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Abstract

In the context of limited availability of fossil fuels and the impact of the current fossil-based
energy utilisation, the synthetic development of novel electrocatalysts materials for
applications in environmentally friendly energy conversion have been extensively
investigated. This thesis is focused on the development of new hybrid metal-carbon
nanostructures as efficient electrocatalyst materials for hydrogen fuel cell applications with
enhanced performance and/or durability. The nanoscale confinement and graphitic step—edge
stabilization of precious metal nanoparticle based electrocatalysts with in hollow graphitized
carbon nanofibers were performed. These metal-carbon nanostructures were then investigated
using high resolution transmission electron microscopy (HRTEM) for their structures, and by
electrochemical method in order to determine their electrocatalytic performance and durability
in the redox reaction of oxygen and hydrogen.

Properties of supported metal nanoparticles are significantly influenced by the nature of the
carbon surface. Careful design of platinum-based electrocatalyst involving confinement of
pre-formed platinum nanoparticles (PtNP) into the internal cavities of hollow shortened
graphitized carbon nanofibers (S-GNF) are an excellent approach for creating highly durable
nanoreactors (PtNP@S-GNF) towards oxygen reduction reaction. Systematic structural-
electrochemical correlations of PtNP on carbon black and on the surface, and inside GNF
possessing two qualitatively different surfaces (external continuous graphitic layers and
internal stepped layers of grapheme) demonstrate the importance of metal-carbon interactions.
Once PtINP@S-GNF nanoreactor is assembled, surfactant molecules, which are necessary to
control the PtNP size during their formation in solution, are effectively removed by heating,
while PtNP remain immobilised within the S-GNF cavity due to stabilising effects of the
graphitic step-edges that inhibit ripening and coalescence of the nanoparticles allowing the
retention of their electrocatalytic properties. Catalyst confinement in PtNP@S-GNF creates a
nanoscale environment in which at potentials relevant to fuel cell cathodes, the reduction of
O proceeds exclusively via a four-electron pathway, and in contrast to commercial Pt/C or
PtNP deposited on GNF surface, the specific activity and the electrochemical active surface
area remain largely unchanged after durability test. This heralds a new methodology for
construction of hybrid electrocatalyst nanomaterial, PtNP@S-GNF where metal NPs are
confined and simultaneously electrically connected to the electrode after 50,000 cycles
retaining 80% of their activity which can enable the sustainable use of platinum for fuel cell

applications.



The oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) catalytic
performances of bifunctional electrocatalyst, MnsOsNP supported on graphitised nanofiber
(Mn304/GNF) and encapsulated into shortened GNF (Mn;0.@S-GNF) were carried out. We
observed that Mn;Os;NP on exterior surface of GNF exhibited lower activity than that on
interior surface of S-GNF which was explained by arguing that a higher surface of interaction
of Mn3O4NP with the step-edge inside GNF than with the convex surface of the outside of
GNF, hence a better connectivity of catalytic centers in Mn3O4@S-GNF leading to a higher
E1» potential as compared to Mn3O4/GNF. We also noticed that both GNF and S-GNF show
better durability behaviour than rest of carbon nanostructures because of stronger graphitic

atomic structure.

The PdS:NP supported on carbon nanostructures were investigated for HER/HOR as a
bifunctional electrocatalyst and it was tested in the same test-bed of GNF and S-GNF just as
in the case of platinum nanoparticle electrocatalyst. Electrochemical durability test on the
catalytic performance of PdS;@S-GNF(PR24) shows that Pd nanoparticles remain
immobilised on S-GNF surface. Which indicate that Pd has the possibility of replacing more
expensive platinum as potential electrocatalyst for the use in fuel cell and water splitting

devices.

These surprising nanoscale confinement properties of metal nanoparticle based hybrid
nanostructure will open up a new strategy for their use in fuel cell for redox reaction platform.
We also believe that the electrocatalysis in carbon nanoreactors can be extended to other

processes of high technological value.
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List of acronyms, abbreviations and symbols

Acronym,
abbreviation or Definition
symbol
PEMFC Proton exchange membrane fuel cell
GC Glassy carbon
RDE Rotating disk electrode
RRDE Rotating-ring disk electrode
RHE Reversible hydrogen electrode
@ [...] encapsulated within [...]
/ [...] deposited on [...]
A Electrode area
AD Arc discharge
ad Adsorbed
Ageo Geometric Electrode surface area
-V Current-potential
OOH* Adsorbed superhydroxyl species
OH* Adsorbed hydroxyl species
o* Adsorbed oxygenated species
E° Standard electrode potential
DFT Density functional theory
AgNP Silver nanoparticle(s)
AUNP Gold nanoparticle(s)
CN Hollow carbon nanostructures
CNF Carbon nanofibers
CNT Carbon nanotube
Co Concentration
Ccv Cyclic voltammetry
DO Diffusion coefficient of solvent
Eip Half wave potential
Ea Activation energy
ECSA Electrochemical surface area
EDX Energy-dispersive X-ray
F Faraday constant
GCE Glassy carbon electrode
GMWNT Graphitised multi-walled carbon nanotubes
GNF Graphitised carbon nanofiber
HER Hydrogen evolution reaction
HOR Hydrogen oxidation reaction




HRTEM High resolution transmission electron microscope
IR Infra-red

IR Current X resistance

LSV Linear sweep voltammetry
Mns;OsNP Manganese oxide nanoparticles
MWNT Multi-walled carbon nanotube(s)

n Number of electrons transferred

NP Nanoparticle

NT Nanotube

OER Oxygen evolution reaction

ORR Oxygen reduction reaction

PdNP Palladium nanoparticle(s)

PdS2 Palladium sulphate nanoparticles
PTFE Poly(tetrafluoroethylene)

Q Charge

R Gas constant

SWNT Single-walled carbon nanotube(s)

T Temperature

TEM Transmission electron microscopy
TGA Thermogravimetric analysis

v Scan rate

RUPtNP Ruthenium-Platinum nanoparticles
BF-TEM Bright field-transmission electron microscopy
CNF-H Carbon nanofibers- herringbone
CNF-P Carbon nanofibers- nanoplatelet
CNF-tH Carbon nanofibers- tube herringbone
CNF-tP Carbon nanofibers-tube nanoplatelet
FeCuNP Iron cupper nanoparticle(s)

Had Adsorbed hydrogen

Hupd Hydrogen under potential deposition
1k Mass-transport free kinetic current
Id Diffusion-limiting current

PtNP Platinum nanoparticle(s)

URFC Unitized regenerative fuel cell

\ Voltage
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Chapter 1. Electrocatalysts in Carbon nanotubes

1.1.  Energy-related electrochemical process

One of the biggest challenges facing the world today is the increasing global demand for
affordable and secure energy, while at the same time tackling climate change. In this context,
electrochemistry as a fundamental science that researches the conversion between energy
stored in chemical bonds and electricity will play a significant role in facing these energy

challenges.

Electrochemical systems, such as fuel cells, presents some of the most environmentally
friendly and efficient technologies for energy conversion and storage. These technologies are
based on chemical reactions at the interface, permitting a high thermodynamic efficiency in
the energy conversion.! For an electrochemical fuel cell system, the theoretical efficiency is
much higher than a conventional heat engine limited by Carnot efficiency at low temperature
(Figure 1-1a).2 In an electrochemical process, the energy conversion is a clean and direct way
with small impact to the environment, avoiding the climate change and pollution problems
raised by fossil fuel burning.® However, the electrochemical energy conversion in these ways
is often restricted by high activation barriers that need an extra energy to overcome. An
overpotential or a faradaic efficiency is the extent of this barrier: a low faradaic efficiency or

a high overpotential will lead to excess of energy to heat.*

Electrocatalysts are considered a key component for efficient electrochemical conversions, as
they are used to modify the electrode in order to lower the activation energy (E.) and increase
the conversion rate in the chemical process Figure 1-2b). In energy conversion for large-scale

applications, electrocatalysts should be low-cost, durable, sustainable and energy efficient.
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Figure 1-1. (a) Comparison of energy conversion efficiency in a heat engine and H>—0-, electrochemical
fuel.? (b) Potential energy along a reaction coordinates for a typical exothermic uncatalysed (blue line)
and catalysed (dashed line) process.

However, most of the existing electrocatalysts do not meet one or more of the mentioned
requirements. Because of their high performance and stability,® precious metal-based
materials play an important role in our society for essential energy-based electrochemical
conversions including hydrogen oxidation reactions (HOR) and hydrogen evolution reactions
(HER), oxygen evolution reactions (OER) and oxygen reduction reactions (ORR) among

others.

1.2.  Oxygen Reduction Reaction (ORR) in fuel cells

Oxygen reduction reaction (ORR) is the cathode reaction for a range of energy applications
including fuel cells,® redox flow batteries'®? and charging process of rechargeable metal-
air batteries.?**! The thermodynamic equilibrium potential for the ORR is 1.23 V versus the
reversible hydrogen electrode (RHE), but even on Pt group metals which are the most active
catalyst materials, significant current is only observed at potentials below 0.9 V. In a typical
fuel-cell device, the fuel (hydrogen typically) is oxidised at the anode, whereas oxygen is
chosen to take the electrons released from the fuel at the cathode, thus converting the chemical

energy in the fuel into electrical energy (Figure 1-2). General, between the fuel oxidation
2



reactions, electrons go outside the cell to provide electricity and protons travel from the anode

to the cathode inside through the membrane to perform the charge flow in the circuit.®

Figure 1-2. A typical proton exchange membrane (PEM) fuel cell with H; as fuel.

1.2.1. Electrochemical evaluation of the ORR

In all electrocatalytic process that generally occurs at fluid/solid interfaces, the catalytic
reaction occurs after the reactants go through the fluid layer surrounding the catalyst particles.
Then, the reactants are adsorbed on the catalysts surface and the electron transfer occurs
resulting in some chemical bonds being broken and new bonds forming to make the products
that are finally desorbed from the surface (Figure 1-3). When the reactant interacts too weakly
with the catalyst surface, the adsorption cannot take place and the reaction does not proceed.
On the contrary, if the interaction is too strong, the desorption process cannot occur and the
catalyst surface is blocked by products. Thus, an optimum catalytic activity is expected when

the binding energy of the reactant molecules is either not too strong or too weak.3* %
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Figure 1-3. (a) Schematic diagram of an electrocatalytic process occurring at the electrode/electrolyte
interface. (b) A typical Volcano plot for an electrocatalytic process.3®

The ORR involves a multi-electron transfer process in which O is converted into H,O or OH"
, depending on the solution used in the electrochemical studies. Because of the strength of the
0=0 bond, and the fact that four coupled electron and proton transfers are required, the ORR
is kinetically very slow.®® A detailed understanding of the metal-catalysed electrochemical
reduction of oxygen to H,O will help to target the development of new electrocatalyst
approaches. In acidic solution, O can be reduced in a 4e” process and be converted into H,O:
Oz + 4H* +4e- — 2H,0 (E® = 1.229 V). O, may also undergo a partial 2e” reduction to form
hydrogen peroxide, H.O, (Equation 1-1), followed by another 2e reduction to convert H,O»

into water (Equation 1-2).%

O, +2H" + 2e— H,0, E°=0.70 V Equation 1-1
H,O, +2H" +2¢ — 2H,0 E°=1.76 V Equation 1-2

In alkaline solution, O can be reduced by a 4eprocess to form hydroxide, OH™: O, + 2H,0
+4e" — 40H™ (E° = 0.401 V), or by 2e" processes to form HO,~ (Equation 1-3) and then HO~

(Equation 1-4).%8



02 + HO + 2¢— HO, +OH™ E° =-0.065 V Equation 1-3

HO, + H,O+2e — 30H E°=0.867V Equation 1-4

In the alkaline and acid solutions, ORR on a Pt surface typically goes through the 4e" pathway;
but on a Pt surface, the true nature of the ORR mechanism is complex and not well understood.
Oxygen may be converted into different intermediates, such as hydroxyl (OH), superhydroxyl
(OOH) and oxygenated (O), and species under standard conditions (E° is referenced to the
standard hydrogen electrode (Pt, an+=1, Pr2=1 bar, 298 K). Currently density functional theory
(DFT) calculations® display that at high oxygen coverage, the ORR inclines to go to an
associative mechanism, in which superhydroxyl species are first formed and then O—O bond
is broken, whereas at low oxygen coverage, the ORR goes a dissociative mechanism in which

the O-0 bond is broken before a hydroxyl species are formed.

It is believed that in the ORR rate-limiting step is the first electron transfer step, Pt(O2)ads + €-
— Pt(O2)ass, With oxygen adsorption onto a surface primarily covered by impurities
(hydroxyls) rather than reactive intermediates. This key assumption suggests that any
electrocatalyst modification done to the atomic or electronic structure of the surface that delays
hydroxyls adsorbing and blocking O, adsorption sites will have a positive impact in the
specific activity. Thus, different approaches have been used to shift average energy of the d-
electrons (the d-band centre with respect to the Fermi level) of the metal catalyst, which is
believed to affect the adsorption coverage of the hydroxyl species that interfere with the ORR
including, (i) modification of the electrocatalysts particle size and shape, (ii) use of different
supports such as a variety of different types of carbon/nano-carbon and metal oxides, (iii)
creating over layer systems such as nanostructured thin films or alloys and (iv) core-shell

structures.



Electrochemically evolution of the ORR process, the catalyst is generally mixed in a mixture
of solvents and deposited on a glassy carbon (GC) rotating-ring disk electrode (RRDE) as
illustrated in Figure 1-4.° The Pt loading is carefully controlled to ensure a thin layer of
catalyst deposition on the RRDE electrode surface. When the layer is too thick, both the

uncertainty in qualifying catalytic activities*® and the mass-transport loss® increase.

2

Pt ring

t Glassy carbon

electrode

Figure 1-4. A typical rotating Pt ring-disk glassy carbon electrode (RRDE) from Pine Instruments, the
ring surrounds the glassy carbon electrode.

The electrochemical properties of the electrocatalyst in acidic solution are first evaluated by
cyclic voltammetry to obtain a cyclic voltammogram (CV) (Figure 1-5a) and to calculate the
electrochemically active surface area (ECSA) of the catalyst. In a cathodic scanning process,
H* is first reduced to H, adsorbed on the catalyst surface, and the associated region under the
current density-potential curve is referred to as the H, adsorption area. The adsorbed H: is
oxidized, which generates H*, and the associated region covered by the curve is referred to as
the H, desorption area. The H, desorption region, surrounded by the curve (Figure 1-5a) and
the potential scanning baseline, is integrated to get the ECSA.*° ORR activities are measured
in an oxygen saturated acid or alkaline solution with the RDE rotating at a certain speed and
a potential scan of 1.05-0 V vs reversible hydrogen electrode (RHE) at rates of 5-20 mV/s.
From the ORR polarisation curves, half-wave potentials (Ei») of electrocatalysts can be
calculated and used to qualitatively determine the catalyst activity: generally, the higher the

6



potential, the better the ORR activity. The kinetic current at 0.85 V (vs. RHE) is found out
from the polarisation curve according to the Koutecky-Levich equation:** 1/J = 1/Ji + 1/Jg;
where J is the current density found experimentally, Ji is the mass-transport free kinetic
current density and Jq is the diffusion-limited current density, as shown in the Figure 1-5b.
The specific activity of a catalyst can be calculated by normalising the Ji with its ECSA. From
the same experimental data, one can also calculate the mass activity of the catalyst by

normalising the Jx with the catalyst loading.
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Figure 1-5. (a) A cyclic voltammogram of a polycrystalline Pt electrode in N-saturated 0.5 M H2SO4
at a sweep rate of 50 mV/s, ** (b) Typical ORR polarization curves of two catalysts.*?

In fuel cell, the direct 4-electron pathway of the ORR is highly favoured. The 2-electron
reduction pathway is typically used in industry for H,O, production, whereas the 1-electron
reduction pathway (02 + e —0;; O + & —0,%) is of importance in the investigation of the
ORR mechanism. An understanding of the ORR mechanism can be found by plotting the
overpotential vs. log(Jx) or fitting the polarisation curve, as the transfer coefficient, the number
of electrons transferred in the rate-determining step (rds), and the exchange current density

(Jo) can be calculated. To deduce the ORR mechanism, the rotating ring-disk electrode



(RRDE) is generally used, as the intermediate species produced on the disk electrode where

the ORR occurs can be easily detected on the ring.

Catalyst durability (lifetime experiments) is assess by cycling the potentials over 0.6-1.1 V
(vs. RHE) in an acid solution. The ECSA change of the catalyst and the shift of the ORR
polarisation curve before and after this durability experiments are compared to determine the
durability of the catalyst. The smaller the ECSA change and the shift of the ORR polarisation

curve, the better the durability.*®

1.2.2. Mass transport

Mass transport is the transfer of species in bulk solution and arises because of differences in
chemical or electrical potential between two different places (Figure 1-6). The reactant
species must be transferred from the bulk solution to the electrode surface for a reaction to
take place. There are three forms of mass transport for the arrival of a reactant species to the

electrode surface:

Reactant (O) Product (R)

N\ /

electrode O+e » R

Nl

e e €

Figure 1-6. Schematic illustration of mass trasport of species in solution.

e Migration — the transfer of charged species across an electric potential difference.
¢ Diffusion — the transfer of a reactant species due to a gradient of chemical potential,

such as a concentration difference.



e Convection —the natural transfer of species because of forced convection such as

mechanical stirring, or density gradients.

1.2.2.1. Diffusion

The natural movement of both neutral and charged species in solution is described diffusion
that is not influenced by the existence of an electric field (Figure 1-7). The rate of diffusion
is entirely dependent of the presence of a concentration gradient, as illustrated by Pick’s laws
(Equation 1-5) of diffusion:

aCy (x,t)

Equation 1-5
dx

Jao(x,t) = —Dq

where Jg;0 is the diffusional flux of species O, dCo/dx is the concentration gradient in the

x-direction and Do is the diffusion coefficient.

Diffusion

electrode

Figure 1-7. Schematic illustration of diffusion process of species in solution.

The variation of the concentration of a substance as a function of time is of more interest to

the electrochemist, and is obtained using Pick's second law (Equation 1-6).

0Co (x,t)\ _ b 0%Cy (x,t) Equation 1-6
at O oax?



e Microelectrode

A microelectrode is that they are smaller than the scale of the diffusion layer developed in
readily achievable experiments.* Diffusion can occur in two dimensions (Figure 1-8) on disc
microelectrodes which are routinely used in electrochemical experiments and theoretical
treatment. Therefore, microelectrodes are a suitable mechanistic tool for the investigation of
the homogeneous kinetics of the chemical reaction between species in solution or the

heterogeneous electron transfer at the electrode.

hemispherical
electrode

1Y,

planar electrode

microelectrode

Figure 1-8. Schematic displaying the uniform diffusion at planar and hemispherical electrodes in
comparison to the non-uniform accessibility of the disc microelectrode.

e Rotating disk electrodes (RDES)

The rotating disc electrode (RDE) contains of electrode material that has been fixed in a shaft
of protecting material such as Teflon or epoxy resin. The RDEs attract to researchers to use in
electrochemistry by the fact that the mathematical models covering hydrodynamic and
convective-diffusion calculations are well known for the steady state. The velocity profile of

a fluid acting near a rotating disc drawn in Figure 1-9.
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Figure 1-9. Flow velocities at a rotating disc electrode.*

After application of the above velocity profile to the convective-diffusion equations, we obtain
a general solution for the transport limited current as a function of electrode rotation speed.

This is known as the Levich equation, shown below:

Ja = 0.620nFDo?? v 6Cy 12 Equation 1-7

1.2.3. Cyclic Voltammetry

Cyclic voltammetry (CV) is one of most common electro-analytical method. The CV
measurement contains the application of a potential to the working electrode, which changes
with time, according to a triangular potential waveform as shown in Figure 1-10. The plot of

I vs. E is known as a voltammogram.
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Figure 1-10. A triangular cyclic voltammetric waveform.*

Typical cyclic voltammogram on planar electrode are showed in Figure 1-11. The three

voltammograms shown correspond to'reversible’, ‘quasi-reversible’ and 'irreversible' electron

transfer processes with the same potential.

A

(A

Current {1/ A)

Potential (E / V)

Figure 1-11. Examples of reversible (a), quasi — reversible (b) and irreversible (c) cyclic voltammetry.*
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A maximum current (peak) is detected because of the balance between electron transfer and

diffusion. The peak current, ip, at 298 K can be calculated using the Randles-Sevcik equation:

3 1 1 i -
i, = (2.69x10%)n2 ADZVZCyyy Equation 1-8

The voltammogram of microelectrodes is sigmoidal shape as shown in Figure 1-12 and
reaches a steady-state current (iss) which is described a limiting current, in contrast to

macroelectrodes.

Figure 1-12. Steady-state voltammetry at a microdisk electrode.*

1.2.4. Tafel Analysis and Butler-Volmer Kinetics

The kinetic current density or current density in absence of mass transport effect, Ji, is a
function of the exchange current density, Jo, this relationship can be calculated by the Butler-

Volmer equation as:

= ( <_aCF ) (aCF )) Equation 1-9
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Where Ji is the overall current density, Jo is the exchange current density (in Am?) 5 is the
overpotential, and « is the transfer coefficient. The relationship between the overall current
density, J, and the currents with and without mass transport effects is calculated by the well-
known Koutecky-Levich equation (Equation 1-10). Koutecky-Levich equation can be solved

for the kinetic current and expressed as:

_Jax] Equation 1-10
Ja—]

Jk

Substituting Equation 1-11 in the Butler-Volmer equation:

]]: i]] =Jo (exp <_g;F n) — exp (% T])) Equation 1-11

For large negative overpotentials the second term, exp(aaFn/RT), becomes negligible and

Equation 1-12 becomes the Tafel form:

Ja i]] s (exp (‘}Z‘;F ﬂ)) Equation 1-12

Rearranging Equation 1-13:

Equation 1-13

_RT RT  /]ax]
n —a—FlTl]()—a—FlTl(]d _])

The relationship between overpotential and current densities at high overpotentials when the

system is not mass transfer affected is given by Tafel as:
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n =a+bl0g(]]:i]]>

Equation 1-14

Plots of log J vs # are known as Tafel plots, they are useful tools to evaluate kinetic parameters.
Tafel plots generate a linear region of slope b. From b the transfer coefficient, a, can be
calculated. When the linear region is extrapolated to zero overpotential log Jo is obtained. Data
points for Tafel analysis of the kinetically controlled region were taken from the near-steady-
state voltammograms, with linear sweep voltammetries at scan rate 1 mV s. To determine

Tafel data parameters log (JaxJ/Jg-J) Vs n data were plotted.

1.3.  The reverse reaction of ORR: Oxygen evolution reaction (OER)

OER is an electrochemical reaction to produce O by electrochemical oxidation of H.O, which
is solar fuel synthesis,*-°! a half reaction of water splitting,>>°>* and is also taken place in the

charging process of rechargeable metal-air batteries.? 3

For both ORR and OER, developing efficient bifunctional catalysts is extremely challenging
but necessary, particularly for unitized regenerative fuel cells (URFC),%%! a promising energy
storage device that works as a fuel cell and in reverse as a water electrolyser producing Hz and

O to feed the fuel cell.
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Figure 1-13. The ORR and OER polarisation curves of Cos04/NrmGO hybrid, Cos04 nanocrystals and
Pt/C catalysts in Oz-saturated 0.1M KOH.*3

OER or water oxidation is also very slow as a multistep proton-coupled electron transfer is
involved in the process. Currently, the most active OER catalysts are RuO, and 1rO,, 6272 but
they suffer due to their scarcity and the high cost of precious metals. Thus, many efforts have
been taken to develop lower cost alternatives based on first-row transition metal oxides.”
Recently, it has been reported that a hybrid material containing of Co3O4 nanocrystals grown
on reduced graphene oxide (NrmGO)*® acts a bifunctional catalyst for both ORR and OER
with high activity (Figure 1-13) with similar activities on manganese oxide®® and spinel

CoMnQO™ catalysts.

The most generally accepted mechanisms of OER (Equation 1-15-17) on different electrodes

surface in alkaline media involve steps below,

OH ads @ OHags + € Equation 1-15
OH + OHads 2 Oadgs + H2O + ¢ Equation 1-16
Oads + Oads 2 O2 Equation 1-17
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where the electron-transfer taking place is rate determining step.”"’

We would like also to extend this methodology to hybrid bifunctional non-precious metal
catalysts for ORR and OER. Inspired by nature catalyst for OER,’® we focused our attention
on manganese oxide particles that are very stable, inexpensive and abundant materials. For
both reactions, the development of a bifunctional catalyst, which could be particularly useful
for energy storage applications, is a significant challenge in the field. For instance, the catalyst
could be employed in a URFC which is an energy storage device that can employ intermittent
renewable energy like wind or solar. This type of fuel cell in the electrolysis mode splits water
into H, and O, and in the fuel cell mode consumes H; to produce electricity.5” % For both the
fuel cell reaction and the water electrolysis, no existing catalyst material runs close the
equilibrium potential for either the ORR or the OER. Therefore, the efficiency of the full
conversion cycle, from electricity to hydrogen and back to electricity in an URFC, will be
increased with enhanced bifunctional catalysts.”® Furthermore, the best OER electrocatalysts
are RuO. and Ir0,,%°%. 8 put they are not as active for the ORR as Pt® The best

electrocatalysts for the ORR is Pt,?! but Pt has only limited activity for the OER.

The photosynthetic oxygen evolving complex (OEC) in nature catalysed the OER with a
cubane-like CaMn4Ox active site.” Consequently, manganese (Mn) oxide surface,® 6% 78 81
have already confirmed activity for the OER, are highly interesting materials for bifunctional

catalysis.

1.4. Hydrogen evolution reaction (HER) / Hydrogen oxidation reaction (HOR)

Hydrogen is often considered as a future energy carrier in the transition of our reliance from

the current hydrocarbon economy to a hydrocarbon-renewable hybrid economy.®? The
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hydrogen evolution reaction (HER) is the cathodic reaction in electrolysers used to harvest
hydrogen and the hydrogen oxidation reaction (HOR) is the anodic reaction on the anode used
to consume hydrogen as a fuel in fuel cells. On platinum electrodes both reactions are

illustrated as of extremely fast kinetics® and almost perfect reversibility.

The HER/HOR in acid solution on Pt(hkl) proceeds via a combination of the following
elementary reaction steps: the dissociative adsorption of molecular hydrogen without electron
transfer (Equation 1-18) or with simultaneous electron transfer (Equation 1-19) and followed

by the discharge of adsorbed hydrogen (Hagss) (Equation 1-20).8487

Tafel: 2Hags 2 Ho Equation 1-18
Heyrovsky: Has+ H" + € 2 H Equation 1-19
Volmer: H' + & 2 Hag Equation 1-20

The possible HER/HOR mechanisms based on these three elementary reactions are thus the
Tafel-Volmer (Equation 1-18, 20) or the Heyrovsky-Volmer (Equation 1-19, 20) reaction
sequence. It is hypothesized that one of the reactions in each of the two reaction sequences are

rate-determining steps for the simplest kinetic HER/ HOR mechanism.

In particular, the HER on different metals in alkaline and acidic media is one of the most
studied reactions in the field.® 892 The HER as a form water splitting has attracted much
attention in recent years® ® % due to the fact that hydrogen is a promising candidate as an
energy carrier for future fuel cells, and the HER can supply hydrogen of high purity. However,
large amount of electrical energy is needed to perform these electrochemical processes
because of the hydrogen overpotential. An effective electrocatalyst for the electrochemical
HER should decrease the overpotential to minimize the electrical energy consumption, and

hence increase the efficiency of this significant electrochemical process. Various materials
18



have been studied to make the durable and efficient cathodic catalysts to reduce the

overpotential of the HER. %104

The most effective HER electrocatalysts are Pt-group metals.1%-2%” However, development of
a highly active and more abundant material for HER electrocatalysis still remains a challenge
in this field. Palladium is less expensive than platinum, also shows interesting electrocatalytic
properties for various oxidation and reduction electrode processes. In this respect, active
platinum-group metals catalysts should be used to lower the overpotential to enhance
efficiency of catalyst materials.®™ 1% 107 Pt is very expensive and low abundance in the
world.’® Pt and Pd have very similar properties and the cost of palladium is lower than
platinum. Therefore, Pd could be a good alternative for Pt as the catalyst in this field. Many

studies have been performed to improving the activity of Pd by surface modification and

a”oying.%, 97-100, 104, 109

1.5.  Carbon nanostructures as support for electrocatalyst nanoparticle

Catalytic activity of the electrocatalyst can be maximised using a carbon support that
contributes to increase the dispersion and utilisation of the active catalyst. The stability of the
catalyst can be further enhanced by increasing the interactions between the catalyst and the
support to form strongly coupled hybrid materials. Carbon support also provides paths for the
flow of electrons in the electrocatalytic system, which is very important for non-precious

metal-based electrocatalysts, especially for those with low electrical conductivity.

Conventional Pt electrocatalysts are generally formed and supported on conductive with high
surface area amorphous carbon.*® However, this amorphous carbon support does not have
long-range order in the graphitic lattice and may be poorly connected with the NP catalyst,

19



thus leading to high electron transfer resistance and undesired increase in ORR overpotential.
As a result, electrocatalyst NP tend to sinter/aggregate causing ORR activity degradation.®
111 Moreover, this carbon support suffers from corrosion that aggravates the NP sintering

Jaggregation issues and further decreases the durability of the catalyst.'!?

Recently, graphene (G) has been widely studied as an alternative support to improve NP
catalyst durability and activity owing to its high durability, high conductivity, high surface
area and strong interaction only with NP.1*® PtNP-G catalysts were synthesised by chemical
reduction of the Pt precursor onto the graphene surface.!'* ORR studies in these composites
show that G as a support is able to enhance both Pt stability and activity. A solution-phase
self-assembly method was also used to deposit monodispersed preformed Pt alloy NP on
graphene after mixing both components under sonication.!*® Undoubtedly, this approach
offers significant number of advantages, as NP-G interaction can be better tuned for ORR,
taking into account that the surfactant can be easily removed by acid treatment. By using
preformed NP in the solution-phase self-assembly method, the composition, size and
morphology of the NP supported on graphene can be easily controlled, and thus, the NP
activity. On the other hand, as the preformed NP are surrounded by long carbon-chain
surfactant molecules, van der Waals forces are responsible for the NP-G formation yielding

to composites with uniformly dispersed NP on graphene.

Carbon nanotubes (CNT) as electrocatalyst supports also show exceptional nanoparticles
catalyst activity. Power densities higher than the Pt/VVulcan XC 72R-based electrode (435
mWcm™2) for the same Pt loadings have been reported for some PtNP-CNT composites.1!6
One the major advantages of using these tubular structures as a support material is their
electrochemical stability. Nevertheless, CNT have relatively small specific surface area and

weak interactions with the supported metal NP that restrict the catalytic activity. The

20



impregnation technique is widely used to form nanoparticles on the surface of CNTs. Taking
into account that CNTs are chemically relatively inert, activating their surfaces is an essential
precondition for coupling nanoparticles to them. Chemical treatments are used to generate
acid groups on CNTs. In a typical process, CNT are functionalised by refluxing in a mixture
of nitric and sulphuric acid. This creates defects and chemical groups (e.g. -OH, -COOH) on
the surface of the nanotubes with which the Pt catalyst precursor (H2PtCls or K,PtClys) interacts
yielding composites with well dispersed Pt nanoparticle after in-situ reduction (Figure

1_14).117, 118

©© HNO;+H,S0,
&

(a)

P@*/H,0

(c)

Figure 1-14. Scheme of the mechanism for Pt deposition via the oxidation of CNT.18

The in-situ reduction of Pt precursors using the polyol process, in which an ethylene glycol
solution is heated to harvest the colloidal particles, has been also applied to decorate CNT
with 2-6 nm PtNP (Figure 1-15). % Interestingly, high-electrocatalytic activity for ORR of

these composites with relatively low-Pt-loadings has been reported.!*®

21



Figure 1-15. HRTEM images of PtNP supported on carbon nanotubes after in-situ reduction.

Carbon nanofibres (CNF) are cylindrical nanostructures with graphene layers arranged as
cups, stacked, plates or cones (Figure 1-16)*%, They own chemical and electronic properties
similar to CNT. However, CNF possess larger diameters than CNT, up to a couple of hundred
nanometres.'?! Interestingly, this type of carbon nanostructures offers the possibility to access
both outer and inner carbon surfaces for effective metal deposition and distribution and owing

to their low transport resistance.
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Figure 1-16. Schematic representations and related bright-field transmission electron microscopy (BF-
TEM) images of hollow carbon nanostructures. Multi-walled carbon nanotubes (MWNT) (b, ¢),
herringbone or cup stacked nanofibers (CNF-H) (e, f), stacked nanoplatelet nanofibers (CNF-P) (h, i).
Nanofibres combined with concentric tube exterior structure and herringbone or cup stacked interior
structure (CNF-tH or graphitised carbon nanofiber (GNF)) (n, 0). Combined nanofibres with concentric
tube exterior structure and stacked nanoplatelet interior structure (CNF-tP) (r, s). Scale bars are 5 nm
(c, i, 0,5),10 nm (b, 0), 50 nm (f) and 100 nm (e, h).*?°

As a consequence, CNF exhibit high effective surface areas and mesoporous properties. Since
Rodriguez et al. reported the use of CNF as a catalyst support for FeCuNP,22 CNF have been
extensively researched as fuel cell supports. 2-4 nm Pt nanoparticles supported on stacked-

cup CNF were prepared using the polyol method °. An enhancement in the ORR activity of
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400% has been observed for PtNP deposited on tubular type CNF compared to commercial
Vulcan carbon black.?® It is believed that this huge enhancement in performance is due to the
fact that PtNP adopt particular crystallographic orientations when dispersed in CNF. Recently,
using an in-situ reduction of a Pt precursor Singh et al. have demonstrated a highly efficient
approach for the excellent deposition and effective distribution of ca. 2 nm PtNP on both sides

of carbon nanofibres (Figure 1-17).124

Figure 1-17. HRTEM is illustrating nanoparticle distribution, decoration, open ends of CNF for
Pt/fCNF (images a-d, scale bar 50 nm).*?*

In this study, acid pre-treated CNF are employed to increase the NP dispersion and enhance
their stability. For effective inside CNF decoration, the authors used a mixture of ethylene
glycol and water to tune the surface tension and polarity of the media. One of the first examples
of preformed NP encapsulated in CNF using impregnation methods was reported by Serp et.

al. In this case, CNF exteriors were functionalised to guide NP interaction (Figure 1-18). An
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important drawback of this approach was that PtRuUNP confined in the functionalised CNF
underwent Ostwald ripening and consequently agglomeration at room temperature thus

significantly reducing their surface area.'?®

Figure 1-18. BF-TEM images of RuPtNP and CNFs. PtNP deposited on CNF-H (a). PtNP-deposited
and encapsulated on / into CNF-P (b). PtNP encapsulated into CNF-tH (c) and the isosurface of PtNP-
CNF-tH (d-f).1®

1.6.  Aim and objectives

The constraint due to both the scarcity and high cost of the precious metals are factors that
cannot be ignored. Although lower costs materials have been extensively investigated as
electrocatalysts for fuel cell applications, most of them still underperform with respect to

platinum-based materials that show high activities and stabilities.® Thus, strategies to develop
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new hybrid materials and/or improve the electrocatalytic activity and durability of existing

materials are highly needed.

The aim is to reduce costs by reducing cathode loadings to <0.1 mg Pt/cm? without loss of
performance or durability. Current US Department of Energy (DOE) 2017 target for
electrocatalyst aims for to reduce total Pt content (anode + cathode) to a loading of 0.125
mg/cm? on membrane exchange assemblies able to produce rated stack power densities of 8.0
kW/g. Durability is also one of the main issues in fuel cells, as the cathode reaching potentials
above the onset of oxidation of carbon in contact with platinum shows serious degradation.
The electrocatalyst is subjected to coalescence, poisoning and dissolution under these
conditions, thus decreasing both the catalytic efficiency and the active catalyst surface area,
which leads to an undesired increase in overpotentials.?! Current Pt electrocatalysts providing
high fuel cell performance is far less than the 5000 hours set as the year 2017 target by the US

Department of Energy (DoE).?

So far, some of the countermeasures being developed to overcome durability problems in fuel
cells are the use of more stable graphitised carbon materials, using catalyst supports that will
not electrochemically corrode, and adding oxygen evolution catalysts to the mix to clamp the
potentials at the start of water oxidation. In this context, graphitised hollow CNF as support
materials have the potential to improve the lifetime of the Pt-based catalyst owing to their
corrugated internal and external surfaces. In this work, we will focus our studies in CNF with
corrugated interior only, which may provide a mechanism for controlling position of NP and
their growth properties in combination with confinement effects. We anticipate that the
internal surface of cylindrical CNF with more exposed edge graphene step edges along the
surface can be effectively exploited as potential sites for chemical/physical interactions with

metal nanoparticles. These anchoring points will contribute to enhance the durability and
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chemical stability of the catalyst to resist corrosion as well as to mitigate Ostwald ripening
and leaching Pt during fuel cell processes. In principle, no functionalization of the carbon
support is required to afford intimate interactions with support enhancing NP dispersitivity,

which will preserve CNF electrical conductivity required for electrocatalysis.

The insertion of nanoparticles into one-dimensional hollow tubular carbon
nanostructures(CN) has been achieved mainly through the capillary filling of a molten metal
salt followed by pyrolysis of the encapsulated material.'?® or the sublimation of a metal
precursor.’?” The main disadvantage of these approaches is a lack of control over the
morphology, size and composition of the NP formed inside hollow CN, which as we know
can have very significant implications for Pt-based electrocatalyst. Previous studies in my
group show that it is possible to not only encapsulate preformed NP with specific composition,
size, and shape but also to take advantage of the corrugated interiors of CNF for controlling
the assembly of these nanoparticles, and therefore, their properties.'?® 2 However, none of
the previous works dealing with the insertion of preformed NP into hollow tubular carbon
nanostructures study energy-related electrochemical conversions in these types of composites.
We firmly believe that these hybrid metal-carbon nanostructures may present new
opportunities for the development of ORR/OER and HOR/HER electrocatalysts meeting the

requirements of durability, activity and low cost for large-scale electrochemical applications.

The main aim of this study is to develop new hybrid metal-carbon nanostructures as efficient
electrocatalyst materials for hydrogen fuel cell and water splitting applications with enhance

performance and/or durability.

The key objective of this study is to prove whether the corrugated interiors of CNF can serve

as anchoring points to stabilise the electrocatalytic PtNP to avoid ripening and aggregation.
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To test our hypothesis, we selected graphitised carbon nanofibres (average external diameter
for PR24-GNF is 96 + 32 nm and for PR19-GNF is 115 + 37 nm)*® that possess graphene
layers which produce long herringbone stacks of truncated graphitic cones at an angle (Figure
1-16m-0). The stacked-cone structure of the GNF is obvious, with the projection of their
sidewalls in TEM clearly showing graphitic planes oriented at an angle of ~ 30 degree relative
to the main GNF (Figure 1-19). Very faint lines, spaced at ~ 13 - 15 nm, detected to intersect
with the internal surface of these nanofibres coincide with the edges of the graphitic cones.
Each line seems to be formed by a stack of few rolled-up sheets of graphene creating a step-
edge of 3.3+0.2 nm in height ( Figure 1-19), which could play a role in the nanoparticle

assembly.

b)

Figure 1-19. TEM images of host GNF (a) showing its internal structure and (b) schematic
representation of the herringbone GNF, scale bar is 10 nm. The long arrows indicate the main growth
axes of the nanofibre. The short arrows point to the internal step-edges of the GNF.*3!

Preformed PtNP with sizes commensurate with the height of the step-edge will be synthesised
for the encapsulation into GNF by solution-phase self-assembled techniques leading to
PINP@GNF (PtNP encapsulated into GNF) with most of the NP within the internal cavity of
the GNF. By shortening GNF, we are hoping to reduce transport resistance of NP into GNF

cavity and facilitate oxygen diffusion during ORR. Electrocatalytic performance of
28



PINP@GNF with long and short GNF will be evaluated. To understand confinement effects
on the electrochemical activity of these composites, PtNP will be deposited outside and inside
GNF. Moreover, the effect of oxidative functionalisation of the GNF on the electrochemical
response of the composite material will be examined. To further understand step-edge and
nanoparticles interactions and their effects on the electrocatalytic performance, PINP@GNF
composites will be prepared using in-situ reduction methods: (i) chemical reduction of a Pt
complex after impregnation in GNF and (ii) sublimation of a metal precursor into GNF
followed by pyrolysis of the encapsulated material. The electrocatalytic performance and
durability tests (by continuously applying linear potential sweeps up to 50,000 cycles) in the
ORR of the prepared hybrid nanostructures will be analysed in detail using different
electrochemical techniques. Parameters such as specific activity, mass activity and
electrochemical surface area (ECSA) will be carefully evaluated. Structures of PINP@GNF
will be determined using transmission electron microscopy, and correlated with their

electrocatalytic properties.

In addition, we will study the electrocatalytic performance of a bifunctional electrocatalyst
including (i) preformed and (ii) in-situ synthesised MnsO4NP encapsulated into GNF
(Mn3;OsNP@GNF) and compare its performance towards ORR and OER with Mn3;O4NP
supported on surface of different carbon nanostructures such as GNF, graphene, CNT,
amorphous carbon (carbon black). It is proposed to use the stabilizing effects of GNF
corrugated interiors composed of rolled-up graphene sheets (nanocones) (Figure 1-19) to
improve durability of Mn;O4NP which are known to be highly labile in conditions.**? As the
key objective of this study, the electrocatalytic activity for the ORR and the OER of new
hybrid electrocatalysts will be evaluated and compared with Pt/C for the ORR and Ir/C
commercial electrocatalyst for OER. To understand confinement effects on the

electrochemical activity of these electrocatalysts, MnzOsNP are deposited external and
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internal GNF. Further objective is to prove whether the corrugated interiors of GNF can serve
as anchoring points to stabilise the MnzO,4 NP to avoid ripening and aggregation. Therefore,
durability of the Mn;OsNP@GNF electrocatalysts will be assessed in a durability test by

continuously applying linear potential sweeps up to 5000 cycles.

Finally, we will study the PdS,-CN hybrid nanostructures as active electrocatalyst for HER in
the electrolysis reaction and also HOR in the fuel cell anode reaction. The PdS,-CN
nanostructures will be tested for HER/HOR as a bifunctional electrocatalyst. In addition, our
hypothesis that GNF step-edges play an important role in stabilising catalytic centres may give
an opportunity to improve the electrocatalyst durability in HER using the same principles as
described above for the ORR and OER. One of objective of this study is to investigate
properties of PdS;NP@GNF and to evaluate the effects of nanoscale confinement by
comparing catalytic activity of it with PdAS;NP on amorphous carbon and graphene. Another
objective of this work is to assess durability of the PdS;NP@GNF electrocatalysts in an
accelerated durability test by continuously applying linear potential sweeps up to 5000 cycles.

Commercial Pd/C and Pt/C will be utilized as benchmark electrocatalysts.
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Chapter 2. Hybrid platinum nanoparticles-graphitised nanofiber as

electrocatalyst materials for ORR

2.1. Introduction

Fuel-cell technology is a very promising alternative for clean and renewable source of
energy.’**13 However, the instability of precious platinum nanoparticles (PtNP), frequently
used as electrocatalyst in polymer electrolyte fuel cells, due to migration and agglomeration
of nanoparticles during fuel cell operations is currently a significant drawback for the
widespread commercialisation of this technology. There is an urgent demand for developing
new Pt-based electrocatalyst materials combining high activity with superior durability to

retain their structure and properties in the harsh electrochemical conditions.

The conventional state-of-the-art electrocatalysts typically consist of PtNP (diameters of 2-5
nm) on conductive carbon supports with high surface area, such as carbon black (C), especially
Vulcan XC-72R.** However, this kind of carbon support is thermochemically unstable and
suffers from corrosion caused by electrochemical oxidation under fuel cell operating
conditions.® As a result, catalyst nanoparticles tend to aggregate and sinter, which in turn
leads to a decrease of the electrochemical surface area and activity of the electrocatalysts,
affecting the catalyst durability and reliability.**® 13° More stable graphitised carbon materials
such as graphene and carbon nanotubes have been proposed to overcome the durability
problems.}%142 Although an improved catalytic activity has been reported for these
electrocatalyst materials, there are still outstanding problems related to the poor catalyst
dispersion on the carbon nanotubes surface and the restacking of graphene limiting the mass

transport of reactants and products.**
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Graphitised hollow carbon nanofibres (GNF) are an ideal low cost alternative for
electrocatalayst mass production for low temperature fuel cells, as they exhibit a good
resistance to electronic and electrochemical oxidations similar to carbon nanotubes, 2% 123 144
145 However, these one-dimensional nanostructures have larger diameters, up to two of
hundred nanometers, offering the possibility to access both inner and outer carbon surface for
effective deposition of PtNP while also enabling low mass transport resistance to fuels and
products in the fuel cell electrodes.*614 Unlike multi-walled carbon nanotubes that consist of
a set of concentric nanotubes with smooth surface, GNF exhibit corrugated interior surfaces
defined by internal stacked-nanocone structures, with a typical step-edge comprising rolled-

up several graphene sheets being ca. 3 nm high (Figure 2-1).

Figure 2-1. (a) HRTEM image (b) schematic representation of the herringbone GNF step-edges.

Recent studies in our group have shown that the GNF corrugated surfaces can provide a
mechanism for controlling position of NP and their growth.2% 13150 For example, very small
metal NP (ca. 2 nm) adsorbed on the atomically smooth graphitic surfaces of the GNF exterior
grow to ca. 13 nm and beyond, whilst the same metal NP adsorbed on the interior surfaces of
GNF grow to the same maximum size of ca. 6 nm, regardless of the stimulus for their growth,
which is explained by the GNF interior step-edges imposing significant barriers for the

migration of the metal nanoparticles, thus precluding their growth by coalescence
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mechanisms. Moreover, the size of the growing metal NP at GNF internal step-edges may also
be influenced by electrostatic interactions arising from charge transfer between the adsorbed
NP and the nanocone graphene stacks.’™ The different external and internal surface
morphologies of GNF provide a unique environment for studying the effect of the electrostatic

interactions and structural factors on the electrocatalyst performance.

In previous studies,? 131 146-152 the exposed graphene edges along the axis of non-graphitised
carbon nanofibers have been utilised for the stabilisation of the catalyst nanoparticles,
however it is known that the carbon corrosion is initiated readily at such defect sites due to
the high concentration of dangling bonds. In contrast, we propose to harness the stabilising
effects of GNF corrugated interiors composed of rolled-up graphene sheets (nanocones), that
have no dangling bonds, to improve the electrochemical durability of PtNP in the oxygen
reduction reaction (ORR) that takes place at the fuel cell cathode in which PtNP are known to

be highly labile.

2.2.  Aim, objectives and scope of experiments

The main aim of this chapter is to develop new highly stable hybrid metal-carbon
nanostructures as efficient electrocatalyst materials for hydrogen fuel cell applications. We
propose to use the stabilising effects of GNF corrugated interiors composed of rolled-up
graphene sheets (nanocones) to improve durability of PtNP which are known to be highly

labile during the oxygen reduction reaction (ORR) at the fuel cell cathode.

The key objective of this chapter is to prove whether the corrugated interiors of GNF can serve
as anchoring points to stabilise the electrocatalytic PtNP to avoid ripening and aggregation.

Preformed PtNP with sizes commensurate with the height of the step-edge is synthesised for
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the encapsulation into GNF by solution-phase self-assembled techniques leading to
PINP@GNF with most of the NP within the internal cavity of the GNF. By shortening GNF
(S-GNF), we are hoping to reduce transport resistance of NP into GNF cavity and facilitate
oxygen diffusion during ORR. Electrocatalytic performance of PtNP into long (PtNP@GNF)
and short nanofibers (PtNP@S-GNF) is evaluated. To understand confinement effects on the
electrochemical activity of these composites, PtNP are deposited external and internal GNF.
Moreover, the effect of oxidative functionalisation of the GNF on the electrochemical

response of the composite material is examined.

In this study, we demonstrate that the insertion of pre-formed PtNP into the internal cavities
of GNF (PtINP@GNF), using solution-phase assembly techniques followed by heat treatment
to improve the PtNP-GNF contact by removing the surfactant molecules from surface of
nanoparticles, is a highly effective and facile approach for creating a highly durable ORR
electrocatalyst which retains activity up to 50,000 cycles, thus outperforming commercial Pt
electrocatalyst (Pt/C) and other known electroctalysts based on PtNP. The insertion of PtNP
within GNF ensures that at potentials relevant to fuel cell cathodes, reduction of O, proceeds
exclusively via a four-electron pathway. In order to understand physicochemical reasons for
the enhanced durability of PtNP@GNF, the catalyst was compared with PtNP adsorbed on
surface of GNF (PtNP/GNF) and with platinum deposited into GNF cavity in a form of Pt-
compounds (Pt@GNF) rather than pre-formed PtNP. To evaluate the role of the carbon
support, further comparative study was carried out for pre-formed PtNP deposited on carbon
black (Vulcan XC-72R). In all cases, PINP@GNF has shown to perform better than the control
samples. Detailed transmission electron microscopy (TEM) imaging reveals anchoring of
PtNP to the GNF step-edges, which enables control of nanoparticle size, distribution and
prevents nanoparticle coalescence and ripening during the electrochemical reactions as the

key mechanism underpinning the remarkable durability of the electrocatalyst.
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2.3.  Experimental Section

2.3.1. Chemicals

1-octadecene (90%), oleylamine (>70%), oleic acid (90%), platinum (1) acetylacetonate,
hexachloroplatinic acid (H.PtCls.6H20), ethylene glycol, nitric acid, isopropyl alcohol,
hexane, Nafion® (5% solution in a mixture of lower aliphatic alcohols and water) were used
as received from Sigma Aldrich. Graphitised nanofibers (GNF) were supplied by Pyrograf®
Products Inc. and the Pt/C commercial catlayst (20 wt%, HiSPECTM 3000) was supplied by
Johson Matthey. Ultra-pure water purified with Millipore Advantage A10 water equipment

(resistivity 18.2 MQecm at 25 °C) was used in all experiments.

2.3.2. Synthesis of preformed nanoparticles

2.3.2.1. Synthesis of oleylamine and oleic acid-stabilized preformed PtNP

PtNP were synthesised from platinum (Il) acetylacetonate using the method previously
reported by Wang C.et al.™, The synthesis was performed using standard air free techniques
and commercially available reagents: 1-octadecene (90%), oleylamine (>70%), oleic acid

(90%), and iron pentacarbonyl (Fe(CO)s) and platinum (1) acetylacetonate.

Under a nitrogen flow, Pt(acac), (50mg) was mixed with of 1-octadecene (2.5 mL) (ODE),
oleic acid (1 mL) and oleylamine (0.25mL). The formed solution was slowly heated to 120°C
over 20 min. After 30 min of heating at 120°C, under a blanket of nitrogen, one drop (0.01 ~
0.03 ml) of Fe(CO)s solution (prepared by mixing Fe(CO)s (0.1 mL) with ODE (1 mL)) was
added to this solution. The temperature was increased up to 200 °C (heat rate = 3-5°C/min)
and left at this temperature for 30 min. The solution was cooled down to room temperature

then isopropanol (80 mL) was added and the product was separated by centrifugation (8000
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rpm for 30 min). The final product (~ 25 mg) was dispersed in 5 ml of hexane for further use.
High resolution transmission electron microscope (HRTEM) (average particle size (APS) /
nm: 3 £ 0.6), Energy dispersive X-ray (EDX), X-ray diffractometry (APS/nm: 3.1) and
thermogravimetric analysis (TGA), and cyclic voltammetry (CV) measurement were

performed for this PtNP.

2.3.2.2. Synthesis of alkylthiol-stabilised AgNP

Dodecanethiol (0.1 mL) was added drop wise to a solution of silver nitrate (153 mg) in ethanol
(30 mL) and the mixture was stirred vigorously for 10 min. A saturated solution of sodium
borohydride (2.5 g) in ethanol (60 mL) was then added and the mixture stirred vigorously for
2 hr at room temperature. The product was precipitated from solution by the further addition
of ethanol (300 mL) before storing at -20°C for 24 hr. The precipitate was then filtered using
a 0.45 pum pore size polytetrafluoroethylene (PTFE) membrane filter and washed with ethanol
(200 mL) and acetone (200mL) before final drying under vacuum to yield a black solid (~150
mg of AgNP). HRTEM (average particle size (APS) / nm: 9.8 + 1.2) and XRD analysis were

performed for this AgNP.

2.3.3. The preparation of hollow carbon nanostructures

2.3.3.1. Preparation of shortened graphitised nanofibers (S-GNF) via ball milling

50 mg of GNF as received with a length of 10-100 um were mechanically ground in an
ambient atmosphere using a Retsch MM 400 ball mill instrument, containing a steel ball with
a diameter of 10 mm. The rolling speed of the milling machine is fixed at 10 Hz for 3 hours

to obtain the desired S-GNF (average length: 0.2-20 um) (Figure 2-6).
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2.3.3.2. Preparation of shortened graphitised nanofibers (S-GNF) via oxidative cutting
with AgNP

The former approach involves first the acid treatment of GNF (25 mg) by refluxing for 24
hours at 110 °C in concentrated nitric acid to yield Ox-GNF (20 mg), then followed by the
decoration of Ox-GNF (20mg) with AgNP (20 mg), and finally, the oxidative cutting of the
Ox-GNF at 440 °C in air until have a weight loss of 50% was obtained using deposited AgNP

as catalyst.

2.3.3.3. Preparation of oxidized shortened nanofibres (Ox-S-GNF)

Ox-S-GNF (50mg) were obtained by refluxing the produced S-GNF at 110 °C in 60 ml
concentrated nitric acid for 24 hours. Water was added to the mixture after cooling down the
reaction, and then filtered through PTFE membrane (pore size 0.45 um). The obtained Ox-S-
GNF (40mg) were washed with distilled water to remove the excess of acid until reaching a

neutral pH and dried in the oven at 125 °C for 90 min and stored in a desiccator.

2.3.3.4. Preparation of shortened and open arc discharge (AD) multi-walled carbon
nanotubes (S-MWNT) with ball milling

100 mg of AD-MWNT (MER Corporation) as received with a length of 1-5 um were
mechanically ground in an ambient atmosphere using a Retsch MM-400 ball mill instrument,
containing a steel ball with a diameter of 10 mm. The rolling speed of the milling machine is

fixed at 10 Hz for 3 hours to obtain the desired S-MWNT (0.03-1 um length).
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2.3.3.5. Preparation of opened end of SWNT via heating in air

In order to open the ends of the SWNT, which are initially sealed by fullerene like end cap,
the nanotubes (50 mg) were placed in a ceramic crucible then were heated in air for 30 minutes
at 370 °C in a tube furnace until a weight loss of 20% was observed®®*. The product (~40 mg)

was then placed in a glass vial to use.

2.3.3.6. Preparing hybrid materials obtained using the preformed PtNP with ex-situ

approach

e Preparation of PINP@S-GNF hybrid material via insertion of PtNP into S-GNF

10 mg of freshly heated S-GNFs in air at 450 °C during 20 min were added under argon into
a hexane suspension of PtNP obtained from platinum (Il) acetylacetonate using a modified
method previously reported in the literature by Wang C. et al.** with a 1:1 (PtNP:S-GNF)
mass ratio. After stirring the mixture for 3 hours, the hexane was gradually removed to
concentrate the solution and finally dried. A small amount of hexane was then added to re-
dissolve any non-encapsulated PtNP, and the mixture was stirred again for 3 hours and dried.
The process was repeated for three times to ensure that the majority of PtNP were transport
inside S-GNF. The mixture was then sonicated in hexane (sonic probe diameter 3 mm, 20
kHz) for 30 min to removed non-encapsulated PtNP, filtered through a PTFE membrane (pore
size 0.45 yum) and washed with hexane, methanol and finally acetone to yield a black solid
product (~8 mg). HRTEM, EDX (Figure A- 1), and thermogravimetric analysis (TGA)
(Figure A- 2), and cyclic voltammetry (CV) (Figure 2-15) measurement were performed for

this material.
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e The removal of non-encapsulated nanoparticles

Our previous study,'?® it was found that non-encapsulated nanoparticles could be removed
successfully from the external surface of GNF by an ultrasound treatment. Therefore,
PtINP@S-GNF (10 mg) composite material was sonicated in hexane (sonic probe diameter 3

mm, 20 kHz) for 30 min to remove non-encapsulated PtNP.

o Preparation of PtNP/GNF, PtNP/S-GNF, PtNP/Ox-S-GNF and PtNP/C Hybrid Materials
2 mg PtNP was mixed with the selected carbon support GNF (8 mg), S-GNF (8 mg), Ox-GNF
(8 mg) or carbon black (Vulcan XC-72R) (8mg) in 50 ml of hexane and gently sonicated in a
sonic bath for 30 min. The mixture was filtered through a PTFE membrane (pore size 0.45
pum), washed with hexane, methanol and finally acetone to yield the desired black solid

product (PtNP/GNF, PtNP/S-GNF, PtNP/Ox-S-GNF or PtNP/C).

e Remove surfactant of PtNP
We tested a thermal procedure for the removal of the surfactant molecules from the
encapsulated PtNP by heating PINP@S-GNF (10mg) in air at 175 °C for 5 h, which enables

the removal of the organic surfactant as confirmed by TGA.

2.3.3.7. Preparing hybrid materials obtained using the in-situ reduction of PtNP

e Preparation of Pty @S-GNF hybrid material

Freshly dried 10 mg of Ox-S-GNF were added to a solution of potassium hexachloro-platinic
acid (H2PtCls.6 H.0) (1.4 mg) in water (5 ml) and stirred for 3 hours under argon. The mixture
was dried to ensure all solvent was removed, and then water was added to re-dissolve any
potassium hexachloro-platinic acid outside Ox-S-GNF. The mixture was stirred again and then

39



the process was repeated three times during the experiment in order to ensure a capillarity
filling of Ox-S-GNF then the product material was filtered through PTFE membrane. 8 mg of
this black solid were suspended by sonication for 10 minutes in 25 ml ethylene glycol:water
(85:15 ratio) and the pH adjusted to 13 with a NaOH solution. The solution was then heated
under continuous stirring in an oil bath at 120 °C to reduce Pt and the obtained material (~5.6

mg) was filtered through a PTFE membrane.

e Preparation of Pti/C hybrid material

For synthesis Pti/C hybrid material, similarly 10 mg of carbon black were suspended by
sonication for 10 minutes in 25 ml ethylene glycol:water (85:15 ratio) and then were added to
a solution of potassium hexachloro-platinic acid (H2PtCls.6 H20) (1.4 mg) in water and the
pH adjusted to 13 with a NaOH solution. The solution was then heated under continuous
stirring in an oil bath at 120 °C to reduce Pt and the obtained material (~ 8.5 mg) was filtered

through a PTFE membrane.

2.3.3.8. Preparing hybrid materials obtained the in-situ formation by decomposition of

a volatile complex

e Preparation of Pt @S-GNF, P@MWNT and Pt,@SWNT Hybrid Material
Pt(Il)(acac). readily sublimes at elevated temperature and can therefore be inserted into
SWNT, S-MWNT and S-GNF from the gas phase. Molecules of the platinum complex can

diffuse into the carbon support through their termini.
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e Preparation of Pt@S-GNF hybrid material

5 mg of S-GNF and 1 mg of Pt(acac), were introduced within a pyrex reaction tube in which
a high vacuum was then applied using a turbo pump, and the sample was then sealed and
heated for 3 days at 150 °C. The formation of crystals on the top of the pyrex tube during the

heating process confirms that platinum containing molecules had entered the gas phase.

During heating crystals were observed to have condensed on the top of the pyrex tube which
was taken as confirmation that the platinum containing molecules had entered the gas phase.
Periodically the reaction tube was turned over in the oven to mix the SWNT and the
crystallized molecules and this process was repeated several times over the 3 days experiment.
The mixture was stirred and then the THF removed three times during 3 days in order to ensure
that the majority of the molecules were transported inside of the NT. Finally, all of the Pt

materials from outside of the MWNT, THF was removed to give dry samples.

e Preparation Pt,@ MWNT hybrid material

AD-MWNT were shortened and opened by ball milling at 10Hz for 3 hours, then the MWNT
heated in air for 30 minutes at 800°C to open end of MWNT. Freshly opened and shortened
MWNT was introduced within a pyrex reaction tube and along with a two-fold excess of the
platinum metal complex by weight and both materials were mixed together. High vacuum was
then applied using a turbo pump and the sample was sealed and then heated for 3 days at
150°C. Upon heating under reduced pressure, the platinum molecules enter the gas phase and
diffuse into the MWNT through their open ends. The mixture was stirred and then the THF
removed three times during 3 days in order to ensure that the majority of the molecules were
transported inside of the NT. Finally, all of the Pt materials from outside of the MWNT, THF

was removed to give dry samples.
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e Preparation of Pb@SWNT hybrid material

In order to open the ends of the SWNTSs, which are initially sealed by fullerene like end cap,
the nanotubes were heated in air for 30 minutes at 370 °C in a tube furnace until a weight loss
of 20% was observed™“. Freshly opened and shortened SWNT was introduced within a pyrex
reaction tube and along with a two-fold excess of the platinum metal complex by weight and
both materials were mixed together. High vacuum was then applied using a turbo pump and
the sample was sealed and then heated for 3 days at 150 °C. Upon heating under reduced
pressure, the platinum molecules enter the gas phase and diffuse into the SWNT through their
open ends. The mixture was stirred and then the THF removed three times during 3 days in
order to ensure that the majority of the molecules were transported inside of the NT. Finally,

all of the Pt materials from outside of the SWNT, THF was removed to give dry samples.

2.3.4. Material Characterisation

XRD patterns were obtained on a Bruker AXS D8-Advanced diffractometer with Cu Ka
radiation (A=1.5418 A). Samples for TEM analysis were prepared dispersing the material
either in hexane or HPLC grade iso-propanol by ultasonication, and then drop casting the
solution onto lacey carbon film coated copper grid. The samples were dried under nitrogen
gas flow for 3 minutes to remove any residual solvent. HRTEM image was obtained on a
JEOL 2010F TEM using accelerating voltage of 200 kV and 100 kV. EDX analysis is the
standard method for the local identification of elements within a sample in a scanning electron
microscope (SEM) or TEM. In this study, EDX analysis was performed using Oxford Link
Isis package on a JEOL2100F TEM operated at 200 kV and 100kV. This provided quantitative
elemental compositions for the individual nanoparticles and the electrocatalysis hybrid

materials.

42



TGA measures the amount and rate of change in the weight of a material as a function of the
temperature or time in a controlled atmosphere. Measurements are used primarily to determine
the composition of materials and to predict their thermal stability at temperature up to 1000
°C. The technique can characterise materials that exhibit weight loss or gain loss due to
decomposition, oxidation, or dehydration TGA analyses were performed in a TA/TGA Q500

instrument over the range 25 - 1000 °C in air and nitrogen, at a scan rate of 5 °C min™,

2.3.5. Electrochemical Measurements

The three-electrode cell used for cyclic voltammetry (CV) measurements and rotating disk
electrode (RDE) measurement, and the four-electrode cell used for rotating ring disk electrode
(RRDE) measurement. In the study of the oxygen reduction reaction, the cathodic reaction
must be the rate determining reaction. At the counter electrode (the anode) water was oxidized
to oxygen and protons. The area of the counter electrode was larger than that of the cathode

to ensure that the anode reaction was not limiting.

The electrochemical experiments were performed on an electrochemical work station CH
instruments Inc. 700D and Autolab potentiostat PGSTAT204 using a glassy carbon electrode
(GCE) as working electrode in a commercial (Pine Instruments) GCE disk electrode, a
Ag/AgCl (1J Cambria Scientific Ltd.) and a HydroFlex reversible hydrogen electrode (RHE)
electrodes as reference electrodes, respectively. The GCE was cleaned with 0.05um principal
particle size alumina powder solution (Agar Scientific Ltd.) on a polishing paper to remove
any impurity which may affect electrochemical measurements. The investigated samples were
dropped onto the GCE as ink with an optimised constant metal loading of 100 pug/cm?and then
dried in air.*% 157 The potential was cycled at fast scan rates (500 or 200 mV/s) for up to 100

cycles before readings were taken in order to remove any impurities and unwanted species
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from the surface of the platinum electrodes. Impedance measurements, the cell resistance was
measured immediately after OER and ORR measurements taking the ac impedance spectra
from 32 to 0.1 kHz and a voltage perturbation of 10 mV. The real part of the resistance at 1
kHz was taken as the cell resistance and was used to obtain the IR-free potential of the working

electrode.

The cyclic voltammetry is used to distinguish catalytic activity of fuel cell by measuring a real
active surface area via determining current-voltage curve. The electrochemically active
surface area of the electrocatalysts was determined by the cyclic voltammetry. Cyclic
voltammetry measurements were performed in nitrogen saturated 0.1 M HCIO4 at scan rates

of 50 mV/s between 0.05 V and 1.05 V.

For the rotating disk electrode (RDE) measurements®® for ORR the working electrode was
scanned cathodically at a rate of 5 mVs* with varying rotating speed from 400 rpm to 2000
rpm. Koutecky—Levich plots (Ji'vs. ™) were analysed at various electrode potentials and
the slopes of their best linear fit lines were used to calculate the number of electrons transfer

on the basis of the Koutecky-Levich equation:

1/3=1/3q + 11k Equation 2-1

where Jq is given by Levich Equation:

Ja = 0.620nFD¥2 v8C o012 Equation 2-2

where j is the measured current density, J« and Jq are the kinetic- and diffusion limiting current

densities, w is the angular velocity, n is transferred electron number, F is the Faraday constant,
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C, is the bulk concentration of O, v is the kinematic viscosity of the electrolyte, and k is the
electron-transfer rate constant. For the Tafel plot, the kinetic current was calculated from the

mass-transport correction of RDE by:

Je=(0xJa)/ (Qa-J) Equation 2-3

The number of electrons transferred, n, can be quantified from the disc (lsisc)and ring currents

(Iring) Using this equation:

4'Idisc

= Equation 2-4
Idisc + (Iring/N)

n

The specific activity of a catalyst was determined by normalising the ix with its real surface
area (Area) and the mass activity of the catalyst was obtained by normalising the ix with the

catalyst loading.

For the ORR experiments, the Pt ring electrode as second working electrode was
potentiostated at 1.2 V versus the reversible hydrogen electrode (RHE) where the detection of
peroxide is diffusion limited. Electrochemical durability tests were carried out by continuously
applying linear potential sweeps with a scan rate of 100 mV/s from 0.6 to 1.1 V vs RHE, which
caused surface oxidation/reduction cycles of Pt.1° For comparison, a Pt/C catalyst with the
same Pt loading as that in the electrocatalysts were subjected to the same potential cycling
conditions. ECSA values in m?/ge: were calculated from the electrochemical surface area of
platinum (Aec), the platinum loading (W) and the geometric surface area of the electrode (Ageo)
using the following expression: ECSA (m?/ge) = Aec (M?)/ (W (ged M?) » [Igeo (M?)). The
electrochemical surface area of platinum (Aec) was in turn calculated by dividing the total

charge of the hydrogen desorption (QHes) in LC by a known value for the amount of charge
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transferred during desorption of a monolayer of hydrogen from Pt (210 uC/m?). The hydrogen

desorption peak in the cyclic voltammogram is integrated to obtain the QHges value.

Impedance measurements, the cell resistance was measured immediately after RDE
measurements using Autolab potentiostat PGSTAT204 taking the ac impedance spectra from
32 to 0.1 kHz and a voltage perturbation of 10 mV. The real part of the resistance at 1 kHz
was taken as the cell resistance and was used to obtain the IR-free potential of the working

electrode.
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2.4. Results and Discussion

2.4.1. Study of the composite materials for ORR obtained using the preformed PtNP

encapsulation into GNF with ex-situ approach

2.4.1.1. Synthesis of preformed PtNP and structural characterisation

PtNP have been synthesised using a well-established protocol based on the reduction of
platinum (I1) acetylacetonate (Pt(acac).) at elevated temperatures (200 °C) in presence of
surfactant molecules, which allows us to define precisely the size and shape of nanoparticles
before encapsulation or deposition in GNF. High-resolution transmission electron microscopy
(HRTEM) imaging of the synthesised PtNP showed polyhedral nanoparticles uniformly
dispersed on the carbon film of the TEM grid with an average diameter of 3.0 + 0.6 nm (Figure
2-2). As a face centred cubic (fcc) structure, PtNP adopts a polyhedral shape with low-index
planes (111) and (100) as facets that lower the overall surface energy making the nanoparticle
thermodynamically stable, and both planes are clearly observed in HRTEM (Figure 2-2). X-
ray diffraction (XRD) pattern is consistent with metallic Pt (Figure 2-3), exhibiting
characteristic features of an fcc structure such as a strong 26 peak at around 40° corresponding
to the (111) planes. Using Scherrer equation for the full width at the half maximum of this
diffraction peak, the average nanoparticles diameter in the sample is calculated to be ~3.1 nm,

which is in agreement with the average diameter observed by HRTEM.
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Figure 2-2. (a-b) HRTEM images of PtNP dispersed on the carbon film and (c) the particle size
distribution with average size of the preformed PtNP.
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Figure 2-3. XRD diffraction pattern for the obtained PtNP before (black) and after (red) heat treatment
in air at 175 °C for 2 h.

48



2.4.1.2. Shortening of graphitised carbon nanofibers (GNF)

To study the effect of the graphitised carbon nanofibers (GNF) on the electrochemical
behaviour of the composite materials, GNF were shortened before the encapsulation of the
preformed PtNP. In contrast to carbon nanotubes, GNF has open-ends, which is very
advantageous for encapsulating PtNP. Shortening GNF can help (i) to avoid transport
resistance along the internal cavities of the GNF during NP encapsulation, (ii) to reduce mass
transport problems associated with the O, diffusion into the GNF during ORR experiments
and (iii) with the water transport from GNF internal cavity to out in fuel cells. Both shortening
of the nanofibers will facilitate the dispersion of the composite PtNP-GNF materials, and
therefore, the quality of the film on the electrode surface for the electrochemical
measurements. Two different approaches were used to prepare short GNF (S-GNF): (i) by

oxidative cutting with silver nanoparticles (AgNP) and (ii) by ball milling.

e Shortening GNF via oxidative cutting with AgNP

The former approach involves first the acid treatment of GNF by refluxing for 24 hours at 110
°C in concentrated nitric acid to yield Ox-GNF, then followed by the decoration of Ox-GNF
with AgNP (Figure A- 5, 4), and finally, the oxidative cutting of the Ox-GNF at 440 °C in air

until have a weight loss of 50% was obtained using deposited AgNP as catalyst (Figure 2-4).

As a result of the oxidative cutting, some GNFs were shortened average length from 10-100
um to 2-50 um (Figure 2-5). However most of GNF are more than 10pum in length and a
significant number of defects can be clearly observed in HRTEM not only on surface of GNF
but also in the internal structure and step edges of the GNF (Figure 2-5d-f). In summary, these
results show that shortened GNF with this method are not convenient to use as support carbon

materials for encapsulation of pre-formed PtNP.
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Figure 2-4. Schematic diagram for the oxidative cutting process of GNF with Ag NP.

Figure 2-5. HRTEM images of GNF (a) before and (b-f) after oxidative cutting with AgNP.
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e Shortening GNF via ball milling

The later approach is simply a mechanical process that allows the tuning of the length of the
carbon nanofibers by adjusting the duration of the ball milling process. This process can easily
reduce the GNF average length from 10-100 nm to 0.2-20 um leading to shortened GNF (S-
GNF) with an intact internal structure (Figure 2-6), in contrast with that observed for the
oxidative cutting approach. Therefore, shortened GNF obtained with this method (S-GNF)

will be used for the encapsulation experiments later on.

Figure 2-6. HRTEM images of GNF (a) before and (b-d) after ball milling.

2.4.1.3. Synthesis of PINP@S-GNF hybrid electrocatalyst

Surface of PtNP prepared by this method is stabilised by hydrophobic surfactants, and
therefore the nanoparticles are soluble in hexane — a solvent with a low surface tension that

can easily penetrate into internal cavities of hollow graphitised nanofibers and wet their
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hydrophobic internal cavities, and thus deliver the pre-formed PtNP into the interior. To
enhance mass transport of solvent, reactants and products during ORR, the pristine graphitised
nanofibers (GNF) with a 10-100 nm length were shortened by mechanical milling to 0.2-20
nm length (S-GNF) prior PtNP insertion (Figure 2-6). Dry S-GNF immersed in a solution of
PtNP in hexane (using an optimised 1:1 weight ratio) under ultrasound agitation to promote
the diffusion of nanoparticles into the internal cavities are able to uptake PtNP from solution.
The resulting hybrid material was carefully washed with hexane to eliminate any PtNP
absorbed on the external surface of S-GNF. Thermogravimetric analysis (TGA) indicates that
PINP@S-GNF contains only about 10 % of Pt by weight (Figure A- 2). TEM analysis

performed on the resultant hybrid material (Figure 2-7a) clearly indicate that nanoparticles

were successfully inserted in S-GNF.

Figure 2-7. HRTEM images and schematic diagrams of 3.0 = 0.6 nm pre-formed PtNP (a) inside
(PtINP@S-GNF) and (b) outside nanofibers (PtNP/S-GNF) before heating.

Our recent studies!?® 150 151 have shown that van der Waals forces play crucial role in
interactions of metal nanoparticles with carbon nanotubes and nanofibers and their
effectiveness is related to the contact surface between NP and GNF. When a nanoparticle is
positioned on the smooth graphitic external surface of a GNF, the area of surface contact is
minimal, but if the nanoparticle is residing at a graphitic step-edge, the surface of interaction
increases significantly. Critically, if the nanoparticle is of a size equal with the size of the step-

edge (ca. 3 nm), the surface area of contact is at a maximum, thus leading to stabilisation of
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NP at the step-edge.!? Since the pre-formed PtNP in this study before encapsulation in GNF
have the average diameter of 3.0 £ 0.6 nm, they match well the size of graphitic step-edges in
GNF, which ensures effective encapsulation, and formation of PINP@S-GNF. Conversely,
any nanoparticles bigger than the step-edge size would have a lower energy gain from
adsorption at the internal corrugations of GNF as compared with flat areas of the exterior

graphitic surface, due to a poorer geometric fit with the step-edges.®!

In order to ascertain the confinement effects of the GNF nanocontainers on the electrochemical
properties of PtNP, the same nanoparticles were deposited on the external surface of both
shortened nanofibers (PtNP/S-GNF) and shortened nanofibers treated with nitric acid to
oxidise their surfaces (PINP@Ox-S-GNF) (Figure 2-8). In addition, same pre-formed PtNP
were deposited on carbon black (PtNP/C) (Figure 2-9c¢) were used alongside with and

commercial Pt/C (Figure 2-11) as reference materials for PtNP/S-GNF and PtNP@S-GNF.

To maximise the active surface area of platinum catalyst, and therefore its ORR activity it is
important to remove any molecules adsorbed on PtNP prior to the ORR experiments. We
tested a thermal procedure for the removal of the surfactant molecules from the encapsulated
PtNP by heating PtINP@S-GNF in air at 175 °C for 5 h, which enables the removal of the
organic surfactant as confirmed by TGA (Figure A- 2). Our previous studies!? %0 showed
that whereas gold nanoparticles deposited on the exteriors of GNF undergo Ostwald ripening
increasing significantly in size when heated, the NP positioned at the step-edges inside the
GNF grow to a much lesser extent and retain a specific size distribution dictated by the
graphitic step-edge that imposes a barrier for particle migration, which is essential for ORR
catalysis. HRTEM imaging confirms that PtNP obey the same principle, as after heating
in air at 175 °C for 5 h PtNP increase in size only to 5.3 + 0.4 nm and remain inside GNF

(Figure 2-9a). The thermally activated growth of PtNP is clearly limited by the step-edges
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hindering PtNP migration and coalescence, which in principle may provide a highly effective

electrocatalyst large active surface area.

2.4.1.4. Synthesis of PtNP/S-GNF, PtNP/Ox-S-GNF and PtNP/C Hybrid Materials

In order to ascertain the confinement effects of the GNF nanocontainer on the electrochemical
properties of PtNP, the nanoparticles were deposited on the external surface of both shortened
nanofibers (PtNP/S-GNF) and shortened nanofibres treated with nitric acid to oxidise their
surfaces (PtNP/Ox-S-GNF) (Figure 2-8). In addition, PtNP deposited on carbon black
(PtNP/C) (Figure 2-9c) and commercial Pt/C (Figure 2-11) were used as reference materials

to evaluate the effects of graphitic surfaces of GNF on the properties of PtNP.
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Figure 2-8. HRTEM images after heat treatment at 175 °C in ait for 5 hour, schematic diagrams, particle
size distributions and average sizes of PtNP outside pristine nanofibers (PtNP/GNF), short nanofibers
(PtNP/S-GNF) and oxidised short nanofibers (PtNP/Ox-S-GNF).
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In contrast, in PtNP/S-GNF, where nanoparticles are largely located on the smooth external
surfaces of nanofibers, a similar heat treatment leads to the increase in size from 3.0 + 0.6 nm
to > 13 nm (Figure 2-9b, 10). It is interesting that the introduction of surface defects on GNF
either by mechanical milling (S-GNF) or chemical oxidation (Ox-S-GNF) has a noticeable
influence on the final size of PtNP during the thermal treatment with the trend PtNP/GNF >
PtNP/S-GNF > PtNP/Ox-S-GNF confirming that greater concentration of surface defects
suppresses the ripening and coalescence of nanoparticles (Figure 2-8). Although the
introduction of carboxylic groups on the external surface of S-GNF (PtNP@OXx-S-GNF) slows
down the NP growth (10.6 £ 3.5 nm), the size reached after heating is far larger than the one
observed for PtNP trapped at the step-edges within S-GNF (5.3 £ 0.4 nm), highlighting the
importance of our methodology. Surprisingly, under the same conditions PtNP deposited on
carbon black exhibited only a small increase in size (3.6 + 0.8 nm) that is close in size to
nanoparticles in commercial Pt/C (Figure 2-11). This indicates very strong interactions
between platinum and carbon black surface (Figure 2-9c) due to the high degree of
functionalisation of carbon black surface with oxygen-containing groups (i.e. carboxylic,
quinonic, lactonic, phenolic and others groups),’> which effectively inhibit PtNP migration
and coalescence to even greater extent than the graphitic step-edges of S-GNF. However, the
high degree of functionalisation and the significant disorder of carbon black may have a
detrimental effect on the catalytic performance of nanoparticles because of a potentially high
electron transfer resistance and undesired increase in ORR overpotential, and greater tendency

to corrosion 120123139, 143-145 than S_.GNF.
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Figure 2-9. HRTEM images and schematic diagrams illustrating the PtNPs inside nanofibers
(PtNP@S-GNF) (a), outside nanofibers (PtNP/S-GNF) (b) and deposited on carbon black (Vulcan XC-

72R) (PINP/C) (c).
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Figure 2-10. Particle size distribution and average sizes for PtNP inside S-GNF (PtNP@S-GNF),
outside (PtNP/S-GNF) and supported on carbon black (PtNP/C) after heating in air at 175 °C for 2 h.

56



3.3+0.7 nm

w
o

—_
(6}

Frequency / %

o

2 3 4 5

Particle size / nm

Figure 2-11. HRTEM images, schematic diagrams, particle size distributions and average size of PtNP
for the standard commercial electrocatalyst Pt/C (Johnson Matthey 20 wt%, HiISPECTM3000).

2.4.1.5. Electrochemical analysis

e Electrochemically Active Surface Area (ECSA)

Cyclic voltammetry (CV) was applied to characterise the basic electrochemical properties of
the prepared electrocatalyst materials in a nitrogen saturated acidic solution (0.1M HCIOyJ).
CV measurements demonstrated significantly increase in the electrochemically active surface
area (ECSA) after the removal of surfactant molecules from PtNP by heating at 175 °C for 5
h in air, without affecting the oxidation state of platinum. This can be clearly observed for
PtNP inside pristine nanofibers (PtNP@GNF) where a Hy,a peak emerged after the removal
of surfactant (Figure 2-12) yielding an ECSA value of 15.4 m?/g that is far from the theoretical
value calculated from the NP size obtained from TEM. However, a higher increase in ECSA
(44 m?/g) after heating that is closer to the theoretical value (49 m?/g) expected for ca. 5.3 nm
PtNP was achieved when shortened carbon nanofibers were used (PtNP@S-GNF) (Figure
2-13), due to both a lower resistance for mass transport through shorter GNF and a better
quality electrochemical films that can be prepared from PtNP@S-GNF (Figure 2-14). Hence,
all further electrochemical measurements were carried out for electrocatalysts prepared from
S-GNF that were subjected to heating at 175 °C for 5 h prior to electrochemical

characterisation.
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Figure 2-12. Voltammograms of PINP@GNF before and after heating at 175 °C for 5h. Hees: hydrogen
desorption, Hags: hydrogen adsorption and Hypa: hydrogen underpotential deposited.
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Figure 2-13. Voltammograms of PtNP encapsulated in short (solid line) and long (dash line) GNF.
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Three electrocatalyst materials (PtINP@S-GNF, PtNP/S-GNF, PtNP/C) were selected for a
comparative study with Pt/C commercial catalyst to investigate the effects of nanoscale
confinement on electrochemical properties and ascertain the difference between graphitic and
amorphous carbon supports. In contrast to PtNP/S-GNF, PtNP@S-GNF and PtNP/C showed
the same typical hydrogen desorption and adsorption features in the potential region between
0.05 and 0.30 V and the onset of the oxide formation in the anodic sweep similar the
commercial catalyst (Pt/C) (Figure 2-15). The ECSA values decrease in the following order:
Pt/C ~ PtNP/C > PINP@S-GNF > PtNP/S-GNF is noticed, which correlates well with the
increase of the NP size (measured by TEM), after the removal of surfactant, (Table 2-1)
dictated by the nature of carbon surface as discussed in previous section. While the
nanoparticles appear to be most durable on carbon black when heat-treated in the gas phase,
this does not guarantee similarly high durability under fuel cell conditions in solution. Surface
defects and oxygen-containing groups on the carbon supports can slow down the ripening and
coalescence of nanoparticles as in the case of PtNP/Ox-S-GNF (ca. 10.6 nm compared to ca.
13.0 nm for NP supported on less defective S-GNF), but does not directly translate to the
electrochemical behaviour, as the ECSA of PtNP/Ox-S-GNF (28 + 5 m?/g) is almost half of

the value measured for the PtNP@S-GNF with the same Pt loading (44 + 6 m?/g).
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Figure 2-15. Voltammograms of the standard supported Pt commercial catalyst (Pt/C), PtNP deposited
on carbon (PtNP/C), PtNP inside nanofibers (PtNP@S-GNF), and PtNP inside and outside nanofibers
(PtNP/S-GNF) with the same Pt loading (14 pg/cm?) in nitrogen saturated 0.1 M HCIO4 at room
temperature; current densities (J) normalized to the geometric electrode area.
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Table 2-1. Summary of electrochemical parameters for PtNP@S-GNF and PtNP/S-GNF, PtNP/C and
Pt/C before and after 5000 cycles durability test.

ECSA Theoretical Average He:)ltfévr\]l:\; Sa‘éﬁsliftm Mass Activity Tafel slope
2 surface NP size P y at 0.85V @ RT Icd/hed
(m/g) area of NP (nm) at 1600 at0.8s5 v (A/mq) (mV/dec)
rpm (V) (mA/cm?)
PtINP@S-GNF 44 £ 6 53+4 5304 0.785 0.36 0.195 84/124
PtNP@S-GNF after 43+5 42+ 4 5.8+0.5 0.783 0.35 0.190 84/136
PtNP/S-GNF 12+2 22+6 13.0+2.9 0.595 0.07 0.01 145/167
PtNP/S-GNF after 4+1 17+ 3 16.0+4.3 0.572 0.20 0.008 156/174
PtNP/C 72+ 10 78+ 14 3.6+0.8 0.825 0.358 0.261 74/150
PtNP/C after 48+ 6 54 +8 52+0.9 0.786 0.272 0.133 65/134
pt/C 74+ 12 85+ 15 3.30.7 0.840 0.544 0.396 95/136
Pt/C after 56 + 8 60+9 47+0.8 0.813 0.312 0.182 75/131

e Oxygen Reduction Reaction (ORR) Activity

Polarisation curves for the ORR obtained for the three key electrocatalyst materials
synthesised in this study (PtNP@S-GNF, PtNP/S-GNF, PtNP/C) and Pt/C on a rotating ring
disk electrode in Oj-saturated 0.1 M HCIO, solution at 1600 rpm are shown in Figure 2-16.
The potential corresponding to one-half of the diffusion current (half-wave potential, E1/2) can
be used to qualitatively determine the catalyst activity: the higher the potential, the better the

ORR activity.®
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Figure 2-16. Ring and disk currents obtained during the ORR in the anodic sweep before (solid line)
and after (dash line) 5000 cycles on (a) PtINP@S-GNF, (c) PtNP/S-GNF, (b) PtNP/C, and (d) Pt/C at
room temperature at scan rate of 5 mV/s; current densities (J) normalized to the geometric electrode
area.

The Ey» for PINP/C (0.825 V) is similar to the one found for the commercial catalyst (0.840
V), while the Ei, for PINP@S-GNF is marginally lower (0.785 V) and PtNP/S-GNF
significantly lower (0.595 V). This indicates that activity of PtNP is only slightly reduced by
the confinement in nanocontainers, which is remarkable considering the high aspect ratio of
GNF. More surprisingly, PtNP on surface of GNF exhibit the lowest activity among the
materials, which is unexpected since NP in PtNP/S-GNF should be more accessible for O,
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than in PtINP@S-GNF. This can be explained by a higher surface of interaction of PtNP with
the step-edge inside GNF than with the convex surface of the outside of GNF, hence a better
connectivity of catalytic centres in PINP@S-GNF leading to a higher Ei;, potential as

compared to PtNP/S-GNF.

A Tafel analysis of the rotating ring-disk electrode (RRDE) data (E vs. log(Jx)) for the selected
electrocatalyst and the commercial catalyst is shown in Figure 2-18. The specific activity was
determined by normalising the Ji to the calculated ECSA values, while the catalyst mass
activity was obtained by normalising to the catalyst loading on the electrode (14 pg/cm?). The
specific activities of the selected catalysts follow the trend: Pt/C > PINP@S-GNF =~ PtNP/C
>> PtNP/S-GNF (Table 2-1), with the specific activity of the commercial Pt/C electrocatalyst
only slightly exceeding that of PtNP@S-GNF. This observation suggests that when
differences in surface areas are accounted for, the activity of PtINP@S-GNF is comparable to
the commercial electrocatalyst. It is significant that the specific activities obtained for the
electrocatalysts (Pt1@S-GNF and Pt,@S-GNF) where PtNP were prepared in situ in GNF are
lower than that for PtNP@S-GNF, indicating that the approach involving the encapsulation of
pre-formed nanoparticles with well-determined size and shape allows PtNP to be positioned
more effectively at the step-edges, and therefore providing stronger interaction with GNF
nanocontainers. This finding is in agreement with the previous studies of AuNP durability in
GNF performed by TEM structural characterisation,?® 131 150,151 bt the effect of step-edge
stabilisation on functional properties of nanoparticles (e.g. catalytic and electrochemical
activities) have been demonstrated for the first time in the present study. Nanoparticles
deposited on surface of nanofibers in PtNP/S-GNF showed by far the lowest specific activity
due to the extensive PtNP ripening and coalescence on the GNF external surface (Table 2-1
and Figure 2-18). Although the introduction of defects on the external S-GNF surface inhibits

the NP ripening and improves the ECSA value, the specific activity found for PtNP/Ox-S-
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GNF (0.01 mA/cm?) is still the lower in comparison to PINP@S-GNF (0.36 mA/cm?) which
indicates the defects introduced during the oxidative treatment may have detrimental impact

on electron transfer processes between PtNP and GNF (Figure 2-8).

e Mechanism and Kinetics of the ORR

RRDE measurements can shed light on the mechanism of oxygen reduction reaction as the
H>0O, produced during the ORR occurring on the disk electrode can be detected on the ring.
Following a potential region in the polarisation curves where the ORR is under mixed kinetic-
diffusion region, diffusion limiting currents were noted in the potential window between 0.1
V to about 0.6 V for all the studied electrocatalyst materials, except PtNP/Ox-S-GNF (Figure
2-16). The amount of ring current produced above 0.6 V appears to be negligible compared to
the disk currents, indicating that for PINP@S-GNF and PtNP/C the ORR proceeds with
insignificant production of hydrogen peroxide (H20,). A small decrease in the disk currents
below 0.2 V accompanying a simultaneous increase in the ring currents for PtNP@S-GNF,
PtNP/C and Pt/C can be detected in the Hyq region. A similar increase of peroxide production
in the Hypa region has been previously reported for Pt single-crystal electrodes where the
adsorbed hydrogen hinders the O-O bond cleavage leading to the peroxide formation as a

result.1®0

The electron transfers number (n) was calculated to be ca. 4.0 for PINP@S-GNF and PtNP/C,
and ca. 3.3 for PtNP/S-GNF at 0.6-0.8 V from the slopes of Koutecky-Levich plots (Figure
2-17), indicating that at potentials relevant to fuel cell cathodes reduction of O, proceeds
exclusively via a four-electron pathway (O + 4H* + 4e- — 2H,0) similar to the Pt/C
commercial catalyst measured under the same conditions, which is in sharp contrast to
PtNP/S-GNF. As expected, H,O, formation becomes apparent only at potentials below 0.6 V

and increases significantly in the hydrogen desorption region (<0.3 V).
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In the Kinetic region within the potential range between 0.9 V and 0.7 V two Tafel slopes can
be observed for PINP@S-GNF and PtNP/S-GNF (Figure 2-18). The low Tafel slope
represents a region where the ORR occurs on oxide—covered Pt, and for the high Tafel slope
the ORR proceeds on metallic Pt surface (Figure 2-12). As we are primarily evaluating
changes in Tafel slope associated with catalyst confinement, it is worth noting that values of
the slopes corresponding to ORR on metallic Pt surface are affected by the blocking and/or

electronic effects of adsorbed species. "
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Figure 2-17. Koutecky-Levich plots of J** (current density) versus w®> (rotating speed) at various
potentials extracted from the data I-V curves, current densities (J) normalized to the geometric electrode
area for PINP@S-GNF (a), PtNP/C (b), PtNP/S-GNF (c) and Pt/C (d).

Interestingly, at high current (low potential) the slope found for PINP@S-GNF (124 mV/dec)
is lower than the value found for PtNP/S-GNF and Pt/C (Figure 2-18 and Table 2-1) and
only slightly higher than the pure kinetic value of 120 mV/dec,*® % thus indicating possible

effects of the corrugated internal surface of GNF on the rate-determining step of the reaction,
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which appears to be controlled entirely by the first electron transfer, based on the observed

slope for PINP@S-GNF (Figure 2-18).
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Figure 2-18. Tafel plots for the ORR normalised to the real surface area at room temperature, anodic
sweep 5 mV/s, 1600 rpm on PtINP@S-GNF, PtNP/S-GNF, PtNP/C and Pt/C. (a) before and (b) after
5000 cycles.

2.4.1.6. Durability test

Durability studies of the selected electrocatalyst were performed in a durability test by
continuously applying linear potential sweeps from 0.6-1.1 V, which causes surface
oxidation/reduction cycles of platinum. For comparison, a Pt/C commercial catalyst with the
same Pt loading as that in PINP@S-GNF and PtNP/C was subjected to the same potential
conditions, and after 5000 cycles, the changes in the Pt surface area and the electrocatalytic
activity towards the ORR were carefully determined (Table 2-1, Figure 2-16, 19).
Interestingly, after cycling the initial specific activity of PtNP@S-GNF (0.35 mA/cm?)
became slightly higher than the specific activity of Pt/C commercial catalyst (0.312 mA/cm?),
while the specific activity of PtNP/C decreased (0.272 mA/cm?). This clearly indicates that
the durability of PtNP encapsulated in S-GNF (PtNP@S-GNF) is better than that of the
commercial catalyst and PtNP/C control sample, and therefore, overall performance PINP@S-

GNF is superior to other electrocatalysts (Figure 2-19). TEM imaging electrocatalysts after
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the cycling provides explanation of the observed performance as no significant change in
particle size or morphology was found for PtNP@S-GNF (average increase of size c.a. 0.5 nm
after 5000 cycles) in contrast with that observed for the electrocatalyst materials obtained by
in situ methods (average increase of size c.a. 5.3 nm after 5000 cycles for Pti@S-GNF)
(Figure 2-37 and Table 2-4). Because the cross section of GNF is polygonal (not circular)
the surface area of contact between the PtNP and GNF in PtINP@S-GNF is further maximized
when the PtNP are located at the apexes of the graphitic facets of step-edges (Figure 2-1),
which leads to an improvement in the van der Waals interactions between the PtNP and the
CN that immobilise the nanoparticles, thus preventing their migration and growth above 6 nm
in diameter during electrochemical reactions. This is in agreement with the marginal change
in the specific and mass activity observed for PtNP/S-GNF (Table 2-1 and Figure A- 3). A
significant change in particle size and morphology was also found for PtNP/C and the
commercial catalyst Pt/C from 3.6 £ 0.8 nmt0 5.2 + 0.9 nm and from 3.3+ 0.7 nmto 4.7 £
0.8 nm, respectively, after 5000 cycles, as shown by the TEM (Figure 2-19 and Table 2-1).
Moreover, the ECSA values obtained for PtNP/C and Pt/C correlate well with the increased
nanoparticle size and hence decreased electroactive surface area of platinum. The lack of
durability of PtNP on carbon black may be related to the absence of long-range order in in this
support material leading to electrochemical corrosion that aggravated the PtNP sintering and
led to a reduced the durability of PtNP/C and Pt/C. For PtINP@S-GNF, measured as the
currents of O, reduction obtained before and after 5000 potential cycles shows only a 2 mV
degradation in half-wave potential of ORR polarisation curves over the cycling period (Figure
2-16). Futhermore, no significant change in the polarisation curves of H,O, oxidation was
found for this electrocatalyst. This provides further evidence of the stabilising effect of step-
edges in GNF cavity and benefits of PtNP confinement within the nanocontainers. In contrast,
Pt/C and PtNP/C both showed the degradation in ORR half-wave potential of 27 mV and 39

mV, respectively (Figure 2-16).
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Figure 2-19. Durability characterization of the Pt/C, PtNP@S-GNF and PtNP/C by cycling 5000 times
the potential between 0.6 and 1.1 V (vs RHE) in an oxygen saturated 0.1 M HCIO4 electrolyte at room
temperature with a sweep rate of 100 mV/s. (a-c) Summary of the specific activity, mass activity and

specific surface area (mass transfer corrected (d-f) HRTEM images of the catalysts before and after
potential cycling.

In this respect, one of the issues accociated with carbon black is related to poorer connectivity
with the catalyst NP due to structural disorder and corrosion under electrochemical conditions,
thus leading may not cause only to the lack of durability of PtNP, but also to a higher electron

transfer resistance and undesired increase in ORR overpotential as compared to the graphitic

GNF.
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Figure 2-20. HRTEM images of PtNP@S-GNF before oxygen reduction reaction (A) with PtNP
positioned predominantly at the graphitic step-edges (C) and the internal cavity of GNF completely
clear (step-edges running across the GNF are clearly visible as transverse lines in the micrograph). After
exposure of PtINP@S-GNF to 50,000 potential cycles in ORR, internal cavity of GNF becomes filled
with amorphous carbon (B) located in the middle of the GNF, with all PtNP adhered to the amorphous
carbon (D). Graphitic step-edges appear to be ‘unravelling’ during the ORR giving rise to amorphous
carbon, as clearly indicated by individual graphitic layers of GNF observed half-way through
amorphisiation (E). PtNP after 50,000 potential cycles remain inside GNF adhered to amorphous carbon
(D) or sandwiched between the amorphous carbon and GNF wall (F). In either case, a 5-10 nm gap
formed between the inner wall of GNF and the layer amorphous carbon allowing efficient access of
reactants to catalytic centres PtNP during ORR. Energy dispersive X-ray analysis confirms that
composition of PtINP@S-GNF remains virtually unchanged after 50,000 cycles, and local-probe EDX
analysis shows c.a. 1.5 atomic % of oxygen incorporated in the amorphous carbon structure (G).

The electrochemical performance of the PINP@S-GNF was studied at room temperature in a
nitrogen-saturated 0.1M HCIO4 by cyclic voltammetry (CV), and compared with that of a
commercial platinum on carbon black (Pt/C, nanoparticle diameter: 3.3 + 0.7 nm) (Figure
2-11) with the same Pt loading (14 pg/cm? loading) under exactly the same conditions.
Electrocatalyst durability studies involving 50,000 cycles were performed in a durability test
by continuously applying linear potential sweeps from 0.6-1.1 V, which caused surface
oxidation/reduction cycles of platinum. Changes in the electrochemically active Pt surface
area and the electrocatalytic activity towards the ORR were carefully determined every 10,000
cycles (Figure 2-21a). Polarisation curves for the ORR obtained for both electrocatalyst on a
rotating disk electrode in O-saturated 0.1 M HCIO4 solution at 1600 rpm were also

investigated every 10,000 cycles (Figure 2-21b).

The PtNP@S-GNF and the commercial catalyst (Pt/C) showed similar hydrogen desorption
and adsorption features in the potential region between 0.05 and 0.30 V, and the onset of the
oxide formation in the anodic sweep. However, the initial electrochemical surface area
(ECSA) for the PINP@S-GNF is lower than for the commercial Pt/C due to a smaller initial
NP size in the latter material (measured by TEM, Figure 2-9a, c¢). The half-wave potential
(E1p) for PINP@S-GNF (0.785 V) is marginally lower than the one found for the commercial

catalyst (0.840 V), suggesting that, in principle, the activity of our electrocatalyst material is
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slightly lower than the commercial Pt/C. This is also in agreement with the difference in
specific activity at 0.85 V observed for the commercial Pt/C electrocatalyst (0.544 mA/cm?)
and PtNP@S-GNF (0.360 mA/cm?) that was determine by normalising the kinetic limiting
current density (Ji) to the calculated ECSA values. A Tafel analysis of the rotating ring-disk
electrode (RRDE) data (E vs. log(Jx)) for PtNP@S-GNF and the commercial catalyst after

5,000 potential cycles is shown in Figure A-13.
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Figure 2-21. Comparison of the PtNP@S-GNF and Pt/C electrocatalysts over 50,000 potential cycles
in oxygen reduction reaction using voltammograms (a) and ORR polarisation curves (b), showing
superior durability of PtNP@S-GNF. Schematic diagrams (c) and nanoparticle size distribution before
(grey data bars) and after (black data bars) 50,000 cycles of ORR (d), demonstrating a higher durability
of catalytic nanoparticles to ripening in PINP@S-GNF than in Pt/C which explains the significantly
higher electrocatalytic durability of PINP@S-GNF.
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While the overall initial performance of Pt on carbon black appears to be better than for PtNP
inside GNF, only after the first 5,000 cycles the specific activity of PtNP@S-GNF became
slightly higher (0.35 mA/cm?) than the specific activity of Pt/C commercial catalyst (0.312
mA/cm?) under same conditions (Figure 2-22a and Table 2-1). This clearly indicates that the
durability of catalytic centres in PINP@S-GNF is significantly enhanced as compared to the
commercial catalyst. Furthermore, TEM analysis of both electrocatalysts after 5,000 cycles
provides explanation for the observed performance as no significant changes in particle size
was found for PtINP@S-GNF (an average increase of size c.a. 0.5 nm) which contrasts to the
commercial electrocatalyst Pt/C showing an average increase of PtNP size c.a. 1.4 nm (from
3.3 nm to 4.7 nm) (Table 2-1). Internal graphitic step-edges of GNF combined with the
polygonal cross-section of GNF channels ensure that the surface area of contact between the
PtNP and GNF in PtNP@S-GNF is maximized when the PtNP are located at the apexes of the
graphitic facets of step-edges, which leads to an improvement in the van der Waals interactions
between the PtNP and the CN that immobilise the nanoparticles, thus preventing their
migration and growth beyond 6 nm during electrochemical cycling. In contrast, the ECSA
values obtained for Pt/C correlate well with the continuouly increasing nanoparticle size in
this electrocatalyst during ORR and hence electroactive surface area of platinum that gradually
decreases with a growing number of the potential cycles (Figure 2-22b and Table 2-1). The
lack of durability of PtNP on carbon black may be related to the absence of long-range order
in in this support material leading to electrochemical corrosion that aggravates the Pt
nanoparticle sintering and leads to a reduced durability of Pt/C. The degradation in half-wave
potential of ORR polarisation curves over the first 5,000 cyles for PtNP@S-GNF of only 2
mV, that is in sharp contrast with that observed for the Pt/C (27 mV), provides further evidence
of the stabilising effects of step-edges in GNF cavity and PtNP confinement within the GNF

(Figure 2-21b and Table 2-1). The poorer electrical connectivity of carbon black with the Pt
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may give rise to a higher electron transfer resistance and undesired increase in ORR

overpotential as compared to the graphitic GNF.

The superior durability of PtNP@S-GNF becomes particularly striking over 50,000 cycles of
ORR (Figure 2-22a-b and Table 2-2). While the initial specific activity of the commercial
electrocatalyst Pt/C is better than the activity of our PINP@S-GNF for an identical (total) Pt
loading, beyond 10,000 cycles, the activity of Pt/C decreases dramatically due to a quick drop
of the active surface area, with a loss of 71 % of the initial activity after 50,000 cycles (Figure
2-22a). Remarkably, under the same conditions the specific activity of PINP@S-GNF material
decreased only by 12% after 50,000 cycles showing a significantly more stable activity than
that of Pt/C. It is worth noting that no significant change in the polarisation curves of ORR
was found for PINP@S-GNF after durability tests (Figure 2-21b) confirming that the ORR

mechanim remains unaltered throughout these extensive measurements.

Table 2-2. Summary of electrochemical parameters for PtNP@S-GNF and Pt/C before and after 50,000
potential cycles.

Theoretical Half-wave Specific L Tafel

ECSA surface ?\lvpers?gg potential activity Ma;sOASCSU\\;lty slope @

(m?/g) areaof NP (nm) at 1600 at 0.85V (A/-m ) RT lcd/hed

(m?/g) rpm (V) (mA/cm?) 9 (mVi/dec)
PtNP@S-GNF 44 +6 53+4 5304 0.785 0.360 0.195 84/124
PtNP@S-GNF after 41+5 42+ 4 6.2+0.5 0.776 0.318 0.181 86/138
pt/C 74 +12 85+ 15 3.3%0.7 0.840 0.544 0.396 95/136
Pt/C after 26+3 609 9625 0.792 0.159 0.096 105/145

Detailed high resolution TEM imaging of the PtNP@S-GNF after 50,000 cycles revealed an
unexpected transformation taking place inside GNF (Figure 2-20b, 20d, 23, 24). The rolled-
up graphitic structure of internal step-edges in GNF become ‘unzipped’ (Figure 2-20e) during
the oxygen reduction reaction forming a layer of amorphous carbon lining the inner surface
of hollow GNF (Figure 2-20d). EDX analysis does not show any significant amount of
oxygen in the amorphous material inside GNF, but it is apparent that PtNP adhere to the
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amorphous carbon presumably due to dangling bonds on the disordered carbon surface

providing excellent anchoring sites for the catalytic centres (Figure 2-20g).
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Figure 2-22. Comparison of PtNP@S-GNF and Pt/C over 50,000 potential cycles for (a) the
electrochemical active surface area (ECSA) and (b) the specific activity (SA) at 0.85V vs. RHE. (c)
Comparison of changes of ECSA (%) for PINP@S-GNF, Pt/C and Pt electrocatalysts reported in the
literature (Pt-S-MWOCNT?®*?, ZrO>—Pt/NCNT?*, Pt/TiO2-C*, Pt/C@PANI(30%0)s, Pt/MWNTSs-
TiO2%, Pt/Sn0O2%7, Pt-NWs8, NP-PtPd*®, PtFeCo'", Pt/S-MWNT, Pt/C@NGC*7?) emphasising
the overall excellent performance of PtNP@S-GNF (black cicrles) with respect to the state-of-the-art
electrocatalysts.
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While remaining confined within highly electrically conducting GNF and simultaneously
being stabilised by the electrochemically generated amorphous carbon, remarkably, PtNP
remain accessible to the reactants of ORR due to a gap of c.a. 10 nm between the layer of
amorphous carbon and the GNF inner wall (Figure 2-20d, 23, 24), thus maintaining their high
catalytic activity and exceptional durability even after 50,000 cycles due to the nanoscale

confinement.

TEM images for PtNP@S-GNF after 50,000 cycles showed only a small change in PtNP size
from 5.3 £ 0.4 nm to 6.2 = 0.5 nm, unlike the significant increase in size for the commercial
Pt/C from 3.4 £1.2 nm to 9.6 + 2.5 nm found under the same conditions (Figure 2-21c, d).
Comparison of the optical diffractograms of the encapsulated PtNP before and after 50,000
cycles in TEM indicates no changes on the (110) lattice plane (d-spacing value of 0.193 nm)

(Figure A- 8) confirmign that PtNP remain metallic state throughout the potential cycling.
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Figure 2-23. HRTEM images of the PtNP@S-GNF after 50,000 potential cycling.
When tilted around GNF axis the PtNPs change their positions (as illustrated for
three  examples highlighted in circles) but remain inside GNF and adhered
primarily on the layer of amorphous carbon rather than the GNF inner wall.
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A detailed comparison of the ECSA changes in potential cycling experiments for PINP@S-
GNF with other state-of-the-art Pt electroctalysts reported in the literature®2-12 (including the
commercial Pt/C as a benchmark) (Figure 2-22c and Table A- 1) further highligths the
excellent long-term durability of PtNP within GNF retaining much of their activity over the
50,000 potential cycles thus outperforming all known electrocatalyst materials for ORR. The
observed degradation in the half-wave potential of ORR polarisation curves for PINP@S-GNF
of only 9 mV after 50,000 potential cycles is an exceptional behaviour as shown by other
studies.’™ These surprising and remarkable properties of PtNP@S-GNF open up a new
strategy for harnessing the nanoscale confinement in sustainable use of platinum in
electrocatalysis and other technological applications that require stabilisation of metal
nanoparticles under harsh conditions. We believe that the reported synthetic strategy can be
extended to other precious metals to inhibit their coalescence and thus to preserve their
functional properties during potential cycling. Also the electrocatalysis in carbon nanoreactors

can be extended to other processes of high technological value, such as methanol oxidation or

hydrogen evolution reaction among others.

Figure 2-24. High-magnification HRTEM images of PtNP in PtNP@S-GNF after
50,000 potential cycling.
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2.4.2. Study of the Pt-GNF materials for ORR obtained using the in-situ reduction of
PtNP

2.4.2.1. Synthesis of Pt;@S-GNF

It is important to note that the vast majority of previous studies on electrocatalytic metal-
carbon hybrid materials were reported for PtNP formed from molecular precursors directly on
the carbon support. To compare performance of nanoparticles pre-formed then inserted in
GNF with the more widely spread nanoparticles formed in situ on carbon,46- 151 S-GNF were
impregnated with a H,PtCls-6H.0 solution followed by reduction of the platinum compound
to Pt metal inside GNF. The selected methods'”® involves the chemical impregnation of a
platinum salt (H2PtClg-6H20) solution into the S-GNF cavity followed by in-situ reduction.
The acid treated shortened carbon nanofibers by refluxing for 24 hours at 120 °C in
concentrated nitric and sulphuric acids were used for the insertion of the Pt salt into S-GNF.
This acid treatment increases the hydrophilicity of the nanofibers, so this may enhance

capillarity filling of S-GNF to insertion of the Pt salt.

Freshly dried of Ox-S-GNF were added to a solution of potassium hexachloro-platinic acid
(H2PtCle.6 H20) in water in order to ensure a capillarity filling of the Pt salt into the acid
treated of S-GNF. The composite material was thoroughly washed to remove platinum salt
adsorbed on the external surface of the GNF before the in-situ reduction leading to Pt;@S-
GNF material. The chemical impregnation of a platinum salt (H-PtCls-6H,0) was performed
into the acid treated S-GNF cavity using a mixture of ethylene glycol and water (85:15) at 120

°C (Figure 2-25).
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Figure 2-25. Schematic diagram of the methodology employed to prepare Pt:@S-GNF composites.

A sample containing PtNP which chemically impregnated on carbon black (Pti/C) was

prepared under same conditions as a control sample for comparison with Pt;@S-GNF

2.4.2.2. Structural characterisation

HRTEM images for Pti@S-GNF (Figure 2-26) show the successful formation of PtNP in
GNF using the in situ reduction but reveal two different sets of nanoparticles: the smaller
nanoparticles reside at the step-edges in GNF (diameter c.a. 3 - 6 nm), and the larger
nanoparticles are randomly distributed (diameter > 6 nm). This method appears to have less
effective control over the size of encapsulated NP compared to the pre-formed PtNP where

size distribution is strictly defined before encapsulation in GNF.
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Figure 2-26. HRTEM images, schematic diagrams, particle size distributions and average sizes of PtNP
for Pt@S-GNF and Pt;/C.

HRTEM analysis performed on Pt;/C show the formation of c.a. 7.2+1.7 nm PtNP on carbon

black (Figure 2-26). In contrast to S-GNF, just one set of size distribution is observed when

carbon black is used as a support.

2.4.2.3. Electrochemical properties towards ORR

Pt@S-GNF and Pti/C were first evaluated electrochemically by CV between 0.05 and 1.05V
(vs RHE) at room temperature in a nitrogen purged HCIO4 electrolyte. The shape of the
hydrogen desorption (Hges) region for Pt:@S-GNF and Pt:/C is very similar to that observed
for the Pt/C electrocatalyst and also shows the same typical H-adsorption (Hags) and desorption
(Haes) features in the potential window between 50 and 300 mV (Figure 2-27). Because of its
smallest particle size, Pt/C has the highest specific surface area compared to Pt;@S-GNF and
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Pt:/C. The obtained ESCA for Pty @S-GNF and Pt1/C seems to be in perfect agreement with

the theoretical surface area of PtNP values in materials obtained from TEM (Table 2-3).
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Figure 2-27. Voltammograms of the standard supported Pt commercial catalyst, Pti@S-GNF and Pt;/C
in nitrogen saturated 0.1 M HCIO, at room temperature; current densities were normalised to the
geometric electrode area.

Ring-disk measurements for Pt:@S-GNF and Pt;/C in O, saturated 0.1 M HCIO4 at room
temperature are shown in Figure 2-28 and compared with the Pt/C standard EC. Following a
potential window where the ORR is under mixed kinetic-diffusion region, the diffusion
limiting currents were noted in the potential window between 0.1 to about 0.6 V for Pt: @S-
GNF and Pt:/C. The ring currents amount to insignificant fractions of the disk currents in the
potential window above 0.6 V for all Pt:@S-GNF and Pt:/C, which indicates that the ORR
proceeds with insignificant production of hydrogen peroxide (H2O>) in solution throughout
the potential window for the ORR. It shows that at potentials relevant to fuel cell cathodes,
reduction of O proceeds for Pt:@S-GNF and PINP@S-GNF exclusively via a complete four-
electron step. H.O, formation becomes apparent only at potentials negative of 0.6 V and
increases significantly in the Hges region (<0.3V). Closer inspection shows that the appearance

of ring currents follows quantitatively the decrease in disk currents from its diffusion limited
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value as expected for a change in the ORR pathway from a four to a two-electron pathway
(Figure 2-29).° Similar results were demonstrated for Pt single-crystal electrodes and the
full discussion of the change in the ORR pathway in this potential window is described in the
literature.® 174 Presumably the same reaction mechanism applies to these supported preformed

PtNP in our experiment. The initial peroxide yield formed appears to be lower for Pt/C than

that for Pt;@S-GNF and Pt,/C.
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Figure 2-28. Ring and disk currents obtained during the ORR in the anodic sweep before (solid line)
and after (dash line) 5000 cycles on (a) Pti@S-GNF and (b) Pt1/C at room temperature at scan rate of
5 mV/s; current densities (J) normalized to the geometric electrode area.
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Figure 2-29. Koutecky-Levich plots of J? (current density) versus w®° (rotating speed) at various
potentials extracted from the data I-V curves, current densities (J) normalized to the geometric electrode
area for Pty @S-GNF (a), Pt./C (b).

Figure 2-30 compares the Tafel plots for the mass transport corrected specific current
densities at a rotation rate of 1600 rpm for Pt;@S-GNF, Pt1/C and Pt/C before (Figure 2-30a)
and after durability test (Figure 2-30b). The performance of the studied electrocatalysts before
durability test follows this trend Pt/C > Pt;@S-GNF > Pt;/C. After cycling the potential 5000

times, the activity of Pti@S-GNF seems to get closer to activity of the commercial Pt/C.
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Figure 2-30.Tafel plots for the ORR normalised to the real surface area at room temperature, anodic
sweep 5 mV/s, 1600 rpm on Pt;@S-GNF, Pt;/C and Pt/C. (a) before and (b) after 5000 cycles.
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2.4.2.4. Durability test

Durability studies of the selected electrocatalyst were pre formed in a durability test by
continuously applying linear potential sweeps from 0.6-1.1V, which causes surface
oxidation/reduction cycles of platinum. For comparison, a Pt/C commercial catalyst with the
same Pt loading as that in Pt;@S-GNF was subjected to the same potential conditions, and
after 5000 cycles, the changes in the Pt surface area and the electrocatalytic activity towards

the ORR were carefully determined (Table 2-3, Figure 2-28).

The catalytic activity of Pt;@S-GNF, measured as the currents of O, reduction obtained before
and after potential cycling shows only a 5 mV degradation in half-wave potential over the
cycling period. In contrast, the corresponding change observed for Pt/C is 27 mV and 24 mV
for Pt:/C (Table 2-3). This clearly evidence the stabilising effect of step edges and confiniment
on the underlying Pt. Table 2-3 summarises some electrochemical parameters and Figure
2-31 shows durability characterization of the Pt1@S-GNF, Pt1/C and Pt/C obtained before

and after durability test.

Table 2-3. Summary of electrochemical parameters for Pti@S-GNF, Pt;/C and Pt/C before and after
5000 cycles durability tests.

Specific Mass

Theoretical Average Half-wave activit Activit Tafel slope

ECSA surface NP Size  potential a0 85{/ a0 853\’/ @ RT

(m?/g) area of NP (nm) at 1600 rpm (mA./cmz) (mA}cmz) (mV/dec)
(m?/g) V) Icd/hed
Pt:@S-GNF 24+4 32+8 8.7+3.1 0.753 0.24 0.06 72/121
Pt@S-GNF after 1842 2044 14 43.4 0.748 0.19 0.041 90/143
PHL/C 4045 3948 792417 0.717 0.19 0.044 96/149
Pt./C after 29+4 3127 8.8+2.1 0.693 0.13 0.025 84/138
Pt/C 74+12 85+15 3.3:0.7 0.840 0.544 0.396 95/136
PUC after 56+8 60+9 4.740.8 0.813 0.312 0.182 75/131
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Figure 2-31. Durability characterization of the Pti@S-GNF, Pt:/C and Pt/C, by cycling 5000 times the
potential between 0.6 and 1.1 V (vs RHE) in an oxygen saturated 0.1 M HCIO4 electrolyte at RT with
a sweep rate of 100 mV/s: (a-c) summary of the specific activity, mass activity and specific surface area
(d-f) HRTEM characterization of the catalysts before and after the potential cycling.

2.4.3. Study of the Pt-GNF materials for ORR obtained the in-situ formation by
decomposition of a volatile complex

2.4.3.1.  Synthesis of P,@S-GNF

Another common in situ method involving decomposition of a volatile complex Pt(acac) at
400 °C inside S-GNF leads to the formation of PtNP adsorbed randomly on the external and

internal surface of GNF (Pt.@S-GNF) (Figure 2-32).
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2.4.3.2. Structural characterisation

In situ method involving decomposition of the volatile complex inside S-GNF leads to the
formation of PtNP did not attached to the step-edges, with a broad size distribution (6.0 £ 1.6
nm), which again is inferior to the sample obtained from pre-formed PtNP. However, TGA
analysis for Pt,@S-GNF showed much lower loading that the one obtained from the

impregnation H2PtClg-6H,0 solution followed by thermal reduction Pt;S-GNF (Figure A- 4).
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Figure 2-32. HRTEM images, schematic diagrams, particle size distributions and average sizes of
PtNP for Pt,@S-GNF.

High-resolution TEM measurements performed for Pt,@SWNT and Pt:@S-MWNT (Figure
2-33) showed that meanwhile SWNT was successfully filled with Pt(acac), molecules in the
gas phase, MWNT ends remain close after ball milling hindering their filling. Thus, acid

treatment is required prior ball milling to effectively open the MWNT ends.
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morphous: carbon

Figure 2-33. HRTEM images of (a) Pt,@SWNT that yellow circles represent PtNP in SWNT and (b)
Pt,@S-MWNT.

2.4.3.3. Electrochemical properties towards ORR

Pt,@SWNT, Pt:@S-MWNT and Pt.@S-GNF were evaluated electrochemically by CV
between 0.05 and 1V (vs RHE) at room temperature in a nitrogen purged HCIO, electrolyte
(Figure 2-34). The shape of the hydrogen desorption (Haes) region for Pt@S-MWNT and
Pt,@S-GNF is very similar to that observed for the Pt/C electrocatalyst and also demonstrates
the same typical H-adsorption and desorption features in the potential window between 50 and
300 mV (Figure 2-34). However, the behaviour of PtL@SWNT seems to be quite different

with respect to the one observed for the other electrocatalyts. We believe that the capacitance
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effect of the carbon coated nickel particles (30%) used during the production of the SWNT
play an important role on the electrochemical properties. Moreover, the obtained ESCA for
PL@SWNT seems to be in disagreement with the theoretical atom surface area value obtained

from TEM (Table 2-4). Therefore, the CV results for Pt,@SWNT should be carefully

considered.
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Figure 2-34. Voltammograms of Pt,@SWNT, Pt,@S-MWNT, Pt,@S-GNF and Pt/C in nitrogen
saturated 0.1 M HCIO4 at room temperature; current densities were normalised to the geometric

electrode area.
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Figure 2-35. Disk and ring currents obtained during the ORR in the anodic sweep on Pt,@SWNT,
Pt,@S-MWNT, Pt,@S-GNF and Pt/C at room temperature at scan rate of 5 mV/s.
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Figure 2-36. Koutecky-Levich plots for (a) PL@SWNT, (b) Ptz@S-MWNT and (c) Pt.@S-GNF at
various potentials extracted from the data I-V curves (current densities normalized to the geometric
electrode area).

Figure 2-35 show a sample set of ring-disk measurements for PL@SWNT, PtL,@S-MWNT
and Pt@S-GNF in O, saturated 0.1M HCIO4 at room temperature and the respective
Koutecky-Levich plots (Figure 2-36). The ORR in the studied electrocatalysts seems to take
place through the same reaction mechanism that the rest of electrocatalysts analysed in this
report. From this curve is easy to see that Pt,@SWNT display a different behaviour to the rest

of electrocatalyts hybrid materials.
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In the Kinetic region within the potential range between 0.9 V and 0.7 V two Tafel slopes can
be observed for Pz@SWNT, Pt.@S-MWNT and Pt.@S-GNF (Figure 2-35). The low Tafel
slope represents a region where the ORR occurring on oxide—covered Pt and for the high Tafel
slope the ORR proceeds on metallic Pt surface (Figure 2-12). It should be noted that the
measured cell resistance has been corrected only with IR losses, as we are primarily interested
in highlighting changes in Tafel slope with catalyst confinement. Interestingly, at high current
(low potential) the slope found for Pt:@S-GNF (135 mV/dec) is higher than the value found
for P@S-MWNT and Pt/C (Figure 2-37 and Table 2-4) and also slightly higher than the
pure kinetic value of 120 mV/dec showing that the diffusion limiting losses inside
nanocontainers are less important than expected. In contrast, the slope at high current for
Pt.@S-GNF is much lower than the value found for Pt @SWNT (212 mV/dec), thus the mass
diffusion problems of O, into SWNT during the ORR are expected for containers with very

narrow diameters

It is clearly observed that the performance of the studied electrocatalysts follows this trend
Pt/C > Pt,@S-GNF > Pt,@S-MWNT > PL,@SWNT for an identical (total) metal loading
(Figure 2-38). Interestingly, both Pt.@S-GNF and Pt:@S-MWNT show same mass activity,
however for Pt,@S-GNF the specific activity is much higher (Table 2-4). The specific surface
area value observed for Pt@SWNT is not well understood as mass diffusion problems of O,
into SWNT during the ORR are expected for containers with very narrow diameters (Figure

2-38).
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Figure 2-37. Tafel plots for the ORR at room temperature, anodic sweep 5 mV/s, 1600 rpm on standard

Pt/C, Pt,@SWNT, PL@S-MWNT and Pt,@S-GNF catalysts.
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Figure 2-38. Summary of specific surface area, the specific activity, mass activity, and specific surface
area.

It is significant that the specific activities obtained for the electrocatalysts (Pt:@S-GNF and
Pto@S-GNF) where PtNP were prepared in situ in GNF are lower than that for PtNP@S-GNF,
indicating that the approach involving the encapsulation of pre-formed nanoparticles with
well-determined size and shape allows PtNP to be positioned more effectively at the step-

edges, and therefore providing stronger interaction with GNF nanocontainers.
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Table 2-4. Summary of electrochemical parameters for Pt@SWNT, Pt,@S-MWNT, Pt.@S-GNF and

Pt/C.
Jeorelcal werage altwave  Specific  wass Tl
ECSA f NP NP size potential activity Activity RT
(m?/g) (Omzlg) (nm) at 1600 at 0.85\2/ at 0.85 \Z/ (mV/dec)
rpm (V) (mA/cm?) (mA/cm?) lcd/hed
Pt,@SWNT 2334 350+40 0.8+0.1 0.707 0.011 0.026 105/212
Pt.@S-MWNT 57+7 62+7 4.5+0.6 0.756 0.12 0.066 85/120
Pt.@S-GNF 313 47+10 6+1.6 0.756 0.21 0.07 80/135
Pt.@S-GNF after 18+2 28+5 10+2.4 0.702 0.15 0.03 90/150
Pt/C 74+12 85+15 3.3+0.7 0.840 0.544 0.396 95/136
Pt/C after 56 + 8 60+9 47+0.8 0.813 0.312 0.182 75/131

2.4.3.4. Durability test

Durability studies of the selected electrocatalyst were pre formed in a durability test by
continuously applying linear potential sweeps from 0.6-1.1V, which causes surface
oxidation/reduction cycles of platinum. For comparison, a Pt/C commercial catalyst with the
same Pt loading as that in Pt,@S-GNF was subjected to the same potential conditions, and
after 5000 cycles, the changes in the Pt surface area and the electrocatalytic activity towards
the ORR were carefully determined (Table 2-4, Figure 2-39). After cycling the specific
activity of Pt,@S-GNF (from 0.21 to 0.15 mA/cm?) slightly decrease than the specific activity
of Pt/C commercial catalyst (from 0.544 to 0.312 mA/cm?). This clearly indicates that the
durability of Pt,@S-GNF is better than the commercial catalyst despite the specific activity of

Pt.@S-GNF is lower than the Pt/C (Figure 2-39).

A significant change in particle size or morphology was found for Pt;@S-GNF after cycling
that is in contrast with that observed for the electrocatalyst materials obtained by pre-formed
nanoparticle approach. As it is shown by the TEM, the average size of the PtNP change by
c.a. 4 nm. The surface area of contact between the PtNP and S-GNF in Pt,@S-GNF is

maximized when the PtNP are located at the apexes of the graphitic facets of step-edges, which
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leads to an improvement in the van der Waals interactions between the PtNP and the CN.
However, HRTEM shown that PtNP are located randomly internal and external surface of
GNF. Therefore, this is not favourable interaction, occurring at the step-edges, immaobilises
the nanoparticles, thus not preventing their migration and growth above 6 nm in diameter
during electrochemical reactions. This is in agreement with the marginal change in the specific

and mass activity observed for Pt @S-GNF (Table 2-4).
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Figure 2-39. Durability characterization of the Pt/C and Pt2@S-GNF by cycling 5000 times the
potential between 0.6 and 1.1 V (vs RHE) in an oxygen saturated 0.1 M HCIO;, electrolyte at room
temperature with a sweep rate of 100 mV/s. (a-c) Summary of the specific activity, mass activity and
specific surface area (mass transfer corrected (d-e¢) HRTEM images of the catalysts before and after
potential cycling.

Similarly, an important change in particle size and morphology was found for the commercial

catalyst Pt/C from 3.3 £ 0.7 nm to 4.7 £ 0.8 nm, respectively, as shown by the TEM (Figure
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2-39 and Table 2-4). Moreover, the ECSA values obtained for Pt/C are in agrement with
significant changes in PtNP size. This may indicate that carbon black as a support material not
having long-range order in the graphitic lattice suffered from electrochemical corrosion that

aggravated the PtNP sintering and further reduced the durability of Pt/C.

— Initial
o -2 -~ - After 5000 cycles
€
o
T4l (oisk
3
6

Pt,@S-GNF

0.2 0.4 0.6 0.8 1.0
E/ Vrue

Figure 2-40. Ring and disk currents obtained during the ORR in the anodic sweep before (solid line)
and after (dash line) 5000 cycles on Pt2@S-GNF at room temperature at scan rate of 5 mV/s; current
densities (J) normalized to the geometric electrode area.

For Pt.@S-GNF, measured as the currents of O, reduction obtained before and after potential
cycling shows a 54 mV degradation in half-wave potential of ORR polarization curves over
the cycling period (Figure 2-40). Futhermore, a significant change in the polarization curves
of H,0O, oxidation was found for this electrocatalyst. This provides evidence of unstabilise
PtNP while locating randomly internal and external surface of S-GNF. In the same way, Pt/C
showed the degradation in half-wave potential of 27 mV, respectively (Figure 2-16). Carbon

black as support materials may be poorly connected with the catalyst NP due to corrosion
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suffered in the durability experiment, thus leading to high electron transfer resistance and
undesired increase in ORR overpotential. It is worth noting that preformed PtNP encapsulated
into S-GNF (PtNP@S-GNF) is the only material that is able to maintain constant size of PtNP
and ECSA area after potential cycling, (Table 2-1) which demonstrates the importance of

catalyst confinement in the nanocontainer.

Figure 2-41 compares the Tafel plots within the potential range between 0.9 V and 0.7 V for
the mass transport corrected specific current densities at a rotation rate of 1600 rpm for Pt,@S-

GNF and Pt/C before and after durability test.
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Figure 2-41. Tafel plots for the ORR normalised to the real surface area at room temperature, anodic
sweep 5 mV/s, 1600 rpm on Pt,@S-GNF Pt/C. (a) before and (b) after 5000 cycles.

2.4.4. Comparing three study of electrocatalytic performance using different insertion
methods

The electrocatalytic performance for ORR of the hybrid PINP in S-GNF electrocatalyst

materials obtained using three different insertion methods (1-Ex-situ insertion of preformed

PtNP, 2-In-situ chemical reduction of PtNP, 3- In-situ thermal decomposition of a volatile Pt

complexes) can be easily compare by analysing their respective Tafel plots (Figure 2-42).

PINP@S-GNF by far has the highest catalytic activity compared to Pt @S-GNF and Pt.@S-
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GNF that show similar behaviours, which is in agreement with what is observed in Table 2-
4. A comparison of the specific activities of PINP@S-GNF, Pt@S-GNF and Pt.@S-GNF
electrocatalysts at 0.85 V (vs. RHE) is given in Table 2-4. The specific activity of PINP@S-
GNF reaches 0.36 mA/cm?, which is higher than that of Pt;@S-GNF (0.244 mA/cm?) and
Pt,@S-GNF (0.21 mA/cm?). Therefore, the method involving the encapsulation of preformed
PtNP into S-GNF seems to be better approach compared other two in-situ methods for

preparing PtNP in S-GNF electrocatalyst materials.
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Figure 2-42. Tafel plots for the ORR at room temperature, anodic sweep 5 mV/s, 1600 rpm on
PtNP@S-GNF, Pti@S-GNF and Pt,@S-GNF

This may indicate that the ex-situ encapsulated performed PtNP interacts stronger with the
step-edges than the in-situ formed PtNP that contribute to improve the interaction and charge
trasnfer between PtNP and GNF. Furthermore, this ex-situ method provides a better control
over the size, shape and most important atomic structure of PtNP than chemical impregnation
followed by reduction or thermal decomposition of a volatile complex. This could contribute
to improve interaction between Pt atoms and O during ORR, and caused enhancement of

ORR activity.
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2.5. Conclusion

We developed a method of assembly electrocatalytically active hybrid nanomaterials where
pre-formed platinum nanoparticles are inserted into hollow graphitised nanofibers. The
nanofibers play a dual role: a nanoscale container confining and controlling the environment
around nanoparticles, and a highly electrically conducting support effectively connecting the
catalytically active nanoparticles to the electrode. We discovered that PtNP interact much
stronger with the graphitic step-edges of the GNF cavity than the smooth exterior of GNF or
carbon black support. While the graphic step-edge improves the electric contact between PtNP
and electrode, and substantially enhances durability of PtNP during the electrocatalytic cycle,
the GNF cavity creates conditions highly beneficial for oxygen reduction reaction on PtNP.
As a result, the electrocatalytic nanoreactors PtNP@S-GNF, where nanofibers are shortened
to improve the mass transport during the reaction, have been demonstrated to possess initial
ECSA comparable to best Pt/carbon electrocatalysts reported to date, and outstanding
durability retaining much of their activity over the long-term (50,000 potential cycles) thus
outperforming all known electrocatalysis for oxygen reduction reaction. The remarkable and
unexpected properties of Pt nanoparticles within carbon nanocontainers open new avenues for
improving durability of electrochemical devices and enhancing sustainable use of Pt and other

elements with critically low abundance to ensure future technological progress.
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Chapter 3. Bifunctional manganese oxide-carbon nanostructure

(Mn30s-CN) electrocatalyst for ORR/OER

3.1. Introduction

The performance of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
is hindered by its slow kinetics and consequent demand of a high overpotential to drive these
electrochemical reactions.!”™ In addition, although Pt-based catalysts are the best ORR
catalysts, they are not effective for OER, due to the production of Pt oxides on the catalyst
surface at high overpotentials, hindering their catalytic ability for OER.X® Similarly, the most
active catalysts for OER such as RuO; and IrO2,%%"2are also much less effective for ORR.Y"’
For all these reasons, it is highly challenging to develop efficient bi-functional catalysts for
both ORR and OER. It is worth noting that these two reactions have attracted a great deal of
attention in the field for their implications in unitized regenerative fuel cells that are promising
systems in energy storage, working as a fuel cell and in reverse as a water electrolyzer

producing Hz and O to feed the fuel cell.

Non-noble metal oxides with a spinel structure have aroused considerable attention as
ORR/OER catalysts in alkaline solution. Cobalt- and manganese-based spinel-type oxides,
including binary oxides (Co304) and ternary oxides (NiC0204, CoMn,Qa, LiC0,04, etc.), are
the most studied.™ "® However, the disadvantages of spinel oxides for ORR/OER catalysis
are their poor electronic conductivity and weak oxygen sorption on the surface of spinel
oxides, which in turn leads to poor catalytic activity.}’® & Different synthetic strategies
including mixing or supporting on conducting materials have been developed to overcome
these problems. Thus, carbon and its derivatives, with large surface area, superior electronic

conductivity, good mechanical properties, and excellent chemical stability, are identified as
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the superior conductive support for ORR/OER catalysts. 8!

In 2011, Dai et al.*® reported a general two-step method to synthesize Co,0,/N-doped reduced
graphene oxide (haming it Co,0,/N-rGO) nanomaterials as bifunctional catalyst for ORR and
OER (Figure 3-1). They demonstrated that their ORR and OER performance can be enhanced
dramatically by integrating Co,0, and N-doped graphene. They explained that the synergetic
chemical coupling effects between Co,O, and graphene can enhance the catalytic activity of
ORR and OER. Along the same lines, a variety of hybrid catalysts, such as Co;0,/N-doped
carbon nanoweb,'®? MnCoO,/ graphene,'®! FeCo,0,/hollow graphene spheres,*® etc., have

been fabricated for high efficiency bifunctional catalysts.

Within non-noble metal oxides with a spinel structure mixed valence manganese oxides like
Mn,O, have attracted attention due to the fact that they are low-cost, environment friendly,
and highly active.’® Although these oxide nanostructures have been well-exploited for
supercapacitor and battery applications, only a handful papers describes their performance
towards ORR when they are hybridised with carbon to improve their low electrical
conductivity.'® 18 For instance, Dai et al. synthesised the ORR activity of electrically
interconnected hybrid material based on graphene oxide-carbon nanotubes-Mn304.1%¢ And
Qiao et al. reported the synthesis of mesoporous MnsOg4-nitrogen doped graphene by a
solvothermal route.'®” Recently, Raj et al. demonstrated the single-step synthesis of nitrogen-
doped reduced graphene oxide-Mn3O4 hybrid for the ORR from graphene oxide (GO) and

Mn(V1I) using hydrazine.8®
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Figure 3-1. Polarisation curves of ORR and OER for Co304/NrmGO hybrid, Cos0. nanocrystals and
Pt/C catalysts in Oz-saturated 0.1M KOH.*3

3.2.  Aim, objectives and scope of experiments

In this chapter we will study the bifunctional behaviour towards ORR and OER of new hybrid
carbon nanomaterials (developed in my group by Dr. Maria Gimenez-Lopez and Carlos
Herreros-Lucas) based on (i) preformed and (ii) in-situ synthesised Mn3sO4 nanoparticles (NP)

supported or encapsulated within graphitised carbon nanofibers (GNF).

Mn,O, nanoparticles (NP) with a unique mixed- valence state has been already performed as
an active electrocatalyst in redox reactions.'® The coexistence of Mn?* and Mn** can facilitate
the creation of defects, which would affect the electronic properties between Mn3;O4 and the
carbon material. As in the case of other NP, nanostructured supports are much desired to stop
Mn30O4 nanoparticles from dissolving and sintering during catalytic processes to improve their
performance.’*®® In this work, we proposed to use the stabilizing effects of the corrugated
interiors of GNF composed of rolled-up graphene sheets (nanocones) (Figure 3-3d) to
improve stability of MnsOs NP, which are known to be highly labile in ORR and OER

conditions.18®
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In this chapter we will pursue:

1-

To test confinement effects on the electrocatalyst behaviour of preformed Mn3;O4 NP when
are confined within GNF (Mn;O0,@GNF). To this end, Mn3;O4NP supported on surface of
GNF will be also studied (Mn3O4/GNF). Here, we will prove whether the corrugated
interiors of GNF (Figure 3-3d) can serve as anchoring points to stabilise the
electrocatalytic Mn3O4 NP to avoid ripening and aggregation.

To evaluate whether the graphitisation of the carbon support has an influence on the
performance of the Mn3O, NP towards ORR and OER, preformed MnsOsNP will be
supported in carbon nanotubes and graphite flakes.

To study whether the synthetic procedure chosen for the hybrid preparation has an effect
on the electrochemical activity and durability, in-situ synthesised Mn;O.NP were
encapsulated inside and also supported on GNF.

To prove whether the length of the chosen GNF has an effect of the transport resistance
of reactants/products on the electrocatalytic performance of the hybrid.

To test the suitability of GNF and S-GNF as supports for electrocatalytic nanoparticles.

The electrocatalytic activity for the ORR and the OER of these new hybrid electrocatalysts

were evaluated and compared with Pt/C for the ORR and Ir/C commercial electrocatalyst for

OER.
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3.3.  Experimental Section

3.3.1. General

XRD patterns were obtained on a Bruker AXS D8-Advanced diffractometer with Cu Ko
radiation (A=1.5418 A). TGA analyses were performed in a TA/TGA Q500 instrument.
Samples for TEM analysis were prepared dispersing the material either in hexane or HPLC
grade iso-propanol by ultasonication, and then drop casting the solution onto lacey carbon
film coated copper grid. The samples were dried under nitrogen gas flow for 3 minutes to
remove any residual solvent. HRTEM image was obtained on a JEOL 2010F TEM using
accelerating voltage of 200 kV. To maximise the active surface area of these electrocatalyst,
a thermal procedure for the removal the organic surfactant surrounding MnzO4NP was applied
by Carlos Herreros-Lucas before structural characterisation and electrochemical analysis for

all electrocatalysts.

3.3.2. Electrochemical measurements

The electrochemical experiments were performed on an electrochemical work station Autolab
potentiostat PGSTAT204 using a glassy carbon electrode (GCE) as working electrode in a
commercial (Pine Instruments) GCE disk electrode, a HydroFlex reversible hydrogen
electrode (RHE) electrodes as reference electrodes, respectively. The GCE was cleaned with
0.05um principal particle size alumina powder solution (Agar Scientific Ltd.) on a polishing
paper to remove any impurity which may affect electrochemical measurements. The
investigated samples were dropped onto the GCE as ink with an optimised constant metal
loading of 100 pg/cm? and then dried in air'®® ¥, The potential was cycled at fast scan rates
(500 or 200 mV/s) for up to 100 cycles before readings were taken in order to remove any

impurities and unwanted species from the surface of the platinum electrodes. Impedance
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measurements, the cell resistance was measured immediately after OER and ORR
measurements taking the ac impedance spectra from 32 to 0.1 kHz and a voltage perturbation
of 10 mV. The real part of the resistance at 1 kHz was taken as the cell resistance and was

used to obtain the IR-free potential of the working electrode.

All measurements for OER and ORR were conducted at 10 mVs* under O (99.994%, Airgas)
saturation at room temperature in 0.1M KOH from 1 to 1.9 V vs RHE for OER and from 1 to
0.2 V vs RHE at 1600 rpm for ORR. For the rotating disk electrode (RDE) measurements*®
for ORR the working electrode was scanned cathodically at a rate of 5 mVs™ with varying
rotating speed from 400 rpm to 2500 rpm. Electrochemical durability test was carried out by
continuously applying linear potential sweeps up to 5000 cycles from 1.4 to 1.75 V vs RHE
at 50 mV/s in KOH which caused surface oxidation/reduction cycles of catalysts. For
comparison, Ir/C commercial catalysts with metal loading of 14 pg/cm? as that in the

electrocatalysts were subjected to the same potential cycling conditions.
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3.4. Results and discussion

3.4.1. Preformed approach synthesised bifunctional Mns:Os-CN electrocatalyst for
ORR/OER

3.4.1.1. Structural characterisation of Mn3;O, -CN electrocatalysts

High-resolution transmission electron microscopy (HRTEM) images show oleylamine-
stabilized manganese oxide (Mn3O4) nanobrick shaped nanoparticles to self-assemble into
highly ordered (Figure 3-2a).1?¢ Energy-dispersive X-ray (EDX) spectrum of Mn3;O, shown

in Figure A- 12a, confirmed the presence of manganese.
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Figure 3-2. (a) HRTEM image of oleylamine-stabilized Mn3O4 nanobricks (with side dimensions of
11.4 + 1.6 and 10.1 + 1.5 nm and thickness of 5.7 £ 0.9 nm; the scale bar is 10 nm). (b) Lattice planes
imaged parallel to the edge of a Mn3O4 NP correlating with a (200) d-spacing value of 0.288 nm (Inset:
optical diffractogram). (c) Selected area electron diffraction (SAED) pattern showing clear diffraction
rings indexed to the MnzO4 spinel structure.!?8
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Furthermore, HRTEM imaging investigation of Mn3;O.@GNF, Mn3;O4/GNF, Mn3;0./C,
Mn;04/GMWNT, Mn;0.@G1 and Mn3;04/G2 hybrid electrocatalysts were performed. The
HRTEM observations show the large facets of the NP aligned with the GNF step-edge surfaces
with an average diameter of 10.6 £ 0.8 nm (Figure 3-3). Mn3O4NP (Figure 3-2) were located
at the internal step-edges (shown with white arrows in Figure 3-3c), encapsulated throughout
the GNF. It is considered that this favoured orientation of Mn;O.@GNF is driven by a
requirement to maximize NP-GNF interactions combined with a reduction of the MnzO4NP
surface area exposed to the environment (shown with black arrows in Figure 3-3d). Energy-
dispersive X-ray (EDX) spectrum of Mn3:Os@GNF shown in Figure A- 12b, confirmed the

presence of manganese.
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Figure 3-3. (a-c) HRTEM images of Mn3;O.@GNF illustrating MnsO4 encapsulated within a GNF
through attaching to the graphitic step-edges. Scale bar are 100nm for a, 50nm for b and 20nm for c.
(d) Schematic diagrams illustrating MnsO4NP sparsely distributed within a GNF through anchoring to
the graphitic step-edges, () particle size distributions and average size of MnsO4 NP.128

In contrast for Mn3O4/GNF electrocatalyst, the nanoparticles are largely located on the smooth
external surfaces of nanofibres shown in Figure 3-4. The external surfaces of GNF are smooth
and have fewer defects in comparison to internal surface of GNF. Therefore, the NP can freely

move on external smooth surface of GNF and then agglomerate to bigger nanoparticles. The
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particle size of nanoparticles of Mn3;O4/GNF electrocatalyst was increased to 15.2 + 1.7 nm

after the thermal treatment for the removal of the organic surfactant surrounding MnzO4 NP.
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Figure 3-4. (a) HRTEM image of Mn3;O4/GNF, (b) particle size distributions and average size of MnzO4
NP.

Similarly, in Figure 3-5 HRTEM imaging of Mn;04/GMWNT electrocatalyst with an average

diameter of 12.4 + 4 nm and most of the Mn3O4 NP are located on the smooth external surface

of GMWNT, but not well dispersed.
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Figure 3-5. (a) HRTEM image of Mn3;O4/GMWNT, (b) particle size distributions and average size of
Mn304 NP.
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The HRTEM imaging of the Mn3;0./C electrocatalyst illustrated in Figure 3-6 shows that; the
nanoparticles are not uniformly dispersed on carbon black (Vulcan XC-72R) with an average

diameter of 18.1 £ 5 nm. The NP on carbon black agglomerated to bigger clusters.
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Figure 3-6. (a) HRTEM image of Mn304/C, (b) particle size distributions and average sizes of MnzOs
NP.

In Figure 3-7, HRTEM imaging of the synthesised MnzO4NP shows not uniformly dispersed
on graphene-1 (G1) with an average diameter of 10.9 £ 2.7 nm. In contrast, apart from
HRTEM images of the synthesised preformed MnzO4NP shows uniformly dispersed on the
ball milled graphene stacked graphite (G2) with an average diameter of 13 + 2.6 nm (Figure
3-8). The ball milling process provides carboxylic groups on G2. It is worth mentioning that
the introduction of carboxylic groups that act as anchoring points for the PtNP in PtNP/Ox-S-

GNF provides more uniform dispersion of the NP on the ball milled G2 when compared that

of G1.
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Figure 3-7. (a) HRTEM image of Mn304/G1, (b) particle size distributions and average sizes of MnzO4
NP.
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Figure 3-8. (a) HRTEM image of Mn304/G2, (b) particle size distributions and average sizes of MnzO4
NP.

Thermogravimetric analysis (TGA) performed by Carlos Herreros-Lucas indicates ~12 % for
Mnz04/C, 26 % for MnzOs/GMWNT, 26 % for Mn3O4/G1, 6 % for Mn3;04/G2, 12 % for
Mn304/GNF, 11 % for Mn;0,@GNF of Mn by weight (Figure A- 7). To maximise the active
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surface area of these electrocatalyst, a thermal procedure (heated in air at 300 °C for 10
minutes) for the removal the organic surfactant surrounding Mnz;O4 NP was applied by Carlos

before structural characterisation and electrochemical analysis for all electrocatalysts.

3.4.1.2. Electrocatalysis of ORR/OER by Mn4O3-CN hybrid nanostructures

The ORR and OER catalytic performances of Mn4Os-CN bifunctional electrocatalyst were
measured using rotating disk electrode (RDE) measurements. After the electrolyte was
saturated with pure oxygen, the polarization curves were recorded between 1.0 and 0.4 V vs
RHE for ORR and between 1.2 and 1.9V vs RHE for OER at a sweep rate of 10 mV/s in 0.1M
KOH at room temperature. A freshly prepared 0.1 M KOH electrolyte was used for each
measurement, as described above. The currents have been normalized to the geometric area
of the glassy carbon electrode, and the potentials corrected by taking the ohmic drop (4Eo =
I'-Rs) in the solution (E is electrode potential, | current and Rs solution resistivity) into

consideration.

The electrocatalytic activities for MnsOs-CN bifunctional electrocatalyst were investigated by
depositing on a glassy carbon electrode using a typical three-electrode setup in two different
categories; (i) one-dimension carbon supported Mn3OJ/GMWNT, Mn;O04/GNF,
Mn;O.@GNF, (ii) two and three-dimension carbon supported Mn;0./C, Mn;04/Gl1,
Mn304/G2. As a benchmark electrocatalyst, Pt/C (20 wt. % Pt on Vulcan carbon black) for
ORR and IR/C (20 wt. % IR on Vulcan carbon black) for OER also were tested exhibiting

high electrocatalytic performance.

o Electrocatalysis MnsOs nanoparticles supported on one-dimensional carbon
Bifunctional electrocatalyst activities MnsO4/GMWNT, Mn3O04/GNF, Mn;0,@GNF, for the

ORR and the OER are shown in Figure 3-9 and compared with commercial Ir/C and Pt/C.
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Polarisation curves for the ORR/OER obtained for these electrocatalyst on a rotating disk

electrode in O,-saturated 0.1 M KOH solution.

The potential corresponding to one-half of the diffusion current (half-wave potential, Ei
shown in Figure 3-9) for ORR can be used to qualitatively determine the catalyst activity; the
higher the potential indicates the better the ORR activity.'*® An insight of the ORR and OER
mechanism can be obtained by fitting the polarisation curve or plotting the potential (E) vs.
log(Jx) (Tafel plot) shown in Figure 3-12, as the number of electrons transferred in the rate-
limiting step. The Ei, and Tafel slope (Table 3-1) for commercial Pt/C catalyst is 0.811 V
and 85/115 mV/dec while for MnzO4s@GNF and Mn3;O4/GMWNT are marginally lower which
were 0.664 V and 121/139 mV/dec and 0.651 V and 147/211 mV/dec respectively, whereas
for Mn3O4/GNF the Ei» values were 0.581 V and 95/217 mV/dec which are significantly
lower. Comparison of half wave potential and Tafel slope of Mn;0.@GNF with Mn3O4/GNF
indicates that the activity of MnsO4 is not reduced by the confinement in nanocontainers,

which is remarkable considering the high aspect ratio of GNF.
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Figure 3-9. Disk currents obtained during the ORR in the anodic sweep by RRDE method and OER in
the cathodic sweep on Mn3OJ/GMWNT, Mn3O4/GNF, Mn;O.@GNF, Ir/C and Pt/C at room
temperature at the scan rate of 10 mV/s; current densities (J) normalized to the geometric electrode
area.
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As a result, Mn;O4s@GNF is to be active for ORR and indicates close catalytic activity to
commercial Pt/C. This indicates that MnsO4 nanoparticles in GNF show high electrocatalytic
performance by the confinement in the nanocontainer. More surprisingly, Mns;O4 NP on
surface of GNF exhibits the lowest activity among the materials. which is unexpected since
NPs in Mn3O4/GNF should be more accessible for O, than in Mn:O4s@GNF, but this can be
explained by a higher surface of interaction of Mn;Os NP with the step-edge inside GNF
(Figure 3-3d) than with the convex surface of the outside of GNF, hence a better connectivity
of catalytic centers in Mn;Os@GNF leading to a higher Ei, potential as compared to

Mn3O4/GNF (Figure 3-9).

For a quantitative comparison, the Kinetic current for the selected electrocatalysts that show a
negligible film resistance can be obtained from the ORR polarisation curve according to the
Koutecky-Levich equation:'®® 1/J = 1/Jc +1/J4, where J is the current density obtained
experimentally, J« is the mass-transport corrected kinetic current density and Jq is the
diffusion-limited current density. The specific activity (Jx) was determined by normalising the
I to the electrode geometric surface area value of 0.196 cm?, while the catalyst mass activity

was obtained by normalising to the catalyst loading on the electrode (100 pg/cm?).

Moreover, Levich-Koutecky plots for the highest performance electrocatalysts
(Mn;0,@GNF) indicate that the reaction proceeds through a 4 electrons pathway. The RRDE
measurement revealed an electron transfer number of ~3.9 at 0.65, 0.7 and 0.75 V (Figure

3-10h).

The overall 4-electron ORR in alkaline solution, O, can be reduced by a 4e process to form
hydroxide, OH": O, + 2H,0 +4e- — 40H- (E® = 0.401 V), or by 2e" processes to form HO2

and then OH" (Equation 3-1, 2):1%
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0> + H,0 + 2¢— HO, +OH™ E° =-0.065 V Equation 3-1

HO,; + H,O+2¢” — 30H E°=0.867V Equation 3-2
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Figure 3-10. For Mn;04s@GNF (@) disk currents obtained during the ORR by RRDE at 400, 900, 1600
and 2000 rpm and (b) Koutecky-Levich plots of J* (current density) versus «»®° (rotating speed),
current densities (J) normalized to the geometric electrode area.

On the other hand, we extended the potential of our electrocatalyst coated electrode to 1.9V
versus RHE to the water oxidation windows and assessed electrocatalytic oxygen evolution
reaction (OER) in 0.1M KOH (Figure 3-9). A Tafel analysis of OER polarization curves (E
vs. log(Jk)) for these electrocatalyst and the commercial catalyst is shown in Figure 3-13.
Regarding OER activity, MnsOs@GNF has similar activity with Ir/C commercial catalyst and
is by far more active than Mn3O4/GMWNT, Mn3O4/GNF. Mn3;O4 in GNF electrocatalyst
reaches a current density of 10 mA/cm? at a very small overpotential of 0.499 V and a small
Tafel slope down to 126 mV/decade; for the loading of 0.1 mg/cm?on glassy carbon electrode.
Mn;O/GMWNT and Mn3;O4/GNF electrocatalyst reaches a current density of 10 mA/cm? at
a marginally larger overpotential of 0.521 V and 0.514 V, and a small Tafel slope down to
132 mV/decade and 159 mV/decade (Table 3-1). As a result of this the confinement of Mn3O,

NP in GNF affect OER activity, as it showed only slightly higher OER activity than
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Mn;04/GMWNT and Mn3;O4/GNF electrocatalyst. This indicates that MnzO. nanobricks in
GNF shows high electrocatalytic performance by the confinement in the nanocontainer. This
can be explained by a higher surface of interaction of Mns;O4 NP with the step-edge inside

GNF (Figure 3-3d) than with the convex surface of the outside of GNF and GMWNT.

The most generally accepted OER mechanisms (Equation 3-3-5) on different electrodes

surface in alkaline media involve steps below,

OH ads 2 OHads + € Equation 3-3
OH™ + OHads 2 Oads + H20 + e Equation 3-4
Oads + Oads 2 02 Equation 3-5

where the rate determining step is the electron-transfer steps.” "

The difference between onset point of the ORR and the OER was recorded to measure the
oxygen electrode activity (Table 3-1). The smaller difference indicates an ideal reversible
oxygen electrode. As a result, Mn;O,@GNF and Mn3;04/G1 have the best oxygen electrode
activity of 1.072 and 1.064 V, which can be compared that of Mn;04/C, Mn3z04/GMWNT,

Mn3z04/G2, and Mn3O4/GNF (1.167, 1.100, 1.176 and 1.163 V vs RHE).

These results make Mn;0.@GNF a powerful bifunctional catalyst for both oxygen reduction
and water oxidation and indicates marginally less active than commercial Pt/C for ORR and
Ir/C for OER. This indicates that Mn;O4 nanoparticles in GNF shows high electrocatalytic
performance by the confinement in the nanocontainer and this can be explained by a higher
surface of interaction of Mn3zO4 NP with the step-edge inside GNF (Figure 3-3d). Previously,
manganese oxide was shown to be a bifunctional catalyst for ORR and OER?32 185 191-1%5 Qur

Mn;O0.@GNF catalyst outperforms the manganese oxide electrocatalysts that are reported in
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the literature with smaller overpotentials for both ORR and OER, showing high performance

for non-precious bifunctional catalyst,!32 185 195,19

o Electrocatalysis MnsOs nanoparticles supported on two and three-dimensional carbon

The electrocatalytic performance of these bifunctional electrocatalyst of Mn;O4/GMWNT,
Mn3z04/GNF, Mn;0.@GNF, for the ORR and the OER are shown in Figure 3-11 and
compared with commercial Ir/C for OER and Pt/C for ORR. According ORR polarization
curve of these electrocatalysts, the Ei, and Tafel slope for commercial Pt/C catalyst is 0.811
V and 85/115 mV/dec while for Mn3O4/G1 is marginally lower (0.679 V and 98/180 mV/dec)
and for Mn;0.4/G2 (0.632 V and 92/149 mV/dec), Mn;04/C (0.663 V and 104/135 mV/dec)

are significantly lower.

Regarding OER activity of two and three dimensional carbon supported Mn.O3 bifunctional
electrocatalyst (Figure 3-11), Mn;0.@G1 has similar activity with Ir/C commercial catalyst
and is by far more active than Mn304/G2, Mn304/C. Mn3O4 on G1 electrocatalyst reaches a
current density of 10 mA/cm? at a small overpotential of 0.51V and a large Tafel slope 149
mV/decade (Figure 3-13); with loading of 0.1 mg/cm? on glassy carbon electrode. Mn3;04/G2
and Mn3O./C electrocatalyst reaches a current density of 10 mA/cm? at a marginally larger
overpotential of 0.57 V and 0.61 V and a large Tafel slope down to 130 mV/decade and 240
mV/decade. This indicate, confinement of MnzO4 NP in GNF affects OER activity, as it

showed higher OER activity than Mnz04/G1, Mn304/G2 and Mn304/C electrocatalyst.
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Figure 3-11. Disk currents obtained during the ORR by RRDE method and OER on Mnz;04/C,
Mn304/G1, Mn30./G2, Ir/C and Pt/C at room temperature at the scan rate of 10 mV/s; current densities
(J) normalized to the geometric electrode area.

These results make Mnz04/G1 to be active for both oxygen reduction and water oxidation.
This indicates that Mn3O4 nanobricks on G1 shows high electrocatalytic performance,

nevertheless Mn;O,@GNF showed better OER activity then Mnz;O4/G1.
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Figure 3-12. Comparison of ORR Tafel plots for Mn;O4/GMWNT, MnsO4/GNF, Mn;Os@GNF,
Mnz04/C, Mn304/G1, Mn304/G2 electrocatalyst and Pt/C commercial benchmark electrocatalyst.
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Figure 3-13. Comparison of OER Tafel plots for MnzOJ/GMWNT, Mn3O4/GNF, Mn;O4@GNF,
Mnz04/C, Mn304/G1, Mn304/G2 electrocatalyst and Ir/C commercial benchmark electrocatalyst.

Some important electrochemical parameters for the ORR and OER of Mn304/C,
Mn;O4/GMWNT, Mn3;04/G1, Mn304/G2, Mn304/GNF, Mn;Os@GNF, Ir/C and Pt/C.are

summarised in Table 3-1 below.
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Table 3-1. Summary of electrochemical parameters for Mn304/C, Mn3;O4/GMWNT, Mns0.4/Gl1,
Mn304/G2, MnzO4/GNF, Mn3;Os@GNF, Ir/C and Pt/C.

ORR OER
Oxygen
Electrode Half- Specific Mass Tafel Potential at
A(CER- wave L o 5
ORR) potential activity  Activity slope Tafel slope 10 mAcm
at0.7Vv/ at0.7V lcd/hed / mV/dec IAY%
IAY% at 1600 2
mA/cm /Almg /mV/dec
rpm/V
"Mnz04/C 1.167 0.663 0.753 0.0075 104/135 240 1.830
Mn3;0./GMWNT 1.100 0.651 0.842 0.0084 147/211 132 1.751
Mn3;0./G1 1.064 0.679 0.875 0.087 117/180 149 1.743
Mn3;0./G2 1.176 0.632 0.496 0.0049 92/149 130 1.808
Mn3;04/GNF 1.163 0.581 0.179 0.0018 95/217 159 1.744
Mn3;0,@GNF 1.072 0.657 1.2 0.012 121/139 126 1.729
Ir/C - - - - - 60 1.604
Pt/C - 0.811 9.26 0.096 85/115

3.4.1.3. Durability test

Additional significant criterion for an ideal electrocatalyst is its high durability. Therefore,
durability studies of the selected Mn;O4/GNF, Mns;O,@GNF were carried out to determine
whether the corrugated interiors of GNF can serve as anchoring points to stabilise the
electrocatalytic MnsO4 NP to avoid ripening and aggregation. Durability test were performed
on both electrocatalysts by continuously applying linear potential sweeps up to 5000 cycles
from 1.4 to 1.75 V vs RHE at the sweep rate of 50 mV/s in 0.1M KOH and compared with
Ir/C as benchmark electrocatalyst. At the end of the durability test, the polarisation curves
were compared, the overpotential at a current density of 10 mA/cm? for these electrocatalyst
in Table 3-2 which show that there is no significant change for Mn;0.@GNF (44 mV) and
larger change for Ir/C (63 mV), MnsO4/GNF (99 mV) shown in Figure 3-14a. Comparison of
the catalitic performance for Mn;O4s@GNF before and after durability test highligths by far

the durability of our electrocatalyst that can allow a sustainable use of Mn.
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The lack of stability of Ir on carbon black may be related to the absence of long-range order
in in this support material leading to electrochemical corrosion that aggravates the Ir
nanoparticle sintering and leads to a reduced durability of Ir/C in comparison to Mn;O,@GNF.
This provides further evidence of the stabilising effects of step-edges in GNF cavities and
Mn3O4NP confinement within the GNF. The poorer electrical connectivity of carbon black
with the Ir gives rise to a higher electron transfer resistance and undesired decrease in HER

activity as compared to the graphitic structures of GNF.

3 12 , b) 175
—— @GNF i
10 1----- @GNF after T 1.7 1
. g | —/GNF 165 ]
I /GNF after Y
E 6 1----- Ir/C after ‘,' 3 16 4
3 I w
= Ir/C .
2 1 1.5 -
0 - a——— . 1.45 . : :
1 1.2 14 16 18 -0.4 0.1 02 05 08
E/Vaue log J./ mAcm?

Figure 3-14. (a) Comparison of OER polarisation curves and (b) Tafel plots for Mn;O4/GNF,
Mn;0,@GNF and Ir/C initial and after 5000 potential cycles, between 1.4 and 1.75 V vs RHE in an
oxygen saturated 0.1 M KOH electrolyte at room temperature with a sweep rate of 50 mV/s.

Interestingly, after cycling there was no significant change for Tafel slope of Mn;O.@GNF
from 126 mV/dec to 144 mV/dec while it changed for Ir/C commercial catalyst from 60 to 81

mV for Mn3O4/GNF form 159 mV/dec to 140 mV/dec shown in Figure 3-14b.
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Table 3-2. Summary of electrochemical parameters for Mn3;O4/GNF, Mn;0s@GNF and Ir/C before

and after 5000 cycles durability test.

Tafel Potential at
slope/ 10 mAcm
mV/Dec A
Mn3O4/GNF 159 1.744
Mn3;04/GNF after 140 1.843
Mn3;O,@GNF 126 1.729
Mns;O,@GNF after 144 1.773
Ir/IC 60 1.604
Ir/C after 81 1.667

3.4.2. In-situ approach synthesised bifunctional MnzOunsity-CN electrocatalysts for

ORR/OER

3.4.2.1. Structural characterisation of Mn3zOainsity -CN electrocatalysts

High-resolution transmission electron microscopy (HRTEM) investigation of Mn3Oain-

situ)/GNF, Mn304(m-snu)/0x—GNF, Mn304(in.snu)@GNF and Mn304(in.situ)@S—GNF hybrid

electrocatalysts were performed. In Figure 3-15 the HRTEM imaging of the synthesised

Mn3Oa4(insitay ShOws that nanobricks nanoparticles are located mostly on the smooth external

surface of GNF, with an average diameter of 14.7 = 3.8 nm.
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Figure 3-15. (a) HRTEM image of MnsOuin-siy/ GNF, (b) particle size distributions and average sizes
of Mn304 NP.

In Figure 3-16 HRTEM imaging of the synthesised MnzOain-siy NP are located mostly on the

smooth external surface of Ox-GNF, with an average diameter of 10.8 £ 2.5 nm.

-
(@)

d~10.8£25

—
o o1 O
L

Frequency / % Z1

7 9 11 13 15
Particle size / nm

Figure 3-16. (a) HRTEM image of MnsOainsity/OX-GNF, (b) particle size distributions and average
sizes of MnzO04 NP.
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The HRTEM observations are exhibiting the large facets of the NP aligned with the GNF step-

edge surfaces (Figure 3-17), with an average diameter of 9.3 £ 1.6 nm.

5 7 9 11 13
Particle size / nm

Figure 3-17. (a) HRTEM image of MnsOunsiy@GNF, (b) particle size distributions and average sizes
of Mn304 NP.

The HRTEM observations is exhibiting the large facets of the NP aligned with the GNF step-
edge surfaces (Figure 3-18), with an average diameter of 12.2 £ 3.9 nm. Mn3O, NP were
located at the internal step-edges, well dispersed into the GNF. It is considered that this
favoured orientation of Mn3O4NP in GNF is driven by a requirement to maximize NP-GNF
interactions combined with a reduction of the nanoparticles surface area exposed to the

environment.
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Figure 3-18. (a) HRTEM image of Mn3Ounsity@S-GNF, (b) particle size distributions and average
sizes of Mn3O4 NP.

3.4.2.2. Electrochemical properties towards ORR and OER of Mn3Oainsiu)-CN
electrocatalyst

The ORR and OER catalytic performances of MnOsnsity-CN bifunctional electrocatalyst
were measured using three electrode measurements. After the electrolyte was saturated with
pure oxygen, the polarization curves were recorded between 1.0 and 0.2 V vs RHE at 1600
rpm for ORR and from 1 to 1.9V vs RHE for OER at a sweep rate of 10 mV/s in 0.1M KOH
at room temperature. A freshly prepared 0.1 M KOH electrolyte was used for each
measurement, as described above. The currents have been normalized to the geometric area
of the glassy carbon electrode, and the potentials corrected in accordance with by the ohmic

drop (4Eq = 1-Rs) in the solution (E is electrode potential, | current and Rs solution resistivity).

The electrocatalytic activities for MnsOagnsiny-CN  bifunctional electrocatalyst were
investigated by depositing on a glassy carbon electrode using a typical three-electrode setup

for Mn3Ou(in-sityy/ GNF, MN3Ou(in-situy/ OX-GNF, Mn3O4(in-sity @ GNF, Mn3O4(in-sity @S-GNF. As a
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benchmark electrocatalyst, Pt/C (20 wt. % Pt on Vulcan carbon black) for ORR and IR/C (20

wt. % IR on Vulcan carbon black) for OER also were tested exhibiting high electrocatalytic

performance.
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Figure 3-19. Disk currents obtained during the ORR by RRDE method and OER in the cathodic sweep
on Mn304(in.snu)/GNF, Mn304(in.snu)/0x—GNF, Mn304(in.siw)@GNF, Mn304(in.situ)@S-GNF, Ir/C and Pt/C
at room temperature at scan rate of 10 mV/s; current densities (J) normalized to the geometric electrode
area.

Bifunctional electrocatalyst activities MnsOain-siy/ GNF, Mn3O4(in-sityy/ OX-GNF,  Mn3Oa(in-
sity @GNF, Mn3Oainsityy @S-GNF for the ORR and the OER are shown in Figure 3-19 and
compared with commercial Ir/C and Pt/C. Polarisation curves for the ORR/OER obtained for

these electrocatalyst on a rotating disk electrode in Op-saturated 0.1 M KOH solution.

The Eu» and Tafel slope for commercial Pt/C catalyst is 0.811 V and 85/115 mV/dec while
for Mn3Ou(in-sity)@S-GNF is similar (0.660 V and 80/165 mV/dec ) and for Mn3Oa(in-sit) @GNF
(0.645 V and 91/195 mV/dec) is marginally lower, and Mn3sOa(in-sity/ OX-GNF (0.612 V and

90/143 mV/dec), Mn3zOuin-siyy/ GNF (0.588 V and 273/471 mV/dec) are significantly lower.
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Shortening GNF length makes the NP more accessible for oxygen as products get out more
effortlessly, largely minimising the diffusion problems as compared to longer GNF. An
increase on the performance of MnzO4(in-sity@S-GNF comparison with Mn3zOun-siy @GNF is

observed after decreasing the length of the nanocontainer.

Mn3O.4(in-sit)y @S-GNF is to be active for both ORR and OER, and indicates less active than
commercial Pt/C for ORR and Ir/C for OER. Nevertheless, this indicates that in-situ
synthesized Mn3O4 nanobricks in GNF shows high electrocatalytic performance by the
confinement in GNF nanocontainers. More surprisingly, Mn3Oun-siyy NP on surface of GNF
exhibit the lowest activity among the materials which is unexpected since NPs in MnzO4in-
siy/ GNF should be more accessible for O, than in Mn3zOuinsity@S-GNF, but this can be
explained by a higher surface of interaction of Mn3Oa (in-sit)y NP With the step-edge inside GNF
than with the convex surface of the outside of GNF, hence a better connectivity of catalytic
centres in Mn3Ounsityy @S-GNF leading to a higher Ei» potential as compared to MnzOuagin-

sity/GNF (Figure 3-18).

For a quantitative comparison for ORR activity of these electrocatalyst, the kinetic current for
the selected electrocatalysts that shows a negligible film resistance can be obtained from the
ORR polarisation curve according to the Koutecky-Levich equation:**® 1/J = 1/Jx +1/Jq, where
J is the current density obtained experimentally, J« is the mass-transport corrected Kinetic
current density and Jq is the diffusion-limited current density. A Tafel analysis of the rotating
ring-disk electrode (RRDE) data (E vs. log(Jk)) for the selected electrocatalyst and the
commercial catalyst is shown in Figure 3-20. The specific activity (Jx) was determined by
normalising the I to the electrode geometric surface area value (0.196 cm?), while the catalyst

mass activity was obtained by normalising to the catalyst loading on the electrode (100

Hg/cm?).
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We extended the potential of our electrocatalyst coated electrode to 1.9V vs RHE to the water
oxidation windows and assessed electrocatalytic oxygen evolution reaction (OER) 0.1M
KOH. Regarding OER activity, Mn3Ounsity@S-GNF has similar activity with Ir/C
commercial catalyst and is by far more active than on Mn3zOuin-sit)y/ GNF, MN3O4(in-situy/ OX-
GNF, Mn3Ou4(insiy@GNF. Mn30. in S-GNF electrocatalyst reaches a current density of 10
mA/cm? at a very small overpotential of 0.442 V shown in Figure 3-19 and a small Tafel
slope down to 129 mV/decade (Figure 3-21) with the loading of 0.1 mg/cm?on glassy carbon
electrode. These values are comparable with the best bifunctional hybrid electrocatalyst
reported (Cos04/N-rmGO; overpotential: 0.310 V; Tafel slope: 67 mV/decade; loading: 1
mg/cm? on Ni foam.** Mn3Ouin-sity@GNF, Mn3Ouin-siy/ GNF and MnzOuin-situy/ OX-GNF,
electrocatalyst reaches a current density of 10 mA/cm? at a marginally larger overpotential of
0.472 V, 0.502 V and 0.535 V shown in Figure 3-19, and a small Tafel slope down to 140
mV/dec, 147 mV/dec and 215 mV/dec (Figure 3-21). This indicate, confinement of Mn;04
NP in S-GNF affect OER activity, as it showed only slightly higher OER activity than
Mn3O4(in-sityy/ GNF, MN3O4(in-situy/ OX-GNF, Mn3Ox(in-siy @GNF electrocatalyst.

These results make Mn3Oain-siy@S-GNF a powerful bifunctional catalyst for both ORR and
OER. Previously, Mn,O, was shown to be a bifunctional catalyst for ORR and OER.3? 185 191-
195 Our Mn3Ou(in-siyy@S-GNF catalyst outperforms MnsO4NP with smaller overpotentials for

both ORR and OER, showing high performance non-precious bifunctional catalyst.t32 18 19

196

The difference between onset point of the ORR and the OER was recorded to measure the
oxygen electrode activity (Table 3-1). The smaller the difference indicates the more ideal
reversible oxygen electrode. As a results, MnzOuin-sity @S-GNF has the best oxygen electrode
activity of 0.953 V which compares with MnzO4in-sity @GNF, MN3O4(in-sit)y/ GNF and MnzOa4(in-

sity/ OX-GNF (1.021, 1.137 and 1.139 V vs RHE). The oxygen electrode activity of Mn3Oan-
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siy@S-GNF is in excellent agreement with the value calculated by Jaramillo et al.**? (0.92 V

for Ir/C and 1.04 V for Mn oxide) for ORR/OER under similar conditions.
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Figure 3-20. Comparison of ORR Tafel plots for Mn3zOan-siti/ GNF, MnzOa(in-sitiy/ OX-GNF, MnzOa4(in
sity @GNF, Mn3O4in-siy @S-GNF and Pt/C commercial benchmark electrocatalyst.
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Figure 3-21. Comparison of OER Tafel plots for MnzOan-sity/ GNF, MnzOa(in-sityy/ OX-GNF, Mn3Ou
sity @GNF, Mn3O4in-siy @S-GNF and 1r/C commercial benchmark electrocatalyst.
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Some important electrochemical parameters for the ORR and OER of Mn3;04/C,

MnsO4/GMWNT, Mn304/G1, Mn304/G2, Mn3O4/GNF, Mn3O,@GNF, Ir/C and Pt/C are

summarised in Table 3-3.

Table 3-3. Summary of electrochemical parameters for MnsOuin-sity/ GNF, Mn3Oain-situy/ OX-GNF,
Mn3zO04(in-sit)y @ GNF, MNn3O4(in-sityy@S-GNF, Ir/C and Pt/C.

ORR OER
Oxygen
Electrode Half-
A(OER- wave Specific Mass Tafel Tafel Potential at
ORR) otential activity Activity slope slope / 10 mAcm2
/v p at0.7Vv/ at07V/  ledlhed p /v
at 1600 2 mV/dec
mA/cm A/mg / mV/dec
rpm/V
Mn304¢n-situy/ GNF 1.137 0.595 0.276 0.028 273/471 147 1.732
Mn304(in-situy OX-GNF 1.139 0.626 0.426 0.043 90/143 215 1.765
Mn3O04(n-sityy @GNF 1.021 0.681 0.519 0.052 95/191 140 1.702
Mn304(in-sity) @S-GNF 0.953 0.719 0.538 0.054 80/165 129 1.672
Ir/IC - - - - 60 1.604
Pt/C 0.811 9.26 0.096 85/115 - -
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3.4.2.3. Durability test

Additional significant criterion for an ideal electrocatalyst is high durability. Therefore,
durability studies of the selected Mn3Ouinsity @S-GNF, electrocatalyst were performed in an
accelerated durability test by continuously applying linear potential sweeps up to 5000 cycles
from 1.4 to 1.75 V vs RHE at 50 mV/s in 0.1M KOH and compared with Ir/C as benchmark
electrocatalyst. At the end of the durability test, the polarisation curves were compared, the
overpotential at a current density of 10 mA/cm? for these electrocatalyst in Table 3-4 which
show that there is no significant change for MnzOa(in-siy) @S-GNF (38 mV) and larger change
for Ir/C (63 mV). Moreover, after cycling there was no significant change for Tafel slope of
Mn3Oain-sit)y @GNF, from 129 mV/dec to 136 mV/dec while it changed for Ir/C commercial
catalyst from 60 to 81 mV (Figure 3-22). The lack of stability of Ir on carbon black may be
related to the absence of long-range order in in this support material leading to electrochemical
corrosion that aggravates the Ir nanoparticle sintering and leads to a reduced durability of 1r/C
in comparison to MnzOuin-siy@S-GNF. This provides further evidence of the stabilising
effects of step-edges in GNF cavities and Mn3OsNP confinement within the GNF. The poorer
electrical connectivity of carbon black with the Ir gives rise to a higher electron transfer
resistance and undesired decrease in HER activity as compared to the graphitic structures of

GNF.
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Figure 3-22. (a) Comparison of OER polarisation curves and (b) tafel plots for the ORR normalised to
the geometric surface area for MnsOa(insity@S-GNF and Ir/C initial and after 5000 potential cycles,
between 1.3 and 1.7 V vs RHE in an oxygen saturated 0.1 M KOH electrolyte at room temperature with
a sweep rate of 50 mV/s.

Table 3-4. Summary of electrochemical parameters for MnzO4(in-siyy@S-GNF and Ir/C before and after
5000 cycles durability test.

Tafel slope Potential at

p 10 mAcm™

/I mV/dec
/V

MN304(jn-situ) @S-GNF 129 1.672
Mn 304 (jn-situ) @S-GNF after 136 1.710
Ir/C 60 1.604
Ir/C after 81 1.667

3.4.2.4. Comparison both synthesis approaches

Preform nanoparticles approach synthesised Mn3:O,@GNF is to be less active for both ORR
and OER than in-situ nanoparticles approach synthesised MnzOainsityy@GNF. It is considered
that this favoured orientation of Mn3zOuinsiyy NP@GNF is driven by a requirement to maximize
NP-GNF interactions combined with a reduction of the nanoparticles surface area exposed to

the environment shown in Figure 3-23.
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Figure 3-23. HRTEM image of Mn3Oun-sity@GNF indicates maximizing host—guest interactions in
GNF nanocontainers by using the in-situ approach.

Comparison ORR/OER polarisation curves of MnzOs@GNF and Mn3zOx(insity@GNF in Oz
saturated 0.1 M HCIO, at room temperature are shown in Figure 3-24. This indicates that
Mn3Ounsityy NANoparticles in GNF shows high electrocatalytic performance by maximizing

NP-GNF interactions in GNF nanocontainers.
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Figure 3-24. Disk currents obtained during the ORR by RRDE method and OER in the cathodic sweep
on Mnz04@GNF (red) and MnsOuin-siy@GNF (black) at room temperature at scan rate of 10 mV/s;
current densities (J) normalized to the geometric electrode area.
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3.4.3. Investigation of carbon nanostructures in OER potential windows

The electrochemical oxidation of G1, G2, S-GNF, GNF, GMWNT and carbon black (C, XC-
72R) were investigated by applying 5000 potential cycles from 1.4 to 1.75 V vs RHE at the
sweep rate of 50mV/s in O saturated 0.1M KOH at room temperature. Cyclic voltammogram
and Nyquist plots were recorded before and after durability test for each carbon nanostructure
support material in Figure 3-25. Observations show that there is a noticeable current peak at
about 0.6 V vs RHE in all carbon support materials Figure 3-25, which concludes from the
formation of surface oxide due to the hydroquinone—quinone (HQ—Q) redox couple on the
surface of carbon materials.?*”1% This reaction related to the current peaks in the HQ—Q redox

reaction can be expressed as the below (Equation 3-6):

CO+e +H'2C-OH Equation 3-6

Furthermore, the amount of HQ/Q redox couple there is no change for S-GNF from 6.58 to
7.90 uC cm2and for GNF from 8.62 to 8.67 uC cm2, while the amount on the G1 from 2.67
t0 3.98 uC cm2, G2 from 1.37 to 24.6 uC cm2, C from 4.53 t0 5.61 uC cm 2, GMWNT from

1.6t0 2.1 uC cm2 Table 3-5.

In Figure 3-25, Nyquist plots recorded in the frequency range from 100 KHz to 0.1 Hz and
an amplitude of 10 mV on CN support material on GCE disk electrode at room temperature.
These plots indicate the solution impedance of CN on GCE in the electrode/electrolyte
interface. The solution resistance is decreased for S-GNF from 50 to 39 Q, for GNF from 63
to 27 Q, G1 from 63 to 55 Q, G2 from 38 to 31 Q, and for GMWNT from 63 to 27 Q, while
the amount increased only on the C from 79 to 86 Q Table 3-5. These results indicate that

GNF and S-GNF show better durability behaviour than rest of carbon nanostructures because
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of stronger graphitic atomic structure. As a result of this, we can safely say that GNF is an

ideal carbon support when compared alternative carbon nanostructures.

Table 3-5. Summary of electrochemical parameters for G1, G2, S-GNF, GNF, GMWNT and carbon
black(C, XC-72R) before and after 5000 cycles durability test.

HQ/Q Impedance / Q
pC/cm-2
Initial/After Initial/After
S-GNF 6.58/7.90 50/39
GNF 8.62/8.67 63/27
GMWNT 1.6/2.1 79/86
C (XC-72R) 1.38/24.7 63/55
Gl 2.67/3.98 88/62
G2 1.38/24.7 38/31
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Figure 3-25. Cyclic voltammograms and Nyquist plot of GNF, S- GNF, GMWNT, C, G1, G2 before
and after 5000 cycles durability test.
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3.5. Conclusion

In this chapter, the ORR and OER catalytic performances of (i) preform nanoparticles
approach synthesised MnsO3-CN bifunctional electrocatalyst were measured using rotating
disk electrode (RDE) measurements. Durability studies of the selected Mns;O./GNF,
Mn;O0.@GNF, electrocatalyst were performed in an accelerated durability test by
continuously applying linear potential sweeps up to 5000 cycles from 1.4 to 1.75 V.
Interestingly, after cycling there was no significant change for the OER onset point of

MnzO04s@GNF.

Furthermore, the ORR and OER catalytic performances of (ii) in-situ nanoparticles approach
synthesised Mn4Osinsityy-CN bifunctional electrocatalyst were investigated. In conclusion,
Mn3O4in-sity @GNF can be considered to be a powerful bifunctional catalyst for both the ORR
and the OER and outperforms high performing electrocatalyst with smaller overpotentials for
both oxygen reduction and water oxidation on non-precious bifunctional catalyst. & 2> 27. 28
Mn30: (insityy NP 0N surface of GNF exhibit the lowest activity among the materials which is
unexpected since NPs in Mn3Oun-sityy/ GNF should be more accessible for O, than in MnzOagin-
sity @S-GNF, but this can be explained by a higher surface of interaction of Mn3Ox (in-sityNP
with the step-edge inside GNF than with the convex surface of the outside of GNF, hence a
better connectivity of catalytic centers in MnzOu(insity@S-GNF leading to a higher Ei»
potential as compared to MnsOuin-siyy/ GNF. Considering all aspects, preform nanoparticles
approach synthesised Mn3;O.@GNF is to be less active for both ORR and OER than in-situ

nanoparticles approach synthesised Mn3zOa(in-siy) @GNF.

Finally, the electrochemical oxidation of G1, G2, S-GNF, GNF, GMWNT and carbon black

(XC-72R) were investigated by applying 5000 potential cycles from 1.4 to 1.75 V vs RHE. It
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found that GNF and S-GNF show better durability behaviour than rest of carbon
nanostructures because of stronger graphitic atomic structure. As a result of this, GNF is an

ideal carbon support in comparison with alternative carbon nanostructures.
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Chapter 4. Bifunctional PdS,- carbon nanostructure electrocatalysts

4.1. Introduction

The hydrogen evolution reaction (HER) is an electrochemical reaction to harvest H, from
water, and hence store electrical energy in the form of Hy, which is a half reaction of water
splitting on the cathode. Hydrogen oxidation reaction (HOR), the reverse reaction to convert
H2 into electricity, is the anode reaction in H,—O; fuel cell. The HER and HOR compared to
oxygen reduction reaction (ORR), only take place two electron transfers and perform faster
reaction kinetics.?® Many studies in the field have been dedicated to improving the activity of
Pd by surface modification and alloying.%- °7-100.104.109 Thjs study builds on the recent progress
of electrocatalysts containing Pd for both HOR and ORR, as a good electrocatalyst for HOR

is usually also a good catalyst for HER.

Sulphide edge of metal nanoparticles has been extensively studied as a promising
electrocatalyst for the HER.2°2%7 |n order to take advantage of the recent finding, showing
that sulphide edges result in enhanced catalytic activity, we extend this idea to PdS,NP
supported on carbon nanostructure (CN) to test the activity of the hybrid nanostructures in
HER and HOR. It is expected that our novel PdS,/CN hybrid nanostructures may enhance

catalytic activity to the levels of Pt/C for HER and Pd/C for HOR.

4.2,  Aim, objectives and scope of experiments

The main aim of the study is to prepare and test the PdS,/CN nanostructures (developed in my

group by Dr. Maria Gimenez-Lopez and Carlos Herreros-Lucas) as active electrocatalyst for
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HER in the electrolysis reaction and also HOR in the fuel cell anode reaction. The PdS,/CN
nanostructures were tested for HER/HOR activity for use as a bifunctional electrocatalyst. In
addition, our finding that GNF step-edges play an important role in stabilising catalytic centres
(as described in Chapter 2) gives an opportunity to improve the electrocatalyst durability in

HER using the same principles as described for the ORR.

Three different types of CN support materials were explored in this study: quasi one-
dimensional hollow graphitised nanofibres (PR24-GNF and PR19GNF), two-dimensional
sheets of multi-layered graphene (Graphenel (G1) is untreated, and Graphene2 (G2) is ball-
milled) (Figure A- 14), and three-dimensional amorphous carbon (carbon black). Both PR24-
GNF and PR19-GNF exhibit the same corrugated interior surfaces defined by internal stacked-
nanocone structures, with a typical step-edge comprising of several rolled-up graphene sheets
(as described in Chapter 1), they have different external diameter and length (PR24-GNF
average external diameter is 96 + 32 nm, and PR19-GNF average external diameter and length
115 + 37 nm).*® Furthermore, shortened graphitised nanofibre (S-GNF) prepared by ball-
milling (as described in Chapter 2) were used as carbon support materials in PdS,@S-PR24-

GNF and PdS,@S-PR19-GNF structures.

One of objective of this study is to investigate the properties of PAS;NP in GNF and to evaluate
the effects of nanoscale confinement by comparing catalytic activity of PAS;@GNF with PdS;
on carbon black and graphene. Another objective of this work is to assess durability of the
selected electrocatalysts (PdS:@S-PR19, Pd/C and Pt/C) in a durability test by continuously
applying linear potential sweeps up to 5000 cycles. Pd/C (20wt %, Alfa easer) and Pt/C (20wt
% Pt on vulcan carbon black was supplied by Johson Matthey, HISPECTM 3000) were
utilized as benchmark electrocatalysts. This chapter is focused on electrochemical properties

rather than structural properties and characterisation of PdS,-CN as electrocatalyts.
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Table 4-1. Different types of CN-supported PdS;NP used as electrocatalysts for HER/HOR in this
study.

One dimensional (1D) Two dimensional (2D) Three dimensional (3D)
PdS,@PR24 PdS,/G1 PdS,/C
PdS.@S-PR24 PdS,/G2

PdS.@S-PR19
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4.4. Experimental Section

4.4.1. General

XRD patterns were obtained on a Bruker AXS D8-Advanced diffractometer with Cu Ko
radiation (A=1.5418 A). TGA analyses were performed in a TA/TGA Q500 instrument.
Samples for TEM analysis were prepared dispersing the material either in hexane or HPLC
grade iso-propanol by ultasonication, and then drop casting the solution onto lacey carbon
film coated copper grid. The samples were dried under nitrogen gas flow for 3 minutes to
remove any residual solvent. HRTEM images were obtained on a JEOL 2010F TEM using

accelerating voltage of 200 kV.

4.4.2. Electrochemical measurements

The electrochemical experiments were performed on an electrochemical work station Autolab
potentiostat PGSTAT204 using a glassy carbon electrode (GCE) as working electrode in a
commercial (Pine Instruments) GCE disk electrode, a HydroFlex reversible hydrogen
electrode (RHE) electrodes as reference electrodes, respectively. The GCE was cleaned with
0.05um principal particle size alumina powder solution (Agar Scientific Ltd.) on a polishing
paper to remove any impurity which may affect electrochemical measurements. The
investigated samples were dropped onto the GCE as ink with an optimised constant metal
loading of 100 pg/cm?and then dried in air'>® 157, The potential was cycled at fast scan rates
(500 or 200 mV/s) for up to 100 cycles before readings were taken in order to remove any
impurities and unwanted species from the surface of the platinum electrodes. Impedance
measurements, the cell resistance was measured immediately after OER and ORR

measurements taking the ac impedance spectra from 32 to 0.1 kHz and a voltage perturbation
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of 10 mV. The real part of the resistance at 1 kHz was taken as the cell resistance and was

used to obtain the IR-free potential of the working electrode.

All the polarization curves were recorded between 0.2V and -0.5 V vs RHE for HER and
between 0 VV and 1 V vs RHE at 1600 rpm for HOR at a sweep rate of 10 mV/s in hydrogen
saturated 0.1M HCIO,4 at room temperature. Exchange current densities Jo of the HOR/HER
were obtained by fitting the experimental data to the Butler—\VVolmer equation.
Electrochemical durability test was carried out by continuously applying linear potential
sweeps up to 5000 cycles from -0.2 to 0.4 V vs RHE at 50 mV in HCIO4 which caused surface
oxidation/reduction cycles of catalysts, and then compared with Pd/C and Pt/C as benchmark

electrocatalysts with metal loading of 14 pg/cm?.
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4.3. Results and discussion

4.3.1. Structural characterisation of PdS,-CN hybrid nanostructures

High-resolution transmission electron microscopy (HRTEM) investigation of PdS,-CN hybrid
electrocatalyst materials have been performed to assess the size and location of PdS;NP on
carbon nanostructures. HRTEM imaging (Figure 4-1a) of the synthesised PdS;NP showed
polyhedral nanoparticles uniformly dispersed on/into PR24-GNF with an average diameter of
6 £ 2.6 nm. Most of the PdS;NP are attached to the step-edges, some of large NP are located
on the smooth external surface of nanofibres. In contrast, in Figure 4-2a HRTEM imaging
of PdS,@S-PR24 showed that the vast majority of nanoparticles are randomly dispersed on
the inner surface of the shortened graphitised nanofibres S-PR24 and attached to the step-
edges as tilted HRTEM measurements confirmed (Figure A- 9), similar to platinum
nanoparticles encapsulated into S-PR24 reported in our previous studies?®® (as described in
Chapter 2). The PdS;NP in this study have an average diameter of 2.6 = 1 nm which matches

well with the size of graphitic step-edges in S-PR24.

Frequency / %

o O,

3 5 7 9 11 13
Particle size / nm

Figure 4-1. (a) HRTEM images of PdS,@PR24, (b) particle size distributions and average sizes of
PdS:NP.
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It is interesting that the introduction of surface defects on GNF by mechanical milling (S-
GNF) has a noticeable influence on the final size of PdS;NP during the preparation process
with the trend PdS,@PR24> PdS,@S-PR24 confirming that greater concentration of surface

defects suppresses the ripening and coalescence of nanoparticles.

1 2 3 4 5

Particle size / nm

Figure 4-2. (a) HRTEM images of PdS,@S-PR24, (b) particle size distributions and average sizes of
PdS,NP.

HRTEM imaging of PdS;@S-PR19 prepared from ball-milled graphitised nanofibres PR19
showed PdS;NP with the average diameter of 7.3 £ 4.3 nm in Figure 4-3. In contrast,
nanoparticles in PdS,@S-PR19 are elongated shape and have larger particles size than
PdS;@PR24 and PdS,@S-PR24. This can be explained that S-PR19 GNF obtained with ball
milling method and used for the encapsulation experiments, they are clearly observed in the
HRTEM images in Figure 4-3a. However, a significant number of defects and damages after
the ball milling can be clearly observed in HRTEM not only on surface of PdS.@S-PR19
nanostructures but also in the internal structure and step edges of the GNF. As a result, the

PdS;NP in PdS;@S-PR19 agglomerated to elongated shape and have larger cluster. Seriously
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damaging of PdS,@S-PR19 after the ball milling may let to reduce the durability of PdS.@S-
PR19 and may enhanced electrocatalytic performance of PdS,@S-PR19 due to active carbon
sites?® which have oxygen-containing groups (i.e. carboxylic, quinonic, lactonic, phenolic
and others groups)®®! on seriously damaged S-PR19 surface. Energy-dispersive X-ray (EDX)
spectrum of this sample shown in Figure 4-3c, confirmed palladium and sulfur in the
electrocatalyts. S-PR19 GNF obtained with ball milling method and used for the encapsulation
experiments, they are clearly observed in the HRTEM images in Figure 4-3a. For PdS;@S-
PR19 X-ray diffraction (XRD) pattern is consistent with PdS; (Figure A- 11), exhibiting a

strong 20 peak at around 30°.

Frequency [ %
o

[« 2Ne )

2 6 10 14 18
Particle size / nm

c)
C
120 -
e
5 80 A
3
- S Pd
40 J O Cu
0 M
0 1 2 3 4
Energy / keV

Figure 4-3. (a) HRTEM images of PdS,@S-PR19, (b) particle size distributions and average sizes of
PdS;NP and (c) EDX spectrum of PtS;@S-PR19 mounted onto a copper TEM grid coated with“lacey”
carbon film.
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HRTEM imaging of PdS,/G1 and PdS,/G2 exhibited that PdS; polyhedral NP uniformly
dispersed on the G1 with an average diameter of 3.4 + 1.7 nm (Figure 4-4a) and the size NP
on G2 are smaller (2.8 £ 1.6 nm) and more uniformly dispersed than the NP on G1 (Figure
4-4b). Similarly, it is observed that the introduction of surface defects on G2 by mechanical
milling has a noticeable influence on the final size of PdS;NP during the preparation process
with the trend PdS2/G1> PdS,/G2 confirming that greater concentration of surface defects
suppresses the ripening and coalescence of the nanoparticles. Surprisingly, under the same
conditions PdS;NP deposited on G1 exhibited smaller NP size (3.4 = 1.7 nm) than NP in
PdS;@PR24 (6 £ 2.6 nm) (Table 4-2). This may indicate strong interactions between the
PdS;NP and G1 surface due to the higher degree of functionalisation and defects on G1 than
on the GNF surface. However, the high degree of functionalisation and defect may have a
detrimental effect on the catalytic performance of nanoparticles because of a potentially high

electron transfer resistance and greater tendency to corrosion'? 145 than GNF.
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Figure 4-4. HRTEM images, particle size distributions and average size of PdS;NP for (a) PdS,/G1 (b)
PdS,/G2.
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Figure 4-5. (a) HRTEM images of PdS,/C, (b) particle size distributions and average size of PdS;NP.

More Surprisingly, under the same conditions PdS;NP deposited on carbon black exhibited
the smallest particle size distribution (1.9 £ 0.6 nm), smaller than exhibited in commercial
Pd/C (4.5 £ 1.3 nm). This may indicate very strong interactions between the PdS;NP and the
carbon black surface due to the high degree of functionalisation of carbon black surface with
oxygen-containing groups (i.e. carboxylic, quinonic, lactonic, phenolic and others groups)***
which effectively inhibit PdS.migration and coalescence to an even greater extent than the
graphitic step-edges of S-GNF. However, the high degree of functionalisation and the
significant disorder of carbon black may have a detrimental effect on the catalytic performance

of nanoparticles.

Thermogravimetric analysis (TGA) were performed by Carlos Herreros-Lucas and indicated
~20 % for Pd/C, 10 % for PdS./C, 20 % for PdS2/G1, 24 % for PdS,/G2, 5 % for PdS:@PR24,

9 % for PdS,@S-PR24 and 25 % for PdS,@S-PR19 of Pd by weight (Figure A- 10).
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Table 4-2. Summary of particles size for PdS,-CN hybrid nanostructures, Pd/C and Pt/C.

Particle size / nm

PdS,@PR24 6+26

PdS.@S-PR24 26+1

PdS,@S-PR19 7.3+4.3
PdS,/G1 3.4+17
PdS,/G2 28+16
PdS,/C 1.9+06
Pd/C 45+13
Pt/C 3.3+0.7

4.3.2. Electrocatalysis of HER by PdS,-CN hybrid nanostructures

The HER catalytic performances of these PdS,-CN electrocatalyst hybrid materials were
investigated using rotating disk electrode (RDE) measurements by depositing on a glassy
carbon electrode using a typical three-electrode setup. After the electrolyte was saturated with
pure hydrogen, HER polarization curves were recorded between 0.2 and -0.5 V vs RHE at a
sweep rate of 10 mV/s in HCIO,4 at room temperature. A freshly prepared 0.1 M HCIO,4
electrolyte was used for each measurement, as described above. The currents have been
normalized to the geometric surface area of the glassy carbon electrode, and the potentials
corrected by the ohmic drop (4E¢ = I-R) in the solution (E is electrode potential, I current and
Rs solution resistivity). Exchange current densities (Jo), is the current density at zero
overpotential of the HER. These values were obtained by fitting the experimental data to the

Butler—\Volmer equation (Equation 4-1):

agFn a Fn . )
i =i X(e RT — e RT) Equation 4-1

aa and ac represent the anodic (HOR) and cathodic (HER) transfer coefficients respectively,

F is Faraday’s constant (96485 As/mol) and R is the universal gas constant (8.314 J/mol K),
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T is temperature (298 K). Anodic and cathodic Tafel slopes (b in VV/decade) can be calculated

via Equation 4-2, using the respective anodic and cathodic transfer coefficients:

_ 2.303RT Equation 4-2
ba/c - Fag). q

The HER in acid medium proceed via a combination of several of the following elementary
reaction steps: first is a primary discharge step of adsorbed hydrogen (Hags) (Volmer reaction,
Equation 4-3) which is then a recombination step, the dissociative adsorption of molecular
hydrogen on surface without electron transfer (Tafel reaction, Equation 4-4), or a desorption

step with simultaneous electron transfer (Heyrovsky reaction, Equation 4-5), 84-87.210

Volmer: H;O" + ¢« Hags + H2O b~ 120 mV Equation 4-3
Tafel: 2Hugs <> Ho b=30mV Equation 4-4
Heyrovsky: Hags+ H3;O0"+e <> H,+H,O  bx40 mV Equation 4-5

The possible HER/HOR mechanisms based on these three elementary reactions are thus the
Tafel-Volmer (Equation 4-3, 4) or the Heyrovsky -Volmer (Equation 4-3, 5) reaction
sequences. It is hypothesized that one of the elementary reactions in each of the two reaction
sequences is the rate-determining step (rds) for the simplest kinetic HER/ HOR mechanism.
The Tafel slope shows a characteristic mechanism of the electrocatalyst by determining the

rate-determining step of the HER.

4.3.3. Electrocatalysis PdS; nanoparticles supported on one-dimensional carbon

As a reference point, a commercial Pt/C and Pd/C exhibited 0 mV?% and 51 mV overpotential

during HER (Figure 4-6). It was observed that the shortened GNF supported PdS,@S-PR19
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exhibited high HER catalytic performance with a small overpotential (39 mV), beyond which
the cathodic current decrease sharply under more negative potentials. The onset potential was
read from Tafel plot as shown in Figure 4-7. The same approach was used to determine the

overpotential for all electrocatalysts.
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Figure 4-6. Comparison of HER polarisation curves for PdS2 nanoparticles supported on quasi one-
dimensional nanocarbons PdS,@PR24, PdS,@S-PR24, PdS,@S-PR19 electrocatalyst and commercial
benchmark electrocatalyst of carbon black.

Furthermore, PdS,@S-PR19 shows the largest exchange current density of 0.75 mAcm™
which is shown to have the highest activity superior to that of the commercial electrocatalyst
0.652 mAcm- for Pt/C (this compares well with literature data)!® 2! and 0.331 mAcm for
Pd/C (Table 4-3). Our PdS,@S-PR19 indicated excellent activity with 39 mV overpotential
for the HER, the activity that may correlate with catalytically active sulfur edge sites?®® 22 and
active carbon edge sites?®® which appeared after billing of PdS,@S-PR19. Moreover, this may
indicate that GNF are shortened to enhance the mass transport of solvent, reactants and

products during HER.?%

The linear portions of the Tafel plots below onset potential of these electrocatalyts in the

region of low current density (Figure 4-7) were fitted to the Tafel equation:
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n=blogJ+a Equation 4-6

where J is the current density and b is the Tafel slope), calculating Tafel slopes of 73.9, 67.3,
30.4, 31.3 and 30.3 mVdec® for PdS,@PR24, PdS,@S-PR24, Pd/C and Pt/C respectively
(Table 4-3). For PdS,@S-PR19 nanostructures, this is in excellent agreement with the value
calculated for the Pt/C commercial catalyst (~ 30 mVdec?) and also with literature data?%> 213
for HER in similar condition. Having a very high Hags coverage, the HER on a Pt/C (30.3
mVdec?) surface is known to go through the Volmer-Tafel mechanism?® (Equation 4-3, 4),
and the recombination step is the rds at low overpotentials, as shown by measured Tafel slope

of 30.4 mVdec for PdS,@S-PR19.
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Figure 4-7. Comparison of HER Tafel plots for PdS; supported on quasi one-dimensional carbons
PdS,@PR24, PdS,@S-PR24, PdS,@S-PR19 and commercial benchmark electrocatalyst of carbon
black.

The polarization curve of PdS,@PR24 and PdS,@S-PR24 on glassy carbon electrode showed
101 mV and 41 mV overpotential vs. RHE for HER. PdS,@S-PR24 exhibited higher HER
activity and higher exchange curerent density (0.272 mAcm?) then PdS,@PR24 (0.045
mAcm?). This may indicate that S-PR24 GNF has led to an advanced carbon support material

with competitive performance relative to alternative carbon support materials. Our recent
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studies??® 131 150. 151 have shown that van der Waals forces play crucial role in interactions of
metal nanoparticles with carbon nanotubes and nanofibers and their effectiveness is
proportional to the contact surface between NP and GNF. When a nanoparticle is positioned
on the smooth graphitic external surface of a GNF, the area of surface contact is minimal, but
if the nanoparticle is residing at a graphitic step-edge, the surface of interaction increases
significantly. HRTEM imaging of PdS,@S-PR24 proved that most of the NP were attached
to the step-edges, some of large NP located on the smooth external surface of nanofibres
(Figure 4-2). This can be explained by a higher surface of interaction of PdS,NP with the
step-edge inside PR24-GNF, hence a better connectivity of catalytic centres in PdS;@S-PR24
leading to a close electrocatalytic performance as compared to Pd/C Pt/C commercial
catalysts. Moreover, GNF are shortened to enhance the mass transport of solvent, reactants
and products during HER.?®® The Tafel slope for PdS;@PR24 and PdS,@S-PR24 exhibited
that the HER took place through a Volmer-Heyrovsky mechanism?? which is the
electrochemical desorption of Hags and H3O* to form hydrogen gas. The desorption step is the

rate-determining step at low overpotentials.

4.3.4. Electrocatalysis PdS; nanoparticles supported on two-dimensional carbon

The polarization curve of PdS,/G1 and PdS./G2 in Figure 4-8 indicated a close and very small
overpotential of 18 mV versus RHE for HER, beyond which the cathodic current decreases

sharply under more negative potentials to produce hydrogen gas.
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Figure 4-8. Comparison of HER polarisation curves for PdS; nanoparticles supported on quasi two-
dimensional nanocarbons PdS,/G1, PdS,/G2 electrocatalyst and commercial benchmark electrocatalyst
of carbon black.

As listed Table 4-3, PdS,/G1 and PdS,/G2 showed lower exchange current density of 0.058
and 0.061 mAcm2 which determined lower electrocatalytic performance in comparison to the
PdS; encapsulated S-GNF such as PdS,@S-24 (0.072 mAcm?), PdS,@S-PR19 (0.75 mAcm’
2) and also to the Pt/C (0.652 mAcm) and Pd/C (0.331 mAcm2) commercial catalysts. The
cross section of GNF is polygonal (not circular) the surface area of contact between the
PdS,NP and GNF in PdS,@S-24 are PdS,@S-PR19 are further maximized when the PdS;NP
are located at the apexes of the graphitic facets of step-edges, which leads to a drastic
enhancement in van der Waals interactions between the PdS;NP and the carbon support. This

increased interaction greatly may enhance the electrocatalytic performance of the PdS;NP.
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Figure 4-9. Comparison of HER Tafel plots for PdS, supported on quasi two-dimensional carbons
PdS,/G1, PdS,/G2 and commercial benchmark electrocatalyst of carbon black.

The linear portions of the Tafel plots (Figure 4-9) were fitted to Equation 4-6 to calculate
the Tafel slopes of 76.8 and 96.1 mV/dec for PdS,/G1 and PdS,/G2 respectively. The Tafel
slopes in Figure 4-9 exhibited that the HER on PdS,/G1 and PdS,/G2 take place through a
Volmer-Heyrovsky mechanism?*® which is the electrochemical desorption of Hags and HsO*
to form hydrogen. In contrast Pt/C and Pd/C proceed through the VVolmer-Tafel mechanism?*

as mentioned above.

4.3.5. Electrocatalysis PdS; nanoparticles supported on three-dimensional carbon

HER polarization curves of PdS,/C in Figure 4-10 displayed a small overpotential 64 mV vs
RHE, beyond which cathodic current decreased sharply under more negative potential. The
calculated exchanged current density of 0.286 mAcm-2 for PdS,/C showed a similar activity
to Pd/C (0.331 mAcm?) and a lower activity than Pt/C (0.652 mAcm2) commercial
electrocatalysts (Table 4-3). This indicates very strong interactions between PdS;NP and
carbon black surface due to the high degree of functionalisation of carbon black surface with

oxygen-containing groups (i.e. carboxylic, quinonic, lactonic, phenolic and others groups).t®
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However, the high degree of functionalisation and the significant disorder of carbon black
may have a detrimental effect on the catalytic performance of nanoparticles because of a
potentially high electron transfer resistance and undesired increase in HER overpotential, and

greater tendency to corrosion?® 1° than S-GNF.
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Figure 4-10. Comparison of HER polarisation curves for PdS, nanoparticles supported on quasi one-
dimensional nanocarbons PdS,/C electrocatalyst and commercial benchmark electrocatalyst of carbon
black.

The Tafel plots of these electrocatalysts showed classic Tafel behaviour in Figure 4-11. The
Tafel slopes were observed in low current density 68.1, 30.3 and 31.3 mVdec™ for PdS,/C,
Pd/C and Pt/C. The Tafel slope for PdS,/C was exhibited that the HER take place through a
Volmer-Heyrovsky mechanism?'® which is the electrochemical desorption of Hags and HzO*
to form hydrogen while Pt/C and Pd/C proceed through the Volmer-Tafel mechanism?* as

mentioned above.
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Figure 4-11. Comparison of HER Tafel plots for PdS; supported on quasi three-dimensional carbons
PdS,/C and commercial benchmark electrocatalyst of carbon black.

Table 4-3. Summary of electrochemical parameters for PdS,@PR24, PdS,@S-PR24, PdS,@S-PR19,
PdS,/G1 and PdS,/G2, PdS,/C, Pd/C and Pt/C.

Overpotential / mV Tafel Slope / mV dec™ Jo/ MAcmM2
PdS,@PR24 101 73.9 0.045
PdS,@S-PR24 41 67.3 0.272
PdS,@S-PR19 39 30.4 0.75
PdS,/G1 18 76.8 0.058
PdS,/G2 18 96.1 0.061
PdS,/C 64 68.1 0.286
pt/C 0 30.3 0.652
Pd/C 51 31.3 0.331

4.3.6. Durability test

Additional significant criterion for an ideal electrocatalyst is high durability. Therefore,
durability studies of the selected PdS;@S-PR24 and PdS,@S-PR19 electrocatalyst were
performed by continuously applying linear potential from -0.2 to 0.4 V vs RHE at 50 mV in
HCIO, for 5000 cycles. The data produced was compared with commercial Pd/C and Pt/C as

benchmark electrocatalysts. At the end of the durability test, the polarisation curves were
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compared, negligible loss of exchange current density from 0.272 to 0.236 mAcm= for
PdS,@S-PR24 and from 0.331 to 0.27 mAcm were observed for Pd/C (Figure 4-11). These
values are in contrast to the larger decrease of the exchange current density from 0.652 to
0.403 mAcm™ observed for Pt/C and from 0.75 to 0.331 mAcm™2 were observed for PdS,@S-

PR19 (Figure 4-11).
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Figure 4-12. Comparison of (a) PdS:@S-PR19, (b) PdS.@S-PR24, (c) Pt/C and (d) Pd/C
electrocatalysts before and after the durability test over 5000 cycles from -0.2 to 0.4 V vs RHE at 50
mV.

The lack of stability of Pt on carbon black may be related to the absence of long-range order
in in this support material leading to electrochemical corrosion that aggravates the Pt
nanoparticle sintering (Figure A- 15d) and leads to a reduced durability of Pt/C in comparison
to PdS,@S-PR24. This provides further evidence of the stabilising effects of step-edges in
GNF cavities and PtNP confinement within the GNF. The poorer electrical connectivity of
carbon black with the Pt gives rise to a higher electron transfer resistance and undesired

decrease in HER activity as compared to the graphitic structures of GNF. This may indicate
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that S-PR24 GNF has led to an advanced carbon support material with competitive durability
relative to alternative carbon materials. Our recent studies?® 131150151 haye shown that van
der Waals forces play crucial role in interactions of metal nanoparticles with carbon nanotubes
and nanofibers and their effectiveness is proportional to the contact surface between NP and
GNF. When a nanoparticle is positioned on the smooth graphitic external surface of a GNF,
the area of surface contact is minimal, but if the nanoparticle is residing at a graphitic step-
edge, the surface of interaction increases significantly. This can be explained by a higher
surface of interaction of PdS;NP with the step-edge inside PR24-GNF, hence a better
connectivity of catalytic centres in PdS,@S-PR24 leading to higher durability as compared to

Pd/C Pt/C commercial catalysts.

Comparison of the overpotentials of these electrocatalysts in Table 4-4 showed that there is
no change for Pt/C, 3 mV increase for PdS,@S-PR24, 9 mV for Pd/C and 35 mV for PdS,@S-
PR19. A significant change of the overpotential for was observed for PdS,@S-PR19. This can
be explained that a significant number of defects and damages after the ball milling can be
clearly observed in HRTEM not only on surface of PdS,@S-PR19 nanostructures but also in
the internal structure and step edges of the GNF. As a result, seriously damaging of PdS,@S-
PR19 after the ball milling may let to reduce the durability of PdS.@S-PR19. A significant
change in particle size and morphology was also found for PdS,@S-PR19, Pt/C and Pd/C after

5000 cycles durability test shown in Figure A- 15.
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Table 4-4. Summary of electrochemical parameters for PdS,@S-PR24, PdS,@S-PR19, Pd/C and Pt/C
before and after the potential cycling from -0.2 to 0.4 V vs RHE at 50 mV in HCIO4 for 5000 cycles.

Overpotential / mV Jo/ mA cm?2
PdS,@S-PR19-Initial 39 0.75
PdS,@S-PR19-After 74 0.331
PdS,@S-PR24 41 0.272
PdS,@S-PR24-After 44 0.236
Pd/C-Initial 51 0.331
Pd/C-After 60 0.27
Pt/C- Initial 0 0.652
Pt/C -After 0 0.403

4.3.7. Electrocatalysis of HOR by PdS,-CN hybrid nanostructures

The HOR voltammograms were recorded via the RDE technique in acid media. The
electrolyte was saturated with pure hydrogen, the polarization curves were recorded between
0V and 1V vs RHE at a sweep rate of 10 mV/s at room temperature and rotation rates of 400,
900, 1600, and 2500 rpm (Figure 4-13). A freshly prepared 0.1 M HCIO4 electrolyte was used
for each measurement at each temperature, as described above. The currents have been
normalized to the geometric area of the glassy carbon electrode, and the potentials corrected
for both the ohmic drop ( 4Eo =1 ‘Rs) in the solution and mass transport correction by
Koutecky-Levich equation (Equation 4-8) for extracting the kinetic HOR current.?*#
Exchange current densities Jo of the HOR were obtained by fitting the experimental data to

the Butler—\Volmer equation (Equation 4-1).

Following the HER activity experiments, our most active electrocatalyst for HER, PdS,@S-
PR19, was investigated for hydrogen oxidation reaction (HOR) activity. As a reference
electrocatalysts, Pt/C (20 wt % Pt on Vulcan carbon black) was also tested exhibiting high

HOR catalytic performance.
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Figure 4-13. Linear-sweep voltammograms for RDEs of (a) PdS,@S-PR19 and (b) Pt/C in 0.1 M
HCIO..

Diffusion limiting current of HOR determine with Levich equation (Equation 4-7):

ia = 0.20nFD? 3y Yécow'?  Equation 4-7

where D the diffusion coefficient of H in the electrolyte, F is the Faraday’s constant, n the

number of electrons in the HOR (n = 2), v the kinematic viscosity of the electrolyte, » scan

rate and co the solubility of Hz in 0.1 M HCIO4. The total current density obtained by activation

and diffusion combined process, can be named in terms of the kinetic (Ji) and diffusional (Jq)

current densities in Koutecky-Levich equation:

1:i+

7]d

£
Tk

Equation 4-8

159



0.016

0.012 A

0.008 -

E/ Vg

0.004 A

0 < .
-1.5 -1 -0.5 0 0.5
log Ji/ mA cm™2

Figure 4-14. Mass-transfer corrected Tafel plots for the HOR PdS,@S-PR19 (red) and Pt/C (black) in
0.1 M HCIO..

A Tafel plot is commonly used for HOR, to obtain mechanism and kinetic data for electrode
reaction.?*>2" On polycrystalline platinum in acid medium, the most commonly known
mechanism is electrochemical adsorption step (Heyrovsky) (Equation 4-5) or the adsorption
step (Tafel) (Equation 4-4), then discharge step of the adsorbed hydrogen atom (Volmer),2t®

(Equation 4-3).

Markovié¢ and co-workers measured a Tafel slope of 28 mV dec™* on Pt (110) for the HOR in
0.05 M H,SO4 at 303 K.2® In our study, mass transport corrected Tafel slope is calculated
30.2 mVdec for PdS,@S-PR19 and 30.3 mVdec™ for Pt/C in similar experimental condition.
Therefore, this comparison indicates that the HOR occurs on PdS,@S-PR19 and Pt/C via the
Tafel-Volmer mechanism?® with Tafel as the rate determining step (Table 4-5). The
exchange current density, Jo, shows the intrinsic electrochemical activity of electrocatalysts,
is a significant electrochemical value for assessing catalysts as anodes for HOR. The exchange
current density was found 1.086 mAcm™ for PdS,@S-PR19 and 1.098 for Pt/C which is in
excellent agreement with the value calculated by Markovi¢ et al. (0.98 mAcm2) for HOR
under similar conditions.?® Our PdS,@S-PR19 has shown excellent activity with respect to
the HOR, the activity may correlate with catalytically active sulfur edge sites?® 22 and and

active carbon edge sites?®® which appeared after billing of PdS,@S-PR19. Moreover, this may
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indicate that GNF are shortened to enhance the mass transport of solvent, reactants and
products during HER.2®® S-PR19 GNF has led to an advanced carbon support material with
competitive performance relative to alternative carbon materials, Hovewer, it is not durable
carbon support due to a significant number of defects and damages after the ball milling can
be clearly observed in HRTEM not only on surface of PdS,@S-PR19 nanostructures but also

in the internal structure and step edges of the GNF.
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Figure 4-15. Koutecky—Levich plot (axes J* versus o 2 for (a) Pt/C and (b) PdS,@S-PR19.

At fixed potential 0.3V, Koutecky—Levich plots (axes J* versus o Y2 were plotted (Figure
4-15). By applying Equation 4-8, the linear lines were used to predict Jx from their slope and

the J?

Table 4-5. Summary of electrochemical parameters for PdS,@S-PR19 and Pt/C in HOR.

Rate
Tafel Slope/ Exchange current ) o
) Mechanism determining
mVdec? density / mAcm
step (rds)
PdS,@S-PR19 30.2 1.086 Tafel-Volmer Tafel
pt/C 30.3 1.098 Tafel-Volmer Tafel
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4.5. Conclusion

In this chapter, we tested PdS,/CN composite materials as active electrocatalysts for the HER
in electrolysis reaction and also HOR in fuel cell anode reaction. The PdS2/CN electrocatalysts
were tested as bifunctional electrocatalysts for HER and HORs, it can be concluded that our
PdS,@S-PR19 is the best bifunctional electrocatalyst for the HER, the activity that may
correlate with catalytically active sulfur edge sites'®® 212 and active carbon edge sites?® which
appeared after billing of PdS,@S-PR19. Moreover, this may indicate that GNF are shortened
to enhance the mass transport of solvent, reactants and products during HER.2%® We found
that PdS,@S-PR19 was not durable electrocatalyst for HER/HEOR due to a significant
number of defects and damages after the ball milling on the external and internal structure and

step edges of the GNF.

In addition, the selected PdS,@S-PR24, PdS,@S-PR19, Pd/C and Pt/C electrocatalysts were
studied in a durability test by continuously applying linear potential sweeps up to 5000 cycles.
It can be concluded that our PdS,@S-PR24 is the most durable bifunctional electrocatalyst for
the HER. This can be explained by a higher surface of interaction of PdS;NP with the step-
edge inside PR24-GNF, hence a better connectivity of catalytic centres in PdS,@S-PR24
leading to higher durability and a close electrocatalytic performance as compared to Pd/C and
Pt/C commercial catalysts. This provides further evidence of the stabilising effects of step-
edges in GNF cavities and PtNP confinement within the GNF. Thus, the approach of
preformed nanoparticle insertion into GNFs has led to an advanced PdS; electrocatalyst with
highly competitive performance and durability relative to commercial Pt/C and Pd/C
electrocatalysts for HER/HOR. More generally, this nanoscale design for an electrocatalyst
architecture can be applied to a wide range of electrocatalyst materials with for the sustainable

use of Pd.
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Chapter 5. Concluding remarks

During this project, new functional nanostructures based on PtNP, Mn;O:NP and PdS,NP
encapsulated into S-GNF hybrid nanostructures have been prepared, optimized and developed
as efficient electrocatalyst materials for hydrogen fuel cell applications and water splitting

devices with enhanced performance and/or durability.

The most significant outcomes of this project include establishing the insertion of preformed
Pt nanoparticles into S-GNF from solution phase using self-assembly techniques as a new
approach for the development of durable hybrid metal-carbon nanostructures as
electrocatalysts for ORR with enhanced stability. PtNP interacts stronger with the step-edges
of the GNF interior than the surface of GNF or carbon black support, while the GNF cavity

creates a nanoscale environment highly beneficial for oxygen reduction reaction on PtNP.

Furthermore, we demonstrated that shortening GNF length made PtNP more accessible for
oxygen and water as the reactants and products enter and exit the S-GNF more easily thus
largely eliminating diffusion problems as compared to longer GNF. An increase in the
performance of the electrocatalyst materials is observed after decreasing the length of the
nanocontainer and/or increasing the number of acid groups on the GNF surface. An
enhancement of contact of PtNP and GNF is observed after acid treatment of the nanofibers

that introduces carboxylic groups on GNF.

While confinement of PINP catalysts inside GNF slightly decreases their electrochemical
activity as compared to the commercial Pt/C, the nanocontainers significantly stabilize the
nanoparticles due to the enhanced interaction with internal graphitic step-edges during the
electrochemical reactions as compared to traditional Pt/C catalyst. We found that performed

PtNP interact stronger with the step-edges of the S-GNF than the in-situ formed Pt
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nanoparticles yielding to hybrid nanostructures with higher catalytic activity for ORR. This
method can provide a better control over the size and shape of the Pt particles than the in-situ
methods which involve chemical reduction or decomposition of volatile metal complexes. The
size of the NP sitting on the step-edges tends to remain unaffected after removing the
surfactant molecules by heating the composite. As a result, the electrocatalytic nanoreactors
PINP@S-GNF, where nanofibers are shortened to improve the mass transport during the
reaction, have been demonstrated to possess initial ECSA comparable to best Pt/carbon
electrocatalysts reported to date, and outstanding durability retaining much of their activity
over the long-term (50,000 potential cycles) thus outperforming all known electrocatalysis for
oxygen reduction reaction. The remarkable and unexpected properties of Pt nanoparticles
within carbon nanocontainers open new avenues for improving durability of electrochemical
devices and enhancing sustainable use of Pt and other elements with critically low abundance

to ensure future technological progress.

The ORR and OER performances of bifunctional electrocatalysts MnsOs-CN prepared by
deposition of preformed nanoparticles onto CN and Mn4Osginsiy-CN synthesised by in-situ
growth of nanoparticles on CN were measured and compared using rotating disk electrode
(RDE). In conclusion, Mn3Ounsiy@GNF can be considered to be the most powerful
bifunctional catalyst for both the ORR and the OER and outperforms high performing
electrocatalyst with smaller overpotentials for both oxygen reduction and water oxidation on
non-precious bifunctional catalyst. & 252728 This can be explained by a higher surface of
interaction of Mn3Os (in-siyNP with the step-edge inside GNF than with the convex surface of
the outside of GNF, hence a better connectivity of catalytic centres in MnzOain-siy@S-GNF
leading to a higher Ei, potential as compared to Mn3Ouin-siy/ GNF. Considering all aspects,
preform nanoparticles approach synthesised Mn;O,@GNF is to be less active for both ORR

and OER than in-situ nanoparticles approach synthesised MnzOain-sity @ GNF.
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The PdS,/CN electrocatalysts were tested as bifunctional electrocatalysts for HER and HORs,
it can be concluded that our PdS,@S-PR19 is the best bifunctional electrocatalyst for the HER,
the activity that may correlate with catalytically active sulfur edge sites'% 212 and active carbon
edge sites?® which appeared after billing of PdS,@S-PR19. We found that PdS,@S-PR19
was not durable electrocatalyst for HER/HEOR due to a significant number of defects and
damages after the ball milling on the external and internal structure and step edges of the GNF.
In addition, the selected PdS,@S-PR24, PdS,@S-PR19, Pd/C and Pt/C electrocatalysts were
studied in a durability test by continuously applying linear potential sweeps up to 5000 cycles.
It can be concluded that our PdS,@S-PR24 is the most durable bifunctional electrocatalyst for
the HER. This can be explained by a higher surface of interaction of PdS;NP with the step-
edge inside PR24-GNF, hence a better connectivity of catalytic centres in PdS,@S-PR24
leading to higher durability and a close electrocatalytic performance as compared to Pd/C and
Pt/C commercial catalysts. This provides further evidence of the stabilising effects of step-

edges in GNF cavities and PtNP confinement within the GNF

Overall, this project contributed to the development of methodologies for the encapsulation
of nanoparticles to produce high performance electrocatalysts for hydrogen fuel cell
application and water splitting devices. Controlling the length distribution of GNF enabled
efficient access of oxygen and water to catalytic nanoparticles, while maintaining confinement
of nanoparticles inside GNF due to strong interactions with the step-edges thus providing
materials with good catalytic activity for ORR/OER and HOR/HER and exceptional
durability. Finally, the unique nanoscale features of GNF and S-GNF make them superior

nanoparticle supports as compared to alternatives carbon nanostructures.

Consequently, the work reported in this thesis makes a significant contribution to the field of

hybrid metal-carbon nanostructures for electrocatalysis, opening the door for a new strategy.
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Further experimental investigation is needed to increase metal loading into GNF from 10% to
20% or 50% for large-scale fuel cell and water splitting device applications. Harnessing the
confinement effects within GNF to improve the performance and durability of hybrid metal-
carbon nanostructures in electrocatalysis is one of the potential directions for translating this
research towards industrial applications, while the general approach to nanoscale design of
electrocatalysts developed in this project may pave the way to a wide range of other systems

replacing precious metals in catalysis applications.
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Appendix
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Figure A- 1. EDX spectrum of PtNP onto copper-grid mounted “lacey” carbon fim.
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Figure A- 2. Thermal gravimetric analysis (TGA) carried out in air up to 1000 °C with a scan rate of
10°C/min for PINP@S-GNF, PtNP/C, PtNP/S-GNF and Pt/C, GNF and carbon black (Vulcan XC-72R)
are shown here for comparison.
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Figure A- 3. HRTEM images for PtNP/S-GNF before (left image) and after (right image) 5000 cycles.
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Figure A- 4. Thermal gravimetric analysis (TGA) carried out in air up to 1000 "C with a scan rate of
10°C/min for Pt;@S-GNF and Pt,@S-GNF.
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Figure A- 5. XRD diffraction pattern for the obtained AgNP.

176



Figure A- 6. HRTEM images for AgNP after thermal heating at 250 °C in air for 2h.
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Figure A- 7. TGA for (a) Mnz04/C, (b) Mn3O/GMWNT, (c) Mn304/G1, (d) Mn304/G2, (e)
Mn3zO4/GNF, (f) Mn3O,@GNF in the range 25-1000 °C in air.!3!
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Figure A- 8. HRTEM images showing lattice planes correlating (110) d-spacing value of 0.193 nm and
optical diffractograms of PtNP on step-edges before (a, ¢) and after (b, d) 50K potential cycling for
lifetime stability experiments.
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Figure A- 9. HRTEM images of PdS,@S-PR24, at -20°, -10°, 0°, 10°, 20°
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Figure A- 10. Thermal gravimetric analysis (TGA) carried out in air up to 1000 °C with a scan rate of
10°C/min for Pd/C, PdS./C PdS2/G1, PdS,/G2, PdS;@PR24, PdS,@S-PR24 and PdS,@S-PR19.
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Figure A- 11. XRD diffraction pattern for the obtained PdS,@S-PR19.
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Figure A- 12. EDX spectrum of (a) Mnz:O4NP and (b) Mn:O4s@GNF, confirming the presence of
manganese. %
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Figure A-13. Tafel plots for the ORR normalised to the real surface area at room
temperature, (anodic sweep 5 mV/s, 1600 rpm) on PINP@S-GNF and Pt/C
before and after 5,000 cycles of ORR.
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Table A- 1. Summary of electrochemical parameters for different platinum electrocatalyst from
literature, our PtNP@S-GNF electrocatalyst and Pt/C commercial catalyst. (*this work, § Is;at 0.85 V,
# lmassat 0.9V, ¥ Is,at 0.9 V)

% ECSA

% Average

% Half-wave

%

. NP size potential . Cycling
Sample name Conditions Lozss increase  at 1600 rpm Activity number
(m*4/g) (nm) V) loss
0.6-1.1 V vs. RHE, 0.1M HCIO,
- * 1 ll s
PtNP@S-GNF 100 mV/s, Op, RT 22 17 9 19 50K
0.6-1.1 V vs. RHE, 0.1M HCIO,
* ' ' 5
Pt/C 100 mV/s, Oy, RT 72 190 48 79 50K
e " 0.395-0.895 V vs. Ag/AgCl, 0.1M HCIO,, ) )
Pt—-S-MWNT 50 mV/s, 100 rpm, O, 57.5 5 12K
PESA-Pt/CNTs2L 0.6 and 1.2 V vs. RHE, 50 mV/s, 0.1 M ) 45 ) ) 3K
HCIO4, N,

NP-PtPd?6° 0.6 -1.0 V vs. RHE, 0.1 M HCIO, 12 - 9 - 5K
Applying square wave potential cycling,

PtFeCo!" at 0.6 V for 3s and 1.0 V for 3s vs. RHE, 15 17.5 13 21.5% 5K
0.1 M HCIO,

) 162 0.6-1.1 V vs. RHE, 0.1 M HCIO,, ) .
Pt/S-MWNT 50 mV/s, O, 14 1 18 4K
N-PtsFe,/C¢8 0.6 -1.2 V vs. NHE, 0.1 M HCIO,, O, - - - 7* 20K
ZrO, -Pt/INCNT 0.6 -1.2 V vs. RHE, 0.5 M H,S0,4,50 mV/s, ) 4
600°C163 O, 8 0 3.5 4K
Pt/C@NGC!" 0-1.2 V vs. RHE, 0.1 M HCIO4,50 mV/s, N, 8 15 16 - 15K
Carbon riveted
PUTIO-C® T 215 - - - 1K
Pt/C@PANI(SO%)Mg-.I%'Z V vs. RHE, 0.5 M H,SO,4, 50 mV/s, N, 30 71 ) ) 1.5K
Carbon riveted
microcapsule e 12 3K
Pt/MWCNTSs-TiO,%¢
Pt/SnOZW _______ 36 4K
PLNWs1% 0.6-1.2 V vs. RHE, 0.5M H,S04,50 mV/s, 13 ) 9 ) K

O,
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Figure A- 14. SEM images of (a) G1 and (b) G2.
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Figure A- 15. HRTEM images of (a) PdS:@S-PR19, (b)PdS.@S-PR24, (c)Pd/C and (d)Pt/C catalysts
before and after the potential cycling from -0.2 to 0.4 V vs RHE at 50 mV in HCIO4 for 5000 cycles.
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