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Abstract

Metal-air batteries have been received increasingly more attention because of their remarkably
high energy density when compared to other types rechargeable batteries, such as lithium-ion.
Even though, they are promising source of power for next-generation electronics, transportation

and energy storage, they still have numerous technical challenges that must be overcome.

This work aims at to develop non-noble transition metal catalysts to improve the overall per-
formance of metal-air batteries and provide an alternative to noble metal-based catalysts, which
suffer from multiple disadvantages such as high cost and poor stability. Four catalysts were
studied for the positive electrode targeting the enhancement of the oxygen reduction/evolution
reactions. Transition-metal phosphides and carbon supported catalysts were synthesized, tested
and characterized (in situ and ex situ). Based on literature information and on the experience
of the research team, NigP, NigP/CNT, NigP-Fe/CNT and NigP-FesO3/CNT were prepared and

characterized and their performance assessed.

It was proved that the addition of a carbon support improves the reactions current density and
the synthesis of a bi-metal catalyst improves considerably the activity of catalysts. Furthermore,
it was developed a new catalyst which improves considerably the performance of the oxygen

evolution reaction compared with the reference Iridium black catalyst.

Keywords: Metal-air batteries, Oxygen evolution reaction, Oxygen reduction reaction, Cata-
lysts synthesis, Electrocatalyst, Non-noble metal catalyst, Fe-based catalysts, Transition metal
phosphides, RDE, Air cathode
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Resumo

Baterias de metal-ar cada vez mais tém recebido atencao gragas a sua densidade energetica,
notavelmente alta quando comparada a outros tipos de baterias recarregaveis, como as baterias
de iao de litio. Sao uma fonte promissora de energia para as préximas geragoes de dispositivos
eletronicos, transporte e armazenamento de energia. No entanto, existem ainda vérios problemas

que necessitam de ser superados.

Este trabalho visa desenvolver catalisadores de metais de transicdo nao nobres para melhorar
o desempenho geral das baterias de metal-ar e fornecer uma alternativa aos catalisadores de
metais nobres, que sofrem de multiplas desvantagens, tal como o alto custo e a baixa estabil-
idade. Quatro catalisadores foram estudados para o elétrodo positivo, visando o aumento das
reacoes de reducao / evolucao de oxigénio. Fosfetos de metal de transicao e catalisadores su-
portados em carbono foram sintetizados, testados e caracterizados ( textit in situ e textit ex
situ). Com base nas informagoes da literatura e na experiéncia da equipa de pesquisa, NigP,
NiyP/CNT, NigP-Fe/CNT and NigP-FeyO3/CNT foram preparados, caracterizados e testado o

seu desempenho.

Foi provado que a adigao de um suporte de carbono melhora a densidade de corrente das reagoes e
a sintese de um catalisador bimetalico melhora, consideravelmente, a atividade dos catalisadores.
Além disso, foi desenvolvido um novo catalisador que melhora substancialmente o desempenho
da reacao de evolucao de oxigénio em comparagao com o catalisador de referéncia, Iridium
black.

Keywords: Baterias de metal-ar, Reagdo de evolugdo do oxigénio, Reagdo de redugao do
oxigénio, Sintese de catalisadores, Eletrocatalisador, metais de transicao, Catalisadores a base

de ferro, Fosfatos de metais de transicao, elétrodo de disco rotativo, Catodo de ar
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Notation and Glossary

Latin Letters

B Tafel slope mV dec™!
Co, Concentration of Oz molecules cm?s~!
cdl Double-layer Capacitance uFem 2
Do, Diffusion coefficient of Oy em?s~!
E Electrode potential A%

E° standard potential of the redox reaction V

Eonset  onset potential A%

E,/;  half-wave potential A%

F Faraday constant 96 485 C mol !
) Current A

J Current density Acm™?

Jo Exchanged current density mAcm 2
JL diffusion-limiting current density mAcm 2
n Number of moles of electrons transferred mol

P Pressure bar

R Universal Gas Constant Jmol 'K
R Ohmic resistance Q

T Temperature K

Greek Letters

n  Overpotential A%
v Kinematic viscosity cm?s™!
® angular rotation rads—!

List of Acronyms

BET  Brunauer-Emmett—Teller

BV Butler-Volmer

CE Counter Electrode

CNT  Carbon Nanotubes

Cv Cyclic Voltammetry

ECSA  Electrochemically Active Surface Area
EDX  Energy-dispersive X-ray

EIS Electrochemical Impedance Spectroscopy
ESB Energy Selective Backscattered

GCE  Glassy Carbon Electrode

GDE  Gas Diffusion Electrode

GDL  Gas Diffusion Layer

KOH  Potassium Hydroxide

K-L Koutecky-Levich

LABs Lithium-ion batteries

iv
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LSV Linear Sweep Voltametry
OER  Oxygen Evolution Reaction
ORR  Oxygen Reduction Reaction
PTFE Polytetrafluoroethylene

RDE  Rotating Disk Electrode

RHE  Reversible Hydrogen Electrode
SE Secondary Electron

SEM Scanning Electron Microscopy
SSA Specifc Surface Area

TGA  Thermogravimetric Analysis
TMP  Transition Metal phosphides
TPB  Triple-Phase-Boundary

XPS X-ray Photoelectron Spectroscopy
XRD  X-ray Powder Diffraction

WE Working Electrode
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1 Introduction

1.1 Framing and Presentation of the Work

Throughout the years, the worldwide demand for energy as been constantly increasing and with
it comes the urge of development of new technologies in alternative to non-renewable sources as
fossil fuels. The awareness for environmental issues is, as well, one of the biggest concerns of

society and there is a big need for environmental friendly power sources.[1]

Electrochemical conversion technologies, such as batteries with high power density and with a
rapid discharge capability, are among the key energy storage for the burst of energy for devices

for the next generation of electronics and electric vehicles (EVs).

Since the now available lithium-ion batteries (LABs) are not sufficient enough to meet the de-
mands of markets such as the EVs which have limited driving due to the low specific energy

density of the LABs, new systems are in process of development.

Metal-air batteries such as lithium-air, zinc-air, have attracted much attention due to their high
energy density when compared to other types of rechargeable batteries, figure 1, making them a
promising candidate to substitute the now available LABs. [1][2] Metal-air batteries use oxygen
from the air, low weight metal as the negative electrode and porous, light-weight, carbon based

materials as the positive cathode making them lighter batteries. [3]

12000 u Theoretical specific energy (Wh/kg)
10000
» Practical specific energy (Wh/kg)
8000
6000
4000
2000
0 O E&o - - -
X 8 & o o
S & N
\/G

Figure 1: Theoretical and practical energy densities of different types of batteries.[4]

Although they are a great candidate, having a theoretical energy density almost as high as

1 Introduction 1
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gasoline, they still face a lot of challenges being the biggest issue associated with the sluggish
kinetics of the air cathode. Electrocatalysts for the oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR), during charge and discharge in batteries, are limited by the high

existing overpotentials on the positive electrode . [5]

Noble metal based catalysts, such as Pt, Pt-based alloys (PtAu) are considered the best cata-
lysts for ORR, while RuO2 and IrOs are considered the premium catalysts for OER. However,
these noble metal-based catalysts suffer from multiple disadvantages, including high cost, low
selectivity, poor stability, detrimental environmental effects and limited reserves have precluded

these renewable energy technologies from large-scale commercial applications.[6][7]

Nevertheless, a lot of effort has been made throughout the years to develop bifunctional nonprecious-
metal electrocatalysts that can replace noble-metal catalysts and accelerate the ORR and OER
process in order to significantly increase the rate capability, energy efficiency and operational life

of metal-air batteries and improve mass production of clean and renewable energy.|[7]

This thesis aims to develop non noble metal catalysts to improve the reactions kinetics in metal-

air batteries and substitute expensive noble-metal catalysts.

1.2 DLR - German Aerospace Center

The German Aerospace Center, also known as DLR, was created in Gottingen in 1907 and it is the

Federal Republic of Germany national research center for aerospace, energy and transportation.

DLR is present in 20 location around Germany along with international offices in Brussels, Paris,

Tokyo and Washington D.C.

This master thesis was held in the Institute of Engineering Thermodynamics, in Stuttgart. The
DLR site in Stuttgart was first established in 1954 at Stuttgart airport and, since 1961, it
is located in Stuttgart-Vaihingen. It counts with more than 700 employees in six institutes.
In the Engineering Thermodynamics Institute it is promoted the development of electrochem-
ical and thermochemical energy storage and conversion devices such as electrolyzers, fuel cells
and advanced batteries. It also investigates efficiency, cost and sustainability of future energy

systems.[8]

1 Introduction 2
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1.3 Work Contributions

DLR purses the development of performance improvement for metal-air batteries. A lot of studies
have been made throughout the years to synthesize catalysts which improve the sluggish kinetics
of metal-air batteries. During the development of this project, I designed two new catalysts that
could improve the metal-air batteries kinetic reaction, synthesized them and performed all of
the electrochemical measurements stated. All of the ex situ measurements were performed by

laboratory technicians, responsible for each measurement.

1.4 Thesis Organization

This thesis is divided into five different chapters.

The first chapter, Introduction, gives a brief overview and helps to understand the necessity of
this work. The second one, State of the art, is a gathering of important concepts related to
metal-air batteries and gives the reader a contextualization of the subject. In the Materials and
Methods chapter, third one, it is explained the procedures done and methods used to synthesize
and characterize the different catalysts studied. The following chapter, the fourth, is presented

all the obtained results.

The conclusion of this work is presented in the fifth chapter and finally as the last chapter,
Assessment of the work done, describes the objectives achieved and presents a personal opinion

about this project.

1 Introduction 3
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2 Context and State of the art

2.1 Metal-air batteries

Metal-air batteries are electrochemical cells that use a metal as anode and have the particularity
of using O9 drawn from the surrounding environment at the cathode. They convert the chemical
energy of electrochemical reactions, occurring at its electrodes, into electrical energy.[9] The
distinguishable characteristic of this type of batteries is the abundant and free availability of the

cathode material, the oxygen.[4]

The cell configuration of conventional rechargeable batteries are based on three main active com-
ponents, the negative and positive electrode and the electrolyte, which will be further explained

in the following sections.[10]

2.1.1 Metal electrode

There are several kinds of metal-air batteries based on the metal species of the anode. Most
frequently, the metal used is lithium, zinc, aluminum and magnesium and the characteristic
reactions mechanisms of the battery vary according to the metal used.[4] Nevertheless, during
discharging the reaction of metal oxidation is common to all of metal anodes and can be gener-
alized as equation (1). In rechargeable batteries the reaction is reversed and the metal will be

then reduced while the cathode is being oxidized.

M ¢ M*F + ze™ (1)

2.1.2 Air electrode

The air electrode, which is usually referred as the gas diffusion electrode (GDE), is divided into
a three layer electrode system, consisting in a gas diffusion layer (GDL) responsible for oxygen
adsorption (and its distribution to the catalyst sites), a catalyst active layer responsible for

catalyzing the reactions, and a current collector for electron conduction.[11]

2 Context and State of the art 4
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During the discharge process, the oxygen from the atmosphere diffuses into the porous electrode,
due to pressure difference, and it is reduced at the air cathode by accepting the electrons released
from the metal anode during its oxidation process. This reaction is known as ORR. In the
charging process, while the metal-ion is being reduced, the oxygen is being evolved at the cathode,

OER. [2][3]

Regarding the redox reactions, the ORR can proceed in two different paths. The four electron

path, presented in equation (2). [12]

Og + 2H50 +4e~ = 40H; E° = 0.401 V vs. SHE (2)

and the two-electron path, equation 3, where O3 is reduced to peroxide ion.

O3 + Hy0 +2¢~ — HO, + OH; E® = 0.076 V vs. SHE (3)

The two-electron pathway is followed by further reduction, presented in the following equation.

HO; + Hp0 + 2¢~ — 30H; E = 0.878 Vvs. SHE (4)

Even more, it can also happen a disproportionation reaction presented in equation 5.

2HO; — 20H™ + O, (5)

The OER overall reaction is the reverse reaction of ORR reaction (2), where O is produced.
[13] However, the OER mechanism is different depending on the catalyst. Many research groups
have proposed possible mechanisms. Possible reaction intermediates are OH, O and OOH and

the mechanism might follow the reaction steps presented below. [14][15][16]

40H™ — OHaqgs + 30H™ + ¢~ (6)
OHags +30H™ 4 e~ — Oaqs + HoO + 20H™ + 2¢~ (7)
Oads + H2O + 20H™ 4 2e™ — HOOpqs + H2O + OH™ + 3¢~ (8)

2 Context and State of the art 5
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HOO,4s + HoO + OH™ + 3™ — Og + 2H20 + 4e™ (9)

This reactions can only take place at confined spatial sites, which is called the triple phase
boundary (TPB). The TPB is where the catalytic electrode is simultaneously interfaced with
liquid electrolyte and gaseous Oy. These spaces hold a complex interplay between the reaction
processes that occur at the catalyst/electrolyte interface and the reactants diffusion processes

through this same interface. [13] [17] A simplified scheme of the TPB is shown in figure 2.

Gas P(gres Catalytic Electrode

\, Particles
\

TPB’s
Electrolyte

Figure 2: Schematic representation of the TPB system.[17]

The thin and highly porous GDL allows the flow of O3 in order to accomplish high current den-
sities during discharge process. [1][18] The GDL should also be hydrophobic to avoid flooding,
ensuring the coexistence of gas and liquid phase in the porous structure. Agents, such as PTFE,
can be impregnated and guarantee the hydrophobic characteristic. [1] The degree of hydropho-
bicity has to be taken in consideration since it influences the battery polarization behavior. At
low current densities, the major contribution of PTFE content is to the degree of hydrophobicity
and porosity affecting the gas permeability (mass transfer).[1] Increasing PTFE content in the
electrode reduces porosity. However, hydrophobicity is increased. This is called the activation
loss controlled region. [11] At higher current densities, the ohmic loss controlled region takes
over electrical conductivity (Ohmic resistance), but also in terms of the gas permeability (mass
transfer).[1] Moreover, the binder improves the mechanical stability of the electrode and main-
tains open pore structures due to the hydrophobic effect, when an aqueous electrolyte is used.

[18] [5]

To prevent the particles from passing through, the air cathode is also constituted by a separator,

a physical barrier that, besides preventing the contact between the two electrodes, allows the

2 Context and State of the art 6
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ionic flow.[3]

2.1.3 Electrolyte

The electrolyte plays a vital role as a medium to transport metal ions and dissolved oxygen,
affecting the battery electrochemistry. Metal-air batteries are, frequently, classified according to
the nature of its electrolyte. The most common ones are aqueous, nonaqueous, or even solid-state

and hybrid systems of the ones mentioned before.[13] [2]

The electrolyte affects the battery performance, therefore it should possess properties such as high
oxygen solubility and diffusivity, low volatility and viscosity. [13] With that in mind, and knowing
alkaline media provides a less corrosive environment to the catalysts, as well as better kinetics
when compared with acidic media, [10] concentrated pothassium hydroxide (KOH) solutions are
usually used due to the highest ionic conductivity and the lowest viscosity, providing better

electrochemical kinetics and mass transport. [1]

On the other hand, alkaline electrolytes medium can have negative aspects such as the reaction
of carbon dioxide from the air with the alkaline electrolyte producing potassium carbonate which
precipitates inside the air electrode, which can, not only block the pores of the electrode, but

also lead to irreversible failure of air cathode [3]

In figure 3, there is a schematic representation of a metal-air battery in aqueous electrolyte, where
is illustrated the O diffusion from the outer atmosphere and adsorption on the catalyst surface,
reduction of the metal with transfer of electrons from the metal anode to the O molecules
through an external current, breaking of the oxygen bond, and the desorption of the hydroxyl

ion product from the catalyst surface to the electrolyte.[2][13]

2 Context and State of the art 7
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Figure 3: Configuration and operating principle for an aqueous metal-air battery.[19]

2.2 Catalysts

Both ORR and OER show high overpotential, as a result power density and current rates are
affected. It has been demonstrated that both overpotentials can be dramatically decreased by
the use of catalytic materials in the air electrode.[1] Hence, ORR and OER catalysts are always
applied to lower the activation energy and increase the conversion rate of the electrochemical

reactions. [1]

As before mentioned, noble metal catalysts have multiple disadvantages, therefore different ap-
proaches have been taken in consideration throughout the years in order to find low-cost, efficient
and stable bifunctional catalysts which is particularly difficult, because good catalysts for ORR

cannot drive OER and vice versa.[11]

Platinum based catalysts and noble metal catalysts such as Au and Pd have been known as the
best catalyst for the ORR. However, due to the high-cost, scarcity, degradation and performance

loss under OER conditions, there is the need to find other catalysts.

Several types of non-precious catalysts have been studied, including transition metals, like Ni
and Fe, perovskites and transition metal spinel oxides such as manganese oxide (MnOgz) and
cobalt oxide (Co304) have been widely considered as a promising candidates because they are
relatively inexpensive and present a good ORR activity. Ag is also a promising candidate because
it is less expensive and has similar reaction mechanisms and kinetics for ORR compared to

Pt.[20][10][21] [5] Transition-metal electrocatalysts (such as metal phosphides (NiyP), sulfides,

2 Context and State of the art 8
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and oxides (NiOx, FesO3, Co304, Ni-oxyhydroxides) which are very good for OER are poor for
ORR.[22]

The combination of transition metals and carbon nanomaterials, including carbon nanotubes
(CNT), graphene sheets and three-dimensional carbon architectures are also a promising strat-
egy. They are explored owing to their excellent quality as a support material, high electrical
conductivity and extremely corrosion resistance in basic environments, as well as being less

expensive in comparison to noble metals. [1][11][21]

2.3 Thermodynamic Potential and kinetics

In a typical electrochemical cell there are two electrodes and, at each one, an electrochemical
reaction occurs. This reaction is called a half cell reaction, also known as a redox (oxidation-
reduction) reaction. This type of reaction involves transfer of electrons between two species
changing the oxidation states. The reduction of an oxidized element (Ox), can be represented
by equation (10).

Ox 4+ ne” = Red (10)

Where Red represent the reduced form of the species by accepting a certain number (n) of
electrons. This reactions are usually reversible, meaning that the oxidized form of the solution

species can be regenerated from the reduced form.

The potential at each electrode can be then expressed according to Nernst as equation (11).

RT Co
E=E"+ —ln——
+ nkF nCRed

(11)

The applied potential (F) is dependent on the standard potential of the redox reaction (E?), on
the absolute temperature (7'), the universal gas constant (R), Faraday constant (F'), on n and

on the concentrations of oxidized and reduced reagents, (Cox) and (Creq) respectively.[14]

2 Context and State of the art 9
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2.3.1 Overpotential

The energy conversion in an electrochemical process is often limited by high-activation barrier
and, in order to overcome the kinetic barrier of the reaction and drive the reactions, it is necessary

to apply a higher potential than that at equilibrium.[14]

The difference between the applied potential and the potential under equilibrium conditions is

denominated as overpotential(n) and it is illustrated as equation (12). [2]

n=FE—Egy (12)

There are different kind of overpotential influences in the overall overpotential. The three ma-
jor contributors for the impedance are classified as the ohmic overpotential (nq), activation
overpotential (charge tranfer kinetics) (1,.), and concentration overpotential (mass-transport

limitation) ny, .[23] [24]

The nq takes into account the electrolytic resistivity of the anode and cathode bipolar plates
regarding electron migration. [12] The n, is the potential required to overcome the activation
energy of the reaction to produce a specified current. [23] The ny, is caused by the concentra-
tion gradient of reactants, or products, in the bulk electrolyte to the electrode surface, further

explained in the following section.[25]

The overall overpotential, equation (13), of the electrochemical cell is the summation of the three

overpotential contributions. [23]

7 =10 + Nac + ML (13)

As electrochemical processes involve transfer of charged species in the interface region between the
electrode and the electrolyte, where reactions take place, there is accumulation and nonuniform
distribution of charged species.[23] Positive charges accumulate on one side of the interface, due
to chemical interaction, while negative charges collect on the other side (moving fluid). The
charge difference between the interfaces is known as the electrical double layer (EDL), figure
4. The thickness of the diffusion layer corresponds to the region where the concentrations of

the charged species is different from the concentration of the bulk ones and it is also commonly

2 Context and State of the art 10



Synthesis and characterization of a carbon supported transition metal phosphide for the OER

referred as the Nernst diffusion layer. [23] [26]

v

C ompuc} Diffuse layer . bulk
layer

Figure 4: Electrical double layer.[27]

2.3.2 Kinetics

When mass transport is not a rate-determining step, the relationship between the current, i, and
the activation overpotential, 1., follows the Butler-Volmer (BV) equation for low n. Equation
(14) describes the electrical current (j) on an electrode. [23][24]

aanFn) ( ac.nkn
rT /P TRT

J = Jo |exp( ) (14)
The j is the difference between the anodic and cathodic current densities, being the first term
the metal dissolution, while the second term represents the metal deposition. jy represents the
exchange current density, «, and «, are the anodic and cathodic charge transfer coefficient,

respectively. [14][12]

At high 7, where the reaction in the electrode becomes irreversible, it can be derived from the
anodic and cathodic current densities in the BV equation, the Tafel equation (15), which relates

the current and the applied electrochemical potential.[14]

RT Ini RT
n J—
J0 nFao,

= Inj =a—blnjy 15
"= Fal J j (15)
A plot of the BV equation is represented in figure 5. For low 1), 7. represents the cathodic current,

while 4, represents the anodic current for high n. For n=0 the current is defined as exchanged

current density, jo.
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anodic current
i>0

iq = ipexp(}) [i=ta*ic

i<0 e = —lo exp(_%)

cathodic current

Figure 5: BV plot for low and high 7. [28]

2.4 Performance Evaluation

The performance characteristics of metal-air batteries can be determined by typically done mea-
surements such as Linear Sweep Voltametry (LSV) and Cyclic Voltametry (CV), which are
performance indicators of the kinetics of the ORR and OER reactions, respectively, allowing the

comparison between different catalysts. [23]

2.4.1 Evaluation of ORR performance

As it was previously mentioned, the ORR reaction mechanism can follow two different paths.
Catalysts which induce the 4 electron reduction path of oxygen are highly preferred not only
because of the higher energy conversion but also no significant adverse effect on the stability of

catalyst as it can happen in 2 electron reduction path owing to the high yield of HO; .[12]

The electron transfer number per oxygen molecule (n) involved in ORR, directly correlated with
the selectivity of the catalyst, can be determined by Koutecky-Levich (K-L) equation, equation
(16). [10]

1 1 1 1 1 1

- =t —S -=—+ = 16
i Jxk  Jm J  Jjk  Bpw'/? 16)
Where j stands for the measured current, jx is the kinetic current density, « is the angular

rotation rate of the electrode in rads™! and jj; is the mass transport current which can be

calculated from the so-called K-L plot where the inverse measured current is plotted versus the
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inverse square root of the rotation rate, w'/2, being the slope the inverse of the Levich Constant,
Bj,. The respective n relative to reactions in chapter 2.1.2, can be then calculated from equation

(17).129] [30] [10]

B = 0.620nFCo, D) v/ (17)

In equation (17), F refers to the the Faraday constant, Do, is the diffusion coefficient of oxygen
(1.8x10° em?s™1), v is the kinematics viscosity of the solution (1.0x102 ecm?s™!) and Cp, is
the bulk concentration of Oy molecules (7.8x10 7 molecm™2). The values of these coefficients are

referred to 1M KOH solution, since it was the concentration studied for easier comparison with

other state of the art catalysts. [29]

In figure 6, there is a representation of a common ORR curve. The performance indicators that
can be read in this type of curves are the potential at which the reaction starts, called the onset
potential Eonset , the half-wave potential F /5, which is the potential at which the current is

equal to one half of the diffusion-limiting current density jr,, and the n. [10]

Current density (mA cm™)

L L
0.2 0.4 0.6 0.8 1.0 1.2
Potential (V, vs RHE)

Figure 6: Typical LSV polarization curve. [10]

2.4.2 Evaluation of OER performance and iR drop

The major indicators for OER activity involve the Eynset, kinetic n and exchanged current density,

jo-[31]

However, whenever a current is passing through the circuit there is an extra resistance induced

by the electrolyte resistance. This uncompensated resistance, often named as ohmic resistance
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(R), leads to an additional voltage drop called iR drop. [32] This will cause an error in the
experiments. Therefore, in order to determine the true potential it is subtracted to the applied
potential E,, the current measured (i) times the R measured. Equation (18) shows the correction

necessary to make. [33]

E,=E,—iR (18)

The Tafel slope, B is also an important parameter to test OER activity. It is obtained from the
Tafel plot, which is a representation of n vs. logé, directly specifies how much overpotential it is
needed to increase the reaction rate by a factor of ten. It provides insightful information towards
the mechanism of the reaction. [27] [34] Tafel slopes are closely related to the electrons involved
in the reaction, therefore different Tafel slopes implicate different rate-determining steps and a
smaller Tafel slope predicts a possible good catalyst. In figure 7, it is represented the Tafel plot

with two different Tafel slopes.[14]

Slope: b,;> b,

v

Log i

Figure 7: Representation of Tafel plot with two different slopes.[14]
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3 Materials and Methods

3.1 Rotating disk electrode

To characterize the efficiency of an electrocatalytic material it was used a rotating disk electrode
(RDE), a three-electrode configuration system. It measures the electrical current flow between
the working electrode (WE) and the counter electrode (CE). The potential is measured between
the WE and a reversible hydrogen electrode (RHE). The WE, CE and RHE are submersed in
1M KOH electrolyte, as alkaline environments own improved kinetics in comparison to acidic
media. In the RDE used for the experiments presented in this thesis it was used a Pt foil as CE.
[1][20] In the Annex it is possible to find a picture of the RDE in which the experiments for this

thesis were conducted, figure 43.

Different electrochemical tests were performed in RDE. It was chosen a potential region in which
a redox reaction, ORR or OER, take place using a specific scan rate. The current was measured
by a Zahner IM6 potentiostat. The response obtained in the cycling region allows to understand

the mechanism and reactions that might occur.

3.2 Electrochemical characterization

3.2.1 Cyclic Voltammetry

To evaluate the electrochemical activity of the catalyst for the OER, it was firstly purged No
into the electrolyte for 15 min to guarantee a saturated environment. The working temperature
was 25°C. Afterwards, it was performed 3 cycles with potentials ranging from 1.2V to 1.65V,
such that the reaction could happen. The cycles were performed with a scan rate of 5mVs™!
and it was applied a rotation speed of 1600 rpm in order to eliminate mass-transfer limitations.

For OER evaluation it was plotted the 15! cycle.
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3.2.2 Linear Sweep Voltammetry

The working electrode was scanned at 5mV s™!, for 2 cycles in a potential range between 0.2V
and 1.1V in order to evaluate the ORR performance. The test was performed for different
rotations speeds, 400, 900, 1600 and 2500 rpm. The experiments were performed at 25°C in O»
saturated atmosphere (15 min saturation). The output was then used for the evaluation of the
number of electron transferred per catalyst during the reaction. Regarding the ORR evaluation

2nd

it was consider for plotting the cycle.

3.2.3 Double layer capacitance

The capacitive double layer (cg) measurements are commonly performed since the cg value is
expected to be linearly proportional to the electrochemically active surface area (ECSA). The
CV technique, at 0 rpm and potential window between 0.95V and 1.05V with various scan rates
raging from 10mVs~! to 1600mVs~!, were done. These measurements are performed in a
potential window where there is no current related to charge transfer process flowing, in order
to avoid kinetic processes. It is also commonly accepted that the ECSA has a linear relationship

with the EDL capacitance caused by the inter-facial charging process. [31]

3.3 Physical characterization techniques

To have a better understanding of the catalysts performance and comprehend the different be-

haviours of the catalysts, indirect ez situ characterization techniques were done.

3.3.1 SEM and EDX

Scanning electron microscopy (SEM) is an ez situ technique that allows to understand the
morphology of the catalysts regarding the homogeneity, elements distribution, pore distribution,

agglomerates formed and elements size.

The distance between the lenses and the catalyst powder was kept between 4.0-8.0 mm distance

and the electron beam with a voltage beetween 1.00 and 3.00kV. The images were recorded
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based on the energy selective backscattered (ESB) and Secondary electron (SE) to increase the

contrast between the different elements.

An Energy Dispersive X-Ray Spectroscopy (EDX) was also used, combined with SEM measure-
ments, to provide elemental identification as well as quantitative composition information.The
catalysts were spread on a carbon tape and it was sorted different areas with different sizes and

compositions. The lens was kept between 7.8 and 8.1 mm distance and the X-ray beam 15kV.

3.3.2 XRD

X-ray powder diffraction (XRD) was used for phase identification of the materials. The mea-
surements for NigP and NigP/CNT were perfromed using a Cu-Ko source of electrons, while
for NigP-Fe/CNT, NigP-FesO3/CNT, Fe/CNT and FeaO3/CNT the source of the electron beam

was Co.

3.3.3 XPS

The x-ray source used for X-ray photoelectron spectroscopy (XPS) measurements was Al K-alpha
and the pass energy used was 60eV. It was assigned the binding energies of Ni2p (from 890eV
to 840eV), for Fe2p (730eV to 690eV) and for P2p (from 140eV to 125eV).

3.3.4 BET

Brunauer-Emmett-Teller (BET) measurements were done to obtain the specific surface area
(SSA) of the catalysts, giving insight on its porosity. All the samples were prepared by being
dried in vacuum at 40°C. The measurements regarding NigP/CNT and NigP-FesO3/CNT were
performed in N atmosphere, while NigP and NiyP-Fe/CNT measurements were carried out in

Kr atmosphere.
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3.3.5 TGA

Thermal gravimetric analysis (TGA) is a method of thermal analysis and it was used to determine
the mass percentage of CNT on the material. It was used a heat range of 5K/ min in an Argon

atmosphere.

3.4 Catalyst synthesis

In this thesis it was synthesised the 4 different idealized catalysts, being them NiyP, NipP/CNT,
NigP-Fe/CNT and NigP-FesO3/CNT), as well as 2 Fe based catalysts supported on CNT, Fe/CNT
and FeaO3/CNT.

3.4.1 Unsupported catalyst synthesis, Ni,P

For the synthesis of NiyP, it was weighted and griended 0.3g of NiCly-6H,O' and 0.66g of
NaH,POy-Hy0?%. Afterwards, it was submitted to a heat treatment at 250°C during 1h in Ny
atmosphere, in a tubular furnace. The resultant powder was grinded and cleaned with water
to remove especially salts, 3 times in a centrifuge rotating at 7600 rpm during 4 min. Was then

rinsed with Ethanol and dried at 60°C in an oven at ambient pressure.

In figure 8 there is the synthesis flowchart. This synthesis process was based in literature [35].

! Alfa Aesar®; Nickel(IT) chloride hexahydrate, 99.95% (metals basis); 7791-20-0
2 Acros Organics; Sodium hypophosphite monohydrate; 10039-56-2
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0.66 g NaH,PO,-H,O > grinding —> tubular furnace
0.30 g NiCl,-6H,0 N
1h 250 °C
Dry overnight Tamb
3xH,0 Y

Ni,P « co°Cdrying «—Z000IM_— jnging «— primary powder
Figure 8: NiyP synthesis procedure flowchart.

3.4.2 Supported catalyst synthesis

For all the different supported catalysts synthesized in the study it was used as a support CNT3.

For the synthesis of Fe/CNT and FepO3/CNT, it was used 450 mg of multi-walled CNT (with
an 0.D. of 7-15nm, L.D. of 3-6nm and length of 0.5-200 ym), 1.44 g of Fe(NO3)3-9H,0 . Both
materials were dissolved, separately, in 50 and 150 ml of ethanol, respectively and sonicated for
45 min each. They were then mixed and sonicated for 1 h. The aim of ultrasonication is to have
homogeneous distribution of particles and hence decreasing the possibility of agglomeration. The

mixture was then kept in an oven at 60 °C at atmospheric pressure to evaporate the ethanol.

For the synthesis of FeaO3/CNT, the residue obtained from the previous steps was calcinated

for 3.5h at 350°C in an oven in normal atmosphere air.

While for the synthesis of Fe/CNT it was submitted to a heat treatment in a tubular furnace for
3.5h at 350 °C under 95% Ny and 5% Hsy atmosphere.

The process of synthesis and quantities used were adapted from literature. [36] The flowchart

for the synthesis procedure for both catalysts is explained in figure 9.

3Sigma-Aldrich; Carbon nanotube, multi-walled; 308068-56-6
4*ACROS Organics; Iron(III) nitrate nonahydrate, 994+%; 7782-61-8
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ultra- ultra-
sonication sonication

1.44 ¢ Fe(NO3);-9H,0O ——> 50 mL EtOH s ——>

—> 60°C drying
0.450 g CNT 150 mL EtOHgpg >

45 min 60 min
Oven
Atmosphere air
Fe,O3/CNT 3:30 h 350°C

Tubular furnace
95% N2 ) 5% H2

Fe/CNT 3:30 h 350°C )

A

Figure 9: FeoO3/CNT and Fe/CNT synthesis procedure flowchart.

3.4.3 NipP/CNT synthesis

For the syntesis of NisP/CNT it was weighted 0.600g of NiCly-6H20O and stirred in solution
with 30ml of EtOH,s° it was then added 0.150g of CNT and ultrasonicated for 30 min. The
product was then dried overnight at 60 °C oven. After, it was added 1.320g of NaH2PO2-HoO
and grinded. The resultant product was submitted to a tubular furnace at 250°C during 1h in
Ny atmosphere. Afterwards, it was grinded and cleaned with water, 4 to 5 times in a centrifuge

at 7600 rpm, rinsed with Ethanol and dried at 60°C in an oven at ambient pressure.

Figure 10 represents the synthesis procedure for this catalyst. The process was adapted from

[37).

Ultra-sonication

0.600 g NiC12'6H20 —> 30 ”?LAEtOHabS x> anddrying ———> grinding —> tubular furnace
stirring T overnight (60°C)
0.150 g CNT No
1h 250 °C
4xH,0
Ni,P/CNT 60°C drying «—260000Dm i ging <« primary powder

Figure 10: NigP/CNT synthesis procedure flowchart.

SMerck; EMSURE® ACS,ISO,Reag. Ph Eur Ethanol; 64-17-5
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3.4.4 NipP-Fe/CNT synthesis

For the synthesis of NigP-Fe/CNT it was mixed 0.150 g of Fe/CNT, with 0.600 g of NiCly-6H20 in
50 ml of Ethanol absolute and sonicated for 30 min. It was then dried in oven at 60 °C at ambient
pressure. The product was grinded and added 1.320 g of NaHsPO2-H5O, for the phosphorization
in a tubular furnace for 250°C for 1h. Product was then washed in a centrifuge, at 7600 rpm,
with HyO to remove the residues. Rinsed with Ethanol and dried at 60°C in oven at ambient

pressure. Figure 11 present the synthesis procedure for NigP-Fe/CNT.

. Ultra-sonication
0.600 g N1C12'6H20 ——> 50 mL EtOHyps T and drying — > grinding —>  tubular furnace

overnight (60°C)

0.150 g Fe/CNT Np
1h 250 °C
4x H,0
Ni,P-Fe/CNT 60°C drying «—20000PM___ i ing <« primary powder

Figure 11: NigP-Fe/CNT synthesis procedure flowchart.

3.4.5 NiyP-Fe;03/CNT via stirring and ultrassonication

The catalyst NigP-FeoO3/CNT was synthesized in two different ways. It was first mixed 0.150 g
of FeaO3/CNT, with 0.600 g of NiCly-6H20 in 50 ml of Ethanol absolute.

In the first method, the previous solution was stirred and heated at approximately 100 °C until
the ethanol was evaporated. While, in the second method, the previous solution was sonicated

for 30 min.

Both catalysts were then dried in oven at 60°C at ambient pressure, griended after and added
1.320 g of NaH2PO4-H50, for the phosphorization in a tubular furnace for 250°C during 1 h. By
last, the catalysts were washed in a centrifuge, rotating at 7600 rpm, with HoO to remove the
residues, rinsed with Ethanol and dried at 60 °C in oven at ambient pressure. In figure 12 it is

simplified schematically the synthesis procedure for this catalyst.
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Ultra-sonication
. or Stirring at
0.600 g N1C12'6H20 ——> 50 mL EtOH,ps —> 100°C ———> grinding —>  tubular furnace
drying overnight
(60°C)
0.150 g FeOx/CNT N

1h 250°C

4x H,0
Ni,P-Fe;03/CNT <« 60°C drying «600rpm o ing «—————————— primary powder

Figure 12: NigP-Fe;O3/CNT synthesis procedure flowchart.

3.5 Catalyst ink and layer preparation

To obtain reproducible results in RDE measurements, the first step is to prepare a well-dispersed
ink. Before reaching a suitable ink that would fit on the different catalysts, different weight ratios
of the components were tested. Catalyst inks were prepared by mixing a solvent, water and in
addition an alcohol, isopropanol. To the resulting solution, was then added a binder, a Nafion
ionomer. The binder loading affects the catalysts performance, it should be sufficiently high to
prevent the electrocatalyst from falling off at high rotation speeds. On the other hand, it could
block the access paths of oxygen to the active sites. Therefore, it should be avoided high loading

in order to minimize extra diffusion resistance of Os. [3][20] [38]

All of the catalysts inks were prepared with the final composition presented in table 1.

Table 1: Catalyst ink formulation.

Component Function Quantity

Catalyst catalyst 11 mg
Ultrapure water®  solvent 2300 uL
Isopropanol” solvent 460 uL
Nafion® binder 45 uL

Afterwards, the catalyst inks were sonicated in an ice bath for 20 min to make it homogeneous.

6 Alfa Aesar; Water, ultrapure, HPLC Grade, 7732-18-5
"Merck; EMSURE® ACS,ISO,Reag. Ph Eur Ethanol; 64-17-5
8Sigma-Aldrich; Nafion® perfluorinated resin solution; 31175-20-9
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For all the electrochemical experiments, it was first prepared the glassy carbon electrode (GCE)
by polishing it with 0.05 ym Al,Os and then washed using deionized water in sonicater for a few

seconds.

Subsequently, it was pipetted 10 ul of the ink and droped onto the cleaned GCE. The ink dried
using the rotational air drying method, which consists in drying under ambient air by rotating the
GCE at 700 rpm, which was proved to be the most effective way to fabricate good quality catalyst

films, resulting in a better dispersed catalyst film in the GCE leading to higher currents.[39] [20]

The diameter of the GCE used was of 5 mm, hence a surface area of 0.197 cm?. The final catalyst

loading is therefore 0.2 mgcm™2 on the glassy carbon.
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4 Results

Transition metal phosphides (TMP) have been used to prepare efficient catalysts for OER, dis-
playing a catalytic activity similar to the reference electrodes of iridium black. [40][41] [42][43]
In particular, Fe, Ni-based phosphides showed high performance towards OER.[44] Abundance
and hence relatively inexpensive makes the TMP-based catalysts quite appealing. In this the-
sis, phosphides based catalysts, specifically NioP and the support materials, were investigated.
Coupling metal nanoparticles with a carbon support material is regarded as an effective strategy
for improving catalytic performance. Hence, CNT was used as support and NigP/CNT was

synthesized and characterized. [45]

NiyP-FeyO3/CNT and NigP-Fe/CNT catalysts were idealized, synthesized and characterized (in
situ and ex situ). All of the above catalysts were investigated for ORR and OER performance.

These last two are expected to show higher activity because of bimetallic composition. [44] [46]

[47]

4.1 Electrochemical characterization

4.1.1 ORR activity

The selectivity for the ORR reaction path was studied for each catalyst and compared with
Pt/C?. For that, LSV experiments at different rotations were carried out. This experiments
demonstrate the dependency of the current densities with the rotation speed. K-L plots were
obtained, from LSV experiment data, by plotting the inverse of j vs. the inverse of the square
root of rotation speed, for different potentials in the diffusion-control region, plot of equation

(16). The slope of the K-L plot allowed to calculate n by using equation (17).

In figure 13a and 14a, it is observed that jr increases with increasing rotation speed, resulting
from the higher and faster oxygen flux to the electrode surface. The Ey,st does not depend on the
rotation speed, being constant throughout the measurements. It is also noted that NigP/CNT

as a catalysts provides higher current densities than NigP.

9 Alfa Aesar; Platinum, nominally 20% on carbon black, HISPEC® 3000; MFCD00011179
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In the K-L plots for NigP, figure 13b, and for NigP/CNT, figure 14b, one can see that the values

of n showed to be around 2 for both catalysts, thereby indicating that the ORR is dominated

by the 2 electron pathway, reaction (3). The lines were added for readability.
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Figure 14: Ni;P/CNT ORR activity.

For NigP-Fe/CNT, figure 15a, and for NigP-Fe;O3/CNT, figure 16a, the results obtained were

similar to the ones obtained for the previous catalysts. The j;, increased with increasing rotation

speed, being the highest for 2500 rpm. NigP-FeaO3/CNT reached higher currents compared with

NigP-Fe/CNT. On the other hand, the currents of NigP-FeaO3/CNT are similar to the ones

obtained for NigP/CNT, while the currents of NigP-Fe/CNT are similar to NigP.
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Both of these catalysts follow the 2 electron pathway for the ORR reaction, as the n calculated

for both was around 2, presented in figures 15b and 16b.
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Figure 15: NigP/Fe/CNT ORR activity.
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Figure 16: NigP-Fe;O3/CNT ORR activity.

In summary, all the synthesized catalysts follow the 2 electron pathway for ORR, reaction 3. On

the other hand, Pt/C was proved to follow the 4 electron pathway reaction (equation 2) which

highly preferential as it was previously explained.[Consult figure 36 in Appendix A.1]

For an overall performance understanding, the ORR activities of the catalysts were compared at

a constant 1600 rpm in the potential window between 0.2V and 1.1V, figure 17.
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Figure 17: ORR activity

As it can be seen in the above graph 17, the addition of the CNT support in NisP not only
resulted in a better Fyuset but also in a higher jr. A similar performance was noted for the
addition of FeyOgs, while using Fe supported on CNT does not increase the activity of NisP,
however has a better Eynset. Even though using different approaches made possible the increase
of NigP performance, it can be easily concluded that the ORR activity of none of the synthesized

catalysts are comparable to Pt/C.

Taking into account the results obtained in the K-L plots, it is possible to understand, and
explain, the noticeable difference between the current densities reached in Pt/C and all of the

NisP based catalysts.

The different Eonset, F/2 and jr values, from plot 17, can be compared in table 2.
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Table 2: ORR parameters.

Catalyst JL Eij2  Eonset
mA cm ™2 v A%

Pt/C 3.25 0.87  0.92

NigP 1.25 0.65  0.72

NioP/CNT 1.75 0.74  0.80

NigP-Fe/CNT 1.25 0.70  0.77

NigP-FeyO3/CNT 1.75 0.71 0.77

For the synthesized catalysts, it can be seen from table 2, that the Eynset has the highest value
for NigP/CNT, nonetheless both catalysts with Fe/CNT and FeaO3/CNT present better value
than NigP. The highest value of F}/; and ji, are for the NigP /CNT and NigP-FesO3/CNT.

4.1.2 OER activity and Tafel plot

OER activity tests for all the catalysts, including Ir Black'® as benchmark were tested. The
OER plot (iR- corrected) is showed in figure 18. The ohmic resistance can be determined by
performing an Electrochemical Impedance Spectroscopy (EIS) test [amplitude of 10 mA with
frequencies from 100kHz to 500 mHz|. The OER curves were plotted with an associated error.
The error bars were calculated by doing the mean of 3 measurements. For the positive error
it was subtracted the maximum value of the 3 measurements to the mean value and for the

negative error it was subtracted the minimum value of the 3.

0Umicore, Iridium Black, 99% purity, 7439-88-5
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Figure 18: OER activity

Among all the materials, NigP demonstrated the most sluggish OER performance and NisP-
Fey03/CNT shows an outstanding activity relative to other catalysts, including Ir Black. It can
also be seen that the presence of CNT might be the reason why conductivity of the materials
is increased resulting in higher currents. Nonetheless, the effect on the surface could also be a
possible explanation. However the Eopget remained the same for NigP and NigP /CNT. Egpset has
been found relatively lower for NigP-Fe/CNT and NigP-FeaO3/CNT when compared to other
catalysts, this phenomena could be attributed to the presence of Fe in these materials. The
reason for enhanced OER. performance in existence of Fe could be associated with the increase
in the surface area or even the synergistic effect of Fe on Ni ultimately improving OER activity.

[45] The Eopset from the catalysts in plot 18 are presented in table 3.

From the Tafel plot, it is possible to obtain the Tafel slope, which is an important kinetic
parameter to investigate the OER kinetics, as was previously mentioned. The n was calculated
by subtracting the applied potential to the theoretical potential required to start the OER

reaction, 1.23V vs. RHE. Tafel plot of all the catalysts is presented in figure 19a.

For the Tafel slopes calculation it was made a linear regression in the range where the reaction
occurs for each catalyst. The individual ranges used for the fitting analyses of each catalyst is

presented in figure 19b.
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Figure 19: Evaluation of OER activity.

However, to fully determine the catalytic behaviour there is need to define other parameters
because B does not present the complete picture itself. Possible parameters that can be used in
combination with B are jy and 1 at a defined j. Normally, n is taken at 10mA cm™2 | o . [45]

The values obtained from Tafel plot including Tafel slope B, nip and jy are presented in table 3.

Table 3: Tafel equation parameters.

Catalyst B Jo n @10 mA/ch Fonset
mV dec™'  mA cm? mV A%

Ir Black 32 1.42x1077 250 1.52

NiyP 73 9.24x107° 373 1.57

NisP/CNT 62 1.44 x1075 364 1.57

NipP-Fe/CNT 72 9.33x10~* 290 1.52

NigP-FesO3/CNT 37 3.90x10~6 236 1.48

As one can see from the table, NigP has the highest B, and comparable to NigP-Fe/CNT, the
highest value for ng as well as the highest value for Fypset, which is the same as NigP/CNT.
However, this last catalysts presents a much better B, even though the ;g is also a high value.
Introducing Fe into the catalysts leads to a high decrease in the nip as well as in the FEypget.

NigP-FeaO3/CNT presents the lowest Eopset, even when compared to the benchmark catalyst,
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and also a comparable B, which can be the reason it leads to increase in OER activity for this

catalyst.

Furthermore, a high jy is a good indicator of a good electrocatalyst for the reaction since
it provides an idea of the catalyst activity without the effect of the surface area. However,
determining jy could lead in error because a very small error in determining B, e.g. derived from
the linear fitting, can lead to large difference in the values. [45] Ir Black is the catalyst which
presents the worst jy meaning that the catalytic activity of this catalyst is not desirable. On

the other hand, NigP-Fe/CNT presents the best value of 7.

Regarding nig, NigP-FeaO3/CNT presented the lowest value, 236 mV, surpassing the value of Ir

Black for the same parameter, 250 mV.

4.1.3 Capacitance measurements

The electrochemical double layer capacitance (cq;) is important to compare the intrinsic activity
of catalyst materials. The cq of catalyst NigP-FeoO3/CNT was the highest which elucidates

that this catalyst might have a higher electrochemically active surface area (ECSA)

It is also noticeable that the addition of CNT to NisP leads to a great increase in the cg by
10 times. On the other hand, the addition Fe/CNT increases the cq value relatively to NigP
but decreases in comparison with NigP/CNT. The low activity of NigP when compared with the
other catalysts, might be due to the low value for ECSA that this catalyst shows. Even though,
Ir Black showed a higher c¢q value, NigP-FeaO3/CNT still presented higher current densities
regarding the OER. The cq4 values are presented in table 4.

Table 4: Capacitance values measured for all catalysts.

Catalyst ‘Ir Black NigP  NigP/CNT NigP-Fe/CNT NigP-FeaO3/CNT

cq pF cm—2 3500 90 900 700 1100

For more information regarding this measurement and calculations performed consult Annex

A.1, figure 39.
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4.2 Ultra-sonication vs. stirring for Ni,P-Fe,O3;/CNT

As it was mention in chapter 3.4 Catalyst synthesis, NigP-FeoO3/CNT was synthesized with
two different methods, to understand which method provides a better catalytic performance.

Catalysts were characterized electrochemically and physically.

Figure 20 shows ORR (20a) and OER (20b) activity for the different synthesis procedures.
Regarding ORR reaction both methods provide the same Fjpset, nonetheless stirring provides a
better j and Ej/5. As for the OER, the Eonset , is practically the same however the j is higher

ultra-sonication method. The ORR and OER plot are presented in figure 20.
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Figure 20: Electrochemical characterization of NigP-FeaO3/CNT via ultra-sonication and stirring

To further understand the behaviour of catalysts obtained from different synthesis process (ultra-
sonication and stirring), it was plotted the Tafel plot, figure 21. The parameteres obtained from

the tafel plot, such as B, jo and njo are present in table 5.
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Figure 21: Tafel plot of NigP-Fe;O3/CNT via stirring and ultra-sonication.

Table 5: Tafel plot parameters of NigP-FeaO3/CNT via stirring and ultra-sonication.

B Jo 7n@10 mA cm?
Process
mV dec™! mA cm—2 mV
Stirring 37 3.31x1076 240
Ultra-sonication 38 3.90x1076 236

From table 5, The Tafel slopes obtained were quite identical as well as jy. The n;o values are also

quite similar, nonetheless ultra-sonication process is found to be slightly better than stirring.

The cgq; measurements, also shows significant difference between processes. The cq) of the catalyst
NigP-FeO3/CNT prepared with ultra-sonication is found to be 1100 pF em~2, while for stirring
the value is much lower, 600 pF cm~2. This values indicates that there is a significant difference
in ECSA of the catalysts prepared using different synthesis route, namely ultra-sonication is

better than stirring.

The above observation about catalyst prepared via ultra-sonication route can be supported by
SEM images, figure 22b, shows more homogeneous structure along with evenly dispersed parti-
cles. For instance spherical agglomerates at figure 22a, possible NiOx, seemed to be dispersed

by the usage of ultra-sonication.
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(a) Preparation via stirring (b) Preparation via ultra-sonication

Figure 22: SEM images for NigP-Fe,O3/CNT, SE

Taking all of the above results in consideration, it can be established that ultra-sonication is

better of the two routes to synthesize the catalyst.

4.3 Physical characterization

4.3.1 SEM Results

To have access to the morphology of the catalyst, SEM images of two synthesized Fe and FeoO3
supported on CNT catalysts were obtained. The SEM images presented in figure 23 were obtained
in ESB to show better contrast between Fe/FeaO3 and CNT. In figure 23a, the Fe particles (bright
nanosized particles) show a well dispersion on CNT surface (dark tubes), while in figure 23b the
FeyO3 particles (white parts) seem to be agglomerated, originating big cluster of particles on
CNT. The SEM images also suggest that the Fe content seems to be lower in Fe/CNT than in
FeyO3/CNT. The EDX analysis in Appendix A.1, table 11 and 12, indicates a lower ratio content
of Fe/C in Fe/CNT than in FeaO3/CNT, agreeing with the SEM pictures.
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Figure 23: SEM images, ESB

SEM images were obtained for accessing the porosity and morphology of the catalysts NisP,
figure 24a, and NigP/CNT, figure 24b. The later catalyst apparently looks to have bigger pores
and uniform dispersion of NisP on CNT as well as less agglomeration of particles compara-
tively to NigP. This two characteristics might provide a higher surface area and ultimately more

electrochemical active sites for ORR and OER.

mm Mag= 2000 K X Date :27 Feb 2019
= Ni2PICNT 21 Signal A= SE2 bR

200 nm EHT= 200 kV WD = 6.0mm Mag= 2000K X Date :5 Jul 2018 # 200nm™ EHT= 300 kv WD = 4.
NiP12 s

Signal A= SE2

(a) NiyP (b) Ni,P/CNT

Figure 24: SEM images of NisP and Ni;P/CNT, SE

In figure 25a, it is clear the dispersion of the catalysts on CNT with porous morphology, even
though the pores and pore sizes are unevenly distributed. However, the dispersion of NisP-Fe is

non homogeneous with some agglomerations.

Figure 25b, the catalyst shows porous structure, with surface of CNT well covered with NisP
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and FeyO3 creating a arrangement of interconnected particles.
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Figure 25: SEM images of Fe based catalysts, SE

Having compared all of the four catalysts it looks like NigP-FeaO3/CNT presents a higher dis-
persion of particles and hence might present a higher catalyst surface area. These results are
in agreement with Cy measurement, which proves that NigP-FesO3/CNT could have a higher
ECSA in comparison with the other synthesized catalysts. All of the above mentioned charac-

teristics might be the reason why this catalyst has superior catalytic activity towards OER.

It is important to note that all SEM images are taken at selective regions and for that they are

not representative of the whole powder, giving simply a clue of what the catalyst might be like.

4.3.2 EDX Results

The EDX analysis, table 6 suggests a homogeneous Ni/P molar ratio to be approximately 2:1.
The carbon and oxygen shown in EDX can arise from impurities (contamination from the atmo-
sphere) in the material or from measurements errors (the carbon tape used for EDX). The areas

chosen to characterization are represented in figure 26.
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NiP 1.2
MAG: 200x HV: 15kV_WD: 8,Amm

Figure 26: Ni,P EDX

Table 6: Mass fraction % spectrum of NiyP

Spectrumwt% C (0) P Ni

Mw 1 10.49 4.47 18.41 66.64
Mw 2 711  3.68 1793 71.29
Mw 3 11.54 3.41 17.05 67.99
Mw 4 12.07 4.07 17.46 62.80
Mw 5 11.60 8.29 17.31 62.80
Mw 6 11.02 2.09 18.14 68.74
Mw 7 8.81 297 18.23 69.99

As for NigP/CNT it is observed, in figure 27 and table 7, that average mass fraction of C is
around 60%, though the distribution of C was found to be non-homogeneous. The compositions
along the different areas also indicat the non uniform distribution of the NisP on the CNT.
Sodium comes as an impurities coming from NigP phosphorizing agent (NaH2PO2-H20) which
was not removed completely during the cleaning step. In addition, Sulfur was also observed in
EDX as an impurity and it is important to take in consideration that it can be responsible for
poisoning the catalyst by blocking the active sites. Nonetheless, the quantity of Sulfur appears

to be very low to cause a serious effect on the catalyst activity.
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-
Ni2P/ICNT 2.1
MAG: 5000x HV: 15kV WD: 8,0mm

Figure 27: NiP/CNT EDX

Table 7: Mass fraction % spectrum of NipP/CNT

Spectrum wt% C (@) Na P S Ni
Mw 1 33.00 36.01 0.37 8.26 - 22.35
Mw 2 45.18 32.98 0.29 5.05 - 16.50
Mw 3 59.82 22.54 041 3.78 0.29 13.16
Mw 4 83.76 5.73 - 246 0.39 7.67
Mw 5 82.11 6.06 0.15 1.95 0.24 9.48

As one can see NigP-Fe/CNT, figure 28 and table 8, show that the amount of Fe is quite low.

This can be related to the less quantity of Fe on the synthesized Fe/CNT [figure 38 and table

12 present in Appendix A.1] as well as a result of metal losses in the cleaning procedure after

synthesis. The wide range of the elements mass% composition indicate a non-homogeneous

composition of the catalyst.

Ni2P-Fe/CNT 1.1
MAG: 5000x HV: 15kV WD: 7,9mm

Figure 28: NigP-Fe/CNT EDX

4 Results

38



Synthesis and characterization of a carbon supported transition metal phosphide for the OER,

Table 8: Mass fraction % spectrum of NigP-Fe/CNT

Spectrum wt%  C (0) P Fe Ni

Mw 1 39.50 5.04 12.13 3.61 39.72
Mw 2 42.15 6.44 12.52 3.22 35.67
Mw 3 61.32 7.65 7.56 3.55 19.93
Mw 4 64.38 10.17 7.31 291 15.23

In figure 29 are represented the respective areas chosen for characterization and table 9 present
the EDX analysis for NigP-FeaO3/CNT. When compared to NigP-Fe/CNT the amount of C is
found to be lower, while the amount of Fe is found to be higher. This is in agreement with the
SEM pictures, for Fe-CNT and FeoO3-CNT, in which is possible to see that the content of Fe is

lower in the first catalyst when compared to the second one.

NiP-FeO/CNT 2.1
MAG: 2000x HV: 15kV_WD: 8,1mm

Figure 29: NigP-Fe;O3/CNT EDX

Table 9: Mass fraction % spectrum of NigP-FeaO3/CNT

Spectrum wt%  C (@) P Fe Ni

Mw 1 19.94 5.06 20.79 19.86 34.35
Mw 2 17.38  9.26 19.08 10.24 44.03
Mw 3 37.34 1554 1730 14.86 14.97
Mw 4 26.68 15.85 19.06 15.38 23.03
Mw 5 12,50 14.77 19.99 17.95 34.80

The designed composition of Fe;O3/CNT and Fe/CNT before synthesis was 30% mass fraction

of Fe/FeoO3 and 70% mass fraction of CNT. However, in the synthesized material Fe particles
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in the support is around 32% and O 23% while the C correspond to around 42% mass fraction
for FeoO3/CNT. In Appendix A.1, table 11 and table 12is presented the EDX composition for

both catalysts.

For the Fe/CNT the mass fraction composition of Fe is a little lower (12%) than the one calculated
for catalyst synthesis (30%), indicating that not all Fe was reduced after synthesis and still some

O particles might have oxidized the Fe.

Regarding the EDX measurements, it should be taken in consideration that only small sections

are analysed and are not representative of the whole catalyst.

4.3.3 XRD Results

In Figure 30, is shown the XRD of NigP and NiyP/CNT. The measurements were done with
Cu-Ka x-ray source and plotted together. It is clearly seen the peaks of NisP for 2-Theta angles
higher than 40°. The graphite peak, assigned to the CNT, is evident in the NigP/CNT catalyst,

for Theta angles in the range of 24°to 27°.
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Figure 30: NiyP and Ni;P/CNT XRD

XRD with Co x-ray source was done for the catalysts with Fe content. Figure 31, presents the

results obtained for FeoO3/CNT, NigP-FeaO3/CNT, Fe/CNT and NigP-Fe/CNT.
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Figure 31: XRD graphs for a) Fe;03/CNT, b) NigP-Fe;O3/CNT, c¢) Fe/CNT and d) NiyP-Fe/CNT.

The common Fe peak for all the catalysts is related to the sample holder and not to the catalyst
itself. FeaO3/CNT was synthesized successfully since it presents the peaks for the specific iron
oxide intended. However, the last catalyst, NigP-FeoO3/CNT, did not display the characteristic
peaks of FesOs. This indicates that the the amount of FesOs can be really small or even

nonexistent. The peaks, even though small, only seemed to match the NisP database.

On the other hand, Fe/CNT was not synthesised with success since it not presented Fe peaks
that correspond to the catalyst, but only to the sample holder. It presented instead peaks that
meet the database for Fe3O4. Furthermore, NisP-Fe/CNT was not synthesised with success, it
did not appear not only Fe peaks nor Fe3Oy4, which once more this last one could be present
in really small amounts and not detectable by the XRD, which only detected NisP peaks with

higher intensity.
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4.3.4 XPS Results

In order to trace Fe, XPS measurements were conducted for the catalysts: NigP, NigP-FeoO3/CNT
and NigP-Fe/CNT. It was tested for the Ni2p, Fe2p and P2p binding energy regions and the

results are, respectively, presented in figure 32.
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Figure 32: XPS spectra of a) Ni 2p, b) Fe 2p and c¢) P 2p regions, respectively.

In the Ni2p spectrum the peaks at 870.5eV and 853.2eV are assigned to the binding energies
of Ni 2p1/2 and Ni 2p3/2 for Ni-P group [48], while the peaks located at 874.1eV and 856.3eV
are coherent with the binding energy of Ni 2p1/2 and Ni 2p3/2 for Ni-PO,. [49] The peaks at

880eV and 861.8eV are owing to Ni satellite (sat.) peaks. [50]

In the spectrum of Fe2p, the peaks located at 720eV and 707.3eV can be regarded as Fe-P[49]
[48] and the others at 725.6 eV and 713.6 eV could lead to Fe oxide species[51][48]. At 713.6¢€V is
also common the Ni Auger peak, which was possible added to the Fe-O peak at the same region,

explaining why there is a peak in NiyP.

The P2p spectrum can be fitted into two 2 peaks. The peak corresponding to P-O at 133.6eV

[48] and the oxidized metal phosphate species peak, Me-P at 129.2eV [48]. Me can be Ni and

Fe. [48]
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Fe may have replace Ni in the phoshorization process giving rise to FeP. Ni and Fe have similar
atomic radii, hence Fe can be incorporated into NisP lattice without noticeable deformation.
This can also explain the absence of Fe oxides in the XRD results. The catalyst synthesized

might be NiFeP with undefined atomic ratio denoted by Nis_,Fe,P.

4.3.5 TGA Results

In the TGA measurement for the catalyst NioP/CNT, figure 33, it is clear the ratio difference
between NigP and CNT. The plot shows, in the beginning, a small decrease ( 4.59%) in the mass
which could be related to evaporation of water in the pores as well as other volatile components.
At around 600 °C, there is a considerable decrease in the mass % of the catalyst which is related
to the CNT burn. [Consult figure 40, present in Appendix A.1] It is possible to affirm that this
catalyst is composed by 58% NiyP and 42% CNT.

The TGA measurements regarding NigP-Fe;O3/CNT and NigP-Fe/CNT catalysts are shown in
Appendix A.1 figures 41a and 41b. They are not reliable since, despite the use of an argon
atmosphere, the mass increased; this was assigned to an experimental error. Since the measure-
ments from these catalysts were not reliable and it is not possible to predict the content of CNT
in the catalysts, it was measured Fe/CNT and FesO3/CNT, figures 34 and 35, to estimate the
compositions. TGA analysis shows higher content of CNT for Fe/CNT (66%) than FeaO3/CNT
(35%), as it was apparent in SEM image 23a and 23. The different amount of support will
have consequent effect on the final mass fraction of CNT in the final correspondent catalysts,

NigP-Fe;03/CNT and NiyP-Fe/CNT.
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Figure 33: NiaP/CNT TGA Figure 34: Fe/CNT TGA Figure 35: FeoO3/CNT
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4.3.6 BET Results

BET surface area measure the surface area available providing an upper bound to the active
surface area (which is commonly lower than the total surface area). For NisP the BET value
measured was 1 m? g~! it can be considered that the specific surface area (SSA) for this catalyst is
really low, when compared to the other catalysts. NigP/CNT presented a SSA of 120m? g~ !, the
highest of all the catalysts, since this catalyst has a higher CNT content (42%) in comparison with
NigP-Fe;03/CNT and NigP-Fe/CNT which have a SSA of 70m? g~! and 73m? g~ !, respectively.
It is possible to assume that only CNT is contributing to the increase on SSA. Considering the
TGA measurements it is possible to understand that there is less content of CNT in NisP-
Fe/CNT and even less on NigP-FesO3/CNT, since Fe/CNT TGA measurement showed CNT
content of 66% and FeaO3/CNT showed an even lower number 35%, which is reflected on the
final catalyst CNT content. It can be concluded that the support gives a better dispersion of

the catalyst providing a higher surface area.

2 were converted to m? g~! for a direct comparison with

The cq values reported before, uF cm™
BET results. The ECSA values were calculated by dividing cg; values by a specific capacitance
of 40 uF cm™2 | typical value used, and by the catalyst loading in RDE, 0.2 mgcm™2. [52] Using
ECSA and BET surface areas provides a limiting range of specific activities allowing to better
compare the performance of catalysts.[52] In table 10 it is presented the comparison between

both measurements.

Table 10: BET and ECSA values obtained.

Catalyst Ni;P Ni;P/CNT NiyP-Fe/CNT Ni,P-Fe;03/CNT

BET m?g~! 1 120 73 70
ECSA m?g ! | 1.1 11.3 8.8 13.8

No obvious correlation between BET surface areas measured and ECSA. Except for NisP, which
yield similar results for the BET and ECSA. The low surface area and low catalytic active surface
area is reflected on the low current densities of NisP. Nevertheless, it appears that the effect of the

surface area is negligible on the catalysts activity, since the catalyst with higher SSA, NioP/CNT,
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does not demonstrate the highest activity. On the other hand, Fe based catalysts demonstrate

comparable BET SSA but different ECSA which is reflected on the catalyts activity.

Ultimately, it is unclear whether ECSA or BET is more accurate for estimating the catalytically
active surface area, the true active sites of the system. Therefore, report both ECSA and BET is

recommended so the range of possible surface areas and specific activities can be considered.[52]
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5 Conclusion

In this thesis, new metal-air catalysts were designed, synthesised and characterized for the oxy-
gen reduction and evolution reactions. Catalysts NigP, NigP/CNT, NigP-Fe/CNT and NiyP-
FeyO3/CNT were synthesized and subsequently tested in RDE to obtain the catalytic activity
regarding ORR and OER. LSV was performed in a rotating disk electrode at 400, 900, 1600 and
2500 rpm for each catalyst in the potential range 1.1V to 0.2V for ORR and 1.2V to 1.65V for
OER. To understand the behaviour of the catalysts physical and chemical characterization were

done, such as SEM, EDX, TGA, XRD and XPS.

NisP and NigP/CNT were successfully synthesized according to the characterization results,
while new conceptualized catalysts NigP-Fe/CNT and NigP-FeoO3/CNT need more synthesis
optimization. The conceptualized Fe/CNT did not show the calculated amount of metallic iron
in the catalyst. To get the desired amount of Fe pre-synthesis precursor composition needs to be
changed. NigP-FeyO3/CNT and NigP-Fe/CNT seemed to have changed during the phosporiza-
tion in the tubular furnace. In NigP-FesO3/CNT few Ni particles in NigP lattice structure might
have been substituted by Fe atoms and possibly forming Niy_,Fe,P. NigP-Fe/CNT was also

shown to have Fe-P in its composition.

Regarding the ORR reaction the catalysts were compared with the benchmark for ORR, Pt/C,
and the results demonstrated that the catalysts did not reach the high catalytic activity of Pt/C.
Nonetheless, it was proved that adding CN'T as a support provides better Fopset for ORR. On
the other hand, the results for the OER reaction were quite positive since NigP-FeoO3/CNT
reached a performance higher than the benchmark catalyst, Ir Black. The Eqpneet for this catalyst
is 1.48V, 0.04 V lower than the Eypset for Ir Black. Additionally, the overpotential at 10 mA /cm?
for this catalyst also showed a satisfying result. The value obtained was 236 mV once more lower

than the one obtained for the benchmark catalyst.
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6 Assessment of the work done

6.1 Objectives Achieved

In this work the objective of creating a new catalyst which performs as a bi-functional catalyst
for metal-air batteries was not achieved. Nonetheless, it was discovered a new catalyst that
performs better than the benchmark one for the OER. The electrochemical characterization of
the catalysts was successfully developed as the measurements done for the catalysts presented
reproducible results which ensured the reliability of the results obtained. Regarding the physical
characterization methods, they seemed to prescribe a different catalyst than the one initially
idealized since some of the measurements were not completely clear and are in need of further

study.

6.2 Limitations and Future work

In order to improve and perfection the catalyst synthesis more time was needed in order to test
different variables, for instance change the ratio of the materials or even test different synthesis
methods. Even then, more time was needed to not only fully characterise the catalysts, but also
to better understand its behaviour. For future work, it is crucial that further investigations keep
on being done towards the increase of ORR and OER kinetics in order to improve metal-air

batteries performance.

6.3 Final Assessment

The realization of this work allowed me to deepen my knowledge in electrochemistry and provided
me insight in various topics that were completely new for me. This project gave me an insight
on different techniques regarding electrochemical characterisation and physical analysis. Besides
that, this whole experience made me go out of my comfort zone and made me grow not only in a
professional level, as well as in a personal point of view. All of the hard work months that I have
been through come out as rewarding and I really appreciate having the opportunity to embrace

this experience.
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A Appendix

A.1 Other Results

Figure 36, presents the results obtained for Pt regarding the ORR. activity and the calculated

number of electrons transferred.
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Figure 36: ORR and K-L plots for Pt/C

EDX results for FeoO3/CNT are presented in figure 37 and table 11.

FeOICNT
MAG: 200x HV: 15kV_WD: 8,0mm

Figure 37: Fe2O3/CNT EDX
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Table 11: Mass % spectrum of FeoO3/CNT

Spectrum wt% C O Mg S Fe
Mw 1 37.96 20.99 0.48 30.57
Mw 2 25.32  29.26 0.50 44.92
Mw 3 64.19 19.13 0.58 16.10
Mw 4 38.07 18.28 0.78 42.88
Mw 5 44.28 27.22 0.07 0.54 27.88

EDX results for Fe/CNT are presented in figure 38 and table 12.

FelCNT
MAG: 200x HV: 15kV_WD: 8,0mm

Figure 38: Fe-CNT EDX

Table 12: Mass % spectrum of Fe-CNT

Spectrum wt% C (0] S Fe
Mw 1 73.69 12.70 0.53 13.09
Mw 2 77.40 10.88 0.51 11.21
Mw 3 64.04 16.29 0.33 19.34
Mw 4 79.51 12.46 0.28 7.75
Mw 5 7724 13.71 0.34 8.72

For the calculation of cgq; values, it was considered the middle current value measured for 1V,

divided by 2 and by the surface area of the GCE [i/2 in mA/cm?]. It was then plotted i/2

vs. the scan rates in mV/s. The slope of the linear regression of the values indicates the cq; in

uF /cm?
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Figure 39: cq calculations.

Regarding the TGA measurement in figure 40 it is presented the burning of a pure sample of

CNT.
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Figure 40: CNT TGA

In the following figures, 41a and 41b, are presented the results obtained for NigP-Fe/CNT and
for NigP-FesO3/CNT, respectively.
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(a) NiyP-Fe/CNT TGA (b) NigP-Fe;03/CNT TGA

A.2 Equipment used

In picture 42 is the Tubular furnace used for the synthesis of the catalysts.

Figure 42: Tubular furnace

The RDE used for electrochemical measurements in this thesis is presented in the picture below,

figure 43.
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Figure 43: RDE
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