the
possible formation of H2S in the presence of sulphur, which must be recovered
with Claus process. For example, it was estimated that synthesis based on carbon
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wet impregnation with metal/nitrogen precursor requires about 200-300 litres of
solvent for the preparation of 1 kg of M-N-C catalyst. The use of solvents and
acids also introduce the problem of waste management [110]. The process could
be optimized at higher scale, but all these treatments could not exclude a higher
final price compared to the commercial Pt/C catalyst.

The V/F 5 shows a more suitable condition. Starting from the raw materials,
the catalyst should cost around 3.3 €/g, which is lower compared to the Pt/C and
the Z/F counterpart. Moreover, the main process at this stage of work is the dry
ball milling step, since heat treatment and solvents are not present. Thus, the
fundamental step in the scale-up phase is the understanding of the ball mill sizing.
The ball milling is widely used in the manufacturing industries for size reduction,
synthesis, mechanical alloying and mechanochemical treatment. In some
applications, such as for the mine manufacturing industries, the ball mill operation
is an energy-intensive process and every improvement in the energy efficiency
results in economic benefits [250]. However, guidelines and methodologies for
the optimization and the scale-up of the ball milling process are not established
yet. The knowledge is mainly based on “frial-and-error” experience [251].
Among the different process variables, it is definitely confirmed that the impact
energy of grinding balls is a controlling factor directly connected with the
mechanical energy required from the ball-milling process. Moreover, it is
fundamental for the determination of the final specific energy in terms of ratio
between the power and throughput in the case of continuous systems (given
typically in kWh t!) [250]. Several approaches have been studied in the last years
to get closer to the real scale-up results. In the past, traditional energy-size
reduction methods (Bond 1952) and the population balance model (PBM)
(Fuerstenau and Hebst — 1980, Austin et al 1984 [252]) have mainly been used.
Actually, the most powerful and promising methodology used to calculate the
motion of the grinding balls is the computational modelling through discrete
element method (DEM) [250,251,253].

7.1 Future perspectives

The design and optimization of the catalyst requires further investigation.

The durability of the catalyst must be evaluated more deeply. The aim is to
understand if the performance loss are caused by the device (membrane
conductivity, dimensional change caused by swelling, flooding, fluid dynamics of
the bipolar plate channel) or by the catalyst (deactivation of active sites,
hydrophilic/hydrophobic properties and contact angle, etc). Moreover, it is
fundamental to test the V/F BM catalyst in AEM-FC fed with hydrogen, to
evaluate its performance with this promising fuel.

Concerning the MAB, the synthesis should be re-evaluated increasing the
amount of the Fe-N precursor, since they operate differently compared to the
PEMFCs.

Regarding the scale-up process, it would be appropriate to evaluate the impact
energy of the V/F BM soft material using traditional or computational methods.
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